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Welcome from the Chairs of Phononics 2011

Ihab El-Kady Mahmoud I. Hussein
Sandia National Laboratories University of Colorado at Boulder

Dear Colleagues and Conference Participants,

We would like to thank you all for your participation in Phononics 2011: The First International
Conference on Phononic Crystals, Metamaterials and Optomechanics — which is being held in
Santa Fe, New Mexico, USA, from May 29 — June 2, 2011.

For decades there has been a strong passion within the physics and engineering communities for
the study of the propagation of elastic and acoustic waves in periodic and nonperiodic media
across different length scales. In recent years this interest has lead to the emergence of
phononic crystals and acoustic metamaterials as new types of material systems with a potential
to revolutionize many technological applications. In parallel, the conventional discipline of heat
transfer has witnessed a strategic shift towards the nanoscale in pursuit of a more fundamental
understanding of the underlying thermal phenomena. This transformation has been guided by
the conviction that for best results a rigorous mechanistic description of phonon transport ought
to be adopted. Optomechanics is another key area of research which studies coupled
phenomena involving phonons. The coherent intersection between optical and mechanical
waves lies at the micro/nanoscale. This area of research holds promise to solve important issues
in the general field of optics and more specifically for photonic devices.

The rapid and simultaneous growth of these closely-related disciplines has provided a
converging point of historical significance for the science of phonons. Two years ago, in June




Phononics 2011 Welcome from the Chairs

2009, an International Workshop on Phononic Crystals was co-organized by Professors Ali Adibi
and Abdelkrim Khelif. This workshop took place in Nice, France and was attended by around
thirty experts in the field from around the world. Building on this effort, we along with our
colleagues in the organizing committees felt it is timely to establish a larger international forum
that unifies all the phonon-related areas by creating a conference where experts could interact
and cross-fertilize. Phononics 2011 - the first international conference of its kind - aims to fulfill
this mission.

Phononics 2011 aims to bring together researchers with emphasis in both theory and
experiments. As such, sessions cover theoretical studies, numerical simulations, fabrication,
and characterization of appropriate structures. Furthermore, these areas can be broken down
by their frequency ranges which entail different modeling approaches. More specifically, this
conference covers seven themes: (1) Phononic crystals, (2) Phononic metamaterials, (3) Wave
propagation in periodic structures, (4) Nanoscale phonon transport, (5) Phononic MEMS and RF
applications, (6) Optomechanics, and (7) Fabrication and characterization for phononics. For
more information on the conference and its themes, please visit the conference website at:
www.phononics2011.org.

We hope that Phononics 2011, and the subsequent Phononics 20xx conferences which will take
place on a biannual basis, will provide a unique avenue for dissemination and exchange of
knowledge in all the themes related to phonons, across the different length scales and
disciplines. It is our aspiration that this forum’s participants will together lay the foundation for
the emerging field of phononics.

Yours sincerely,

Ilhab El-Kady
Sandia National Laboratories

Mahmoud I. Hussein
University of Colorado at Boulder

Albuquerque and Boulder, April 2011
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Information About the Conference

The study of phonons - although a core discipline in the conventional condensed matter physics
literature - is currently being viewed in a new light. Whether examined at the nanoscale,
microscale or larger scales, the analysis and manipulation of phonons (aka phononics) is opening
up a new technological frontier with a potential impact that could match that of electronics
almost half a century ago. Indeed a rival field, photonics, is gathering similar momentum.
Looking closely, phononics encompass a range of interconnected disciplines, usually labeled in
terms of the type of host "material" that provides the medium for phononic wave propagation.
These include phononic crystals, phononic metamaterials, crystalline materials and periodic
structures. The application domains that these phononic materials are impacting, with increasing
promise, range from vibration isolation in MEMS components, through frequency sensing in RF
communications, to nano-scale thermal transport control in semiconductors. With the recent
advent of metamaterials, exotic applications are now added to the list such as acoustic cloaking
and superlensing. The interaction of mechanical waves with their optical counterpart in a lattice,
i.e., optomechanics, is opening up yet another barrage of opportunities especially in
telecommunications.

Phononics 2011 provides a unique avenue for dissemination and exchange of knowledge in all
the themes mentioned previously. In particular, the conference is divided into the following
topical themes:

(1) Phononic crystals,

(2) Phononic metamaterials,

(3) Wave propagation in periodic structures,

(4) Nanoscale phonon transport,

(5) Phononic MEMS and RF applications,

(6) Optomechanics,

(7) Fabrication and characterization for phononics

The number of abstracts submitted to the conference exceeded 180, including over 60
distinguished invited speakers, and represent a large number of nations from across the globe.
The figure below captures the geographical distribution of the most recent visitors to the
conference website (in April 2011). Furthermore, the Felix Bloch Lecture is being inaugurated at
Phononics 2011 as a named lecture to honor researchers who have made outstanding
contributions to the field. More information on the Felix Bloch lecture and this year's lecturer is

available in a separate brochure. For more information on the conference and the participants,
please visit the conference website at: www.phononics2011.org.




Phononics 2011 Information About the Conference

Courtesy: Web-Stat.com

Q
®° :&M
¥

Visits to www.phononics.org from across the globe




Organizers and Committees Phononics 2011

Conference Organizers and Committees

Conference Chairs:

Ihab El-Kady
Sandia National Laboratories / University of New Mexico (USA)

Mahmoud I. Hussein
University of Colorado at Boulder (USA)

International Organizing Committee (10C):

Chiara Daraio

California Institute of Technology (USA)
Abdelkrim Khelif

Georgia Institute of Technology / CNRS (USA/France)
Roy H. Olsson Il

Sandia National Laboratories (USA)
Peter Rakich

Sandia National Laboratories (USA)
Massimo Ruzzene

Georgia Institute of Technology (USA)
Jose Sanchez-Dehesa

Univ. Politecnica de Valencia (Spain)
Tsung-Tsong Wu

National Taiwan University (Taiwan)

Technical Program Committee (TPC):

Mehmet F. Su

University of New Mexico (USA)

Osama R. Bilal

University of Colorado at Boulder (USA)
Ryan M. Camacho

Sandia National Laboratories (USA)
Bruce L. Davis

University of Colorado at Boulder (USA)
Bernardo G. Farfan

University of New Mexico (USA)

Zayd C. Leseman

University of New Mexico (USA)
Charles M. Reinke

Sandia National Laboratories (USA)




Phononics 2011 Organizers and Committees

Local Organizing Committee (LOC) (Prior to Venue Change):

Tamer Elnady

Ain Shams University (Egypt)

Sherif Sedky

American University in Cairo (Egypt)
Ehab Abdel Rahman

American University in Cairo (Egypt)
Mohammed El-Beltagy

Cairo University (Egypt)

Amal Esawi

American University in Cairo (Egypt)
Hany Hamdy

Beni-Suef University (Egypt)

Hanadi Salem

American University in Cairo (Egypt)

Scientific Advisory Board (SAB):

A. Adibi (USA) G. Bogart (USA) K. Maute (USA) R. Camacho (USA)

A. Balandin (USA) G. Cole (Austria) K. P. Pipe (USA) R. H. Olsson (USA)

A. El-Sabbagh (Egypt) G. Fytas (Germany/Greece)  L-. W. Cai (USA) S. A. Cummer (USA)

A. Esawi (Egypt) G.- K. Hu (China) M. Aspelmeyer (Austria)  S. Benchabane (France)
A. ). H. McGaughey (USA) G. M. Hulbert (USA) M. Descour (USA) S. Nemat-Nasser (USA)
A. Khelif (France/USA) G. Orris (USA) M. El-Beltagy (Egypt) S. Sedky (Egypt)

A. N. Norris (USA) G. Piazza (USA) M. 1. Hussein (USA) S. Thorne (USA)

A.S. Phani (USA) H. Hamdy (Egypt) M. J. Leamy (USA) T. Carmon (USA)

B. Bonello (France) H. Salem (Egypt) M. L. Dunn (USA) T. Elnady (Egypt)

B. Djafari-Rouhani (France)  H. Tang (USA) M. Lipson (USA) T. Huang (USA)

B. Li (Singapore) I. El-Kady (USA) M. M. Farag (Egypt) T. Kippenberg (Switzerland)
C. Daraio (USA) I. Maasilta (Finland) M. Ruzzene (USA) T. T. Wu (Taiwan)

C. Hladky-Hennion (France) |. Psarobas (Greece) M. Sigalas (Greece) U. Jonas (Greece)

C. Reinke (USA) J. Christensen (Spain) M. Spector (USA) V. Laude (France)

C.T. Chan (USA) J. H. Page (Canada) M. Su (USA) V. Romero-Garcia (Spain)
D. Donadio (Germany) J. Li (Hong Kong) O. Painter (USA) W. Akl (Egypt)

E. Abdel Rahman (Egypt) J.S. Jensen (Denmark) 0. Sigmund (Denmark) X. Zhang (USA)

E. N. Economou (Greece) J. Sanchez-Dehesa (Spain) P. Deymier (USA) Y. Pennec (France)

E. Shaner (USA) J. Vasseur (France) P. E. Hopkins (USA) Z. C. Leseman (USA)

F. McCormick (USA) J. Wen (China) P. Rakich (USA)




Sponsors Phononics 2011

Sponsors

The conference chairs and organizing committee members wish to acknowledge and express
their deepest gratitude towards the following institutions for their financial support:

e Sandia National Laboratories, USA
o Office of Naval Research, USA
o National Science foundation, USA
e FEl Electron Microscopes, USA

The conference organizers also wish to express their appreciation to the following institutions
for their direct support to the efforts of the conference chairs:

o Sandia National Laboratories, USA
e University of Colorado at Boulder, USA
e University of New Mexico, USA

Furthermore, the conference organizers are grateful to the following institutions for their
honorary and technical sponsorship in support of the conference efforts:

e Sandia National Laboratories, USA

e University of Colorado at Boulder, USA

e University of New Mexico, USA

e National Taiwan University, Taiwan

e Universidad Politecnica de Valencia, Spain
e Centre National de la Recherche Scientifique, France
e Georgia Institute of Technology, USA

e (California Institute of Technology, USA

e American University in Cairo, Egypt

e Ain Shams University, Egypt

e (Cairo University, Egypt

e Beni Suef University, Egypt

e Acoustical Society of Egypt, Egypt

10



Phononics 2011 Acknowledgments

Acknowledgments

The conference chairs would like to express their deepest gratitude to the members of the
International Organizing Committee for their efforts in inviting speakers and their invaluable
feedback on the organization of the conference and its structuring.

We would also like to acknowledge the tremendous effort and support of the Technical
Program Committee members in the organization of the technical program.

We further wish to express our sincerest gratitude to members of Local Organizing Committee
for their efforts especially at the early stages prior to the change of venue from Sharm El-
Sheikh, Egypt to Santa Fe, New Mexico, USA.

In addition, we wish to voice our deepest appreciation to our sponsoring organizations for the
financial and technical support of the conference efforts.

We would like to extend our warmest thanks to all the conference participants. The enthusiasm
they showed and their early confirmation to attend was very important for the successful
launch of this new conference.

Moreover, we wish to acknowledge the efforts of those individuals who went out of their way
to ensure the success of the conference well beyond the call of duty. As such we would like to
voice our gratitude to Dr. Mehmet F. Su, Chair of the Technical Program Committee for his
tremendous efforts pertaining to the conference website and electronic abstract submissions.
Prof. Zayd C. Leseman, Co-Chair of the Technical Program Committee for his efforts in pursuing
prospective sponsors and his tremendous help in the review of the final conference program.
Last but certainly not least we wish to thank Ms. Linda Wood, Department of Program and
Business Development, Sandia National Laboratories for her pivotal efforts in securing the
conference venue and facilities, and her dedication to ensuring that the finest details are
addressed and well taken care of.

Finally, we would like to thank our respective spouses Inas El-Shazly and Alaa Ahmed for their
continuous emotional support and their patience during long hours that have been spent on
ensuring a successful conference especially after the unforeseen venue change and the
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Santa Fe, New Mexico

History of Santa Fe

Santa Fe, New Mexico is the third oldest
surviving  American city founded by
European colonists and has a very rich and
exciting history. This region was originally
settled by a number of Pueblo Indian villages
that were founded between 1050 and 1150
AD. In the year 1540, Spanish colonists
under Francisco Vasquez de Coronado
claimed “The Kingdom of New Mexico”

under the Spanish Crown, and the capital of
Santa Fe was established in 1598. Shortly after this, in the year 1610, the famous San Miguel
Chapel was constructed, making it the oldest standing church in the United States. Turbulent
times followed, with a number of Pueblo revolts and attempts to drive out the Spanish. This
region remained under Spanish control until the Mexican War or Independence in 1810, when
Mexico gained control of the city. In 1846, the United States declared war on Mexico and
gained New Mexico through the treaty of Guadalupe Hidalgo. In the year 1912, New Mexico,
with Santa Fe as its capital, became the 47" state to join the union.

Santa Fe, the capital of New Mexico, is located approximately 300 miles south of the Colorado
boarder. With an elevation of 7,199 ft, Santa Fe is the highest state capital in the United States,
as well as the oldest. The local population of about 72,000 makes Santa Fe the fourth largest
city in New Mexico, and it continues to grow. With Santa Fe Institute, Sandia National
Laboratories, Los Alamos National Laboratories in close proximity, Santa Fe routinely hosts a
number of well-renowned technical conferences. Its rich history and emphasis on artistic
culture also make it a very popular tourist destination (Source Wikipidia.com).

Santa Fe’s Art

Santa Fe has been home to many famous artists, including painter Georgia O’Keeffe and
photographer Eliot Porter. Much of the art showcased in the city’s hundreds of galleries focuses
on Santa Fe’s breathtaking landscapes, Spanish influence, and southwestern style. Santa Fe is
also home to the Santa Fe opera, a major performing arts venue that has hosted a myriad of
plays, festivals, and concerts.

12
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Economy and Tourism

Tourism accounts for the second largest percentage of Santa Fe’s economy. With its gorgeous
mountains and breathtaking views, much of the tourism in Santa Fe revolves around nature and
outdoor activities such as skiing, hiking, camping, and rafting. Host to thousands of galleries,
Santa Fe is also famous for its emphasis on the arts, being named the second largest art center
in the United States after New York City.

Transportation

Air: The closest international airport to Santa Fe is the Albuquerque Sunport (ABQ) and is
approximately two hours away by shuttle. Santa Fe is home to a smaller airport (SAF), so
connecting flights may be available.

Bullet Train: The Rail Runner Express runs between downtown Albuquerque and Santa Fe, and
a cab can then be taken from the depot in Santa Fe to the conference hotel. Please visit
http://www.nmrailrunner.com for the Rail Runner website.

Shuttle: There are several reliable shuttles that run between the Albuquerque Sunport and
Santa Fe, and the cost is approximately $25/person each way. Please visit
http://www.sandiashuttle.com for the Sandia Express shuttle service website.
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Day 0: May 29th  Sunday

Registration

Reception

21:00 Adjourn
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Phononics 2011 Conference Program-at-a-Glance - Monday, May 30

Day 1: May 30th Monday

Registration

Opening Ceremony

Serial Sessions Phononic Crystals
8:30 J.H. Page (Plenary)
9:00 M. Sigalas (Plenary)
9:30 B. Bonello (Keynote)
9:55 B. Djafari-Rouhani (Keynote)
10:20 Coffee
10:45 V. Laude (Keynote)
11:10 C. Hladky-Hennion (Keynote)
11:35 T.T. Wu (Org. Colloquium)
12:00 M.I. Hussein (Org. Colloquium)
12:25 Lunch
Serial Sessions Phononic Metamaterials

14:00 A.N. Norris (Plenary)
14:30 S.A. Cummer (Plenary)
15:00 J. Christensen (Keynote)
15:25 J. Li (Keynote)
15:50 G. Orris (Keynote)
16:15 S. Sanchez-Dehesa (Org. Colloquium)
16:40 A. Khelif (Org. Colloquium)
17:05 Coffee

Parallel Sessions: Phononic Crystals Phononic Metamaterials
17:30 0. Wright (Invited Oral) A. Krokhin (Invited Oral)
17:50 G.A. Gazonas (Invited Oral) D. Torrent (Invited Oral)
18:10 Y. Achaoui (Contrib. Oral) A. Spadoni (Contrib. Oral)
18:25 P.H. Otsuka (Contrib. Oral) R. Pourabolghasem (Contrib. Oral)
18:40 N.-K. Kuo (Contrib. Oral) B. Assouar (Contrib. Oral)
18:55 R. Lucklum (Contrib. Oral) Y. Wang (Contrib. Oral)
19:10 Adjourn
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Conference Program-at-a-Glance - Tuesday, May 31 Phononics 2011
Day 2: May 31st Tuesday
8:00 Announcements
Serial Sessions Periodic Structures
8:30 P. Deymier (Plenary)
9:00 G.M. Hulbert (Plenary)
9:30 J.S. Jensen (Keynote)
9:55 J. Wen (Keynote)
10:20 Coffee
10:45 M.J. Leamy (Keynote)
11:10 A.S. Phani (Keynote)
11:35 V. Romero-Garcia (Keynote)
12:00 C. Daraio (Org. Colloquium)
12:25 Lunch
Serial Sessions Phonon Transport
14:00 B. Li (Plenary)
14:30 A. Balandin (Plenary)
15:00 A.J.H. McGaughey (Keynote)
15:25 K.P. Pipe (Keynote)
15:50 P.E. Hopkins (Keynote)
16:15 I. Maasilta (Keynote)
16:40 I. EI-Kady (Org. Colloquium)
17:05 Coffee
Parallel Sessions: Periodic Structures Phonon Transport
17:30 M.M. Neves (Invited Oral) M. Maldovan (Invited Oral)
17:50 0. Umnova (Invited Oral) H. Elsayed-Ali (Invited Oral)
18:10 N. Swinteck (Contrib. Oral) K. Muralidharan (Contrib. Oral)
18:25 V. Tournat (Contrib. Oral) B.L. Davis (Contrib. Oral)
18:40 H. Estrada (Contrib. Oral) E. Chavez (Contrib. Oral)
18:55 M. Zubtsov (Contrib. Oral) M.C. George (Contrib. Oral)
19:10 Adjourn

16




Phononics 2011 Conference Program-at-a-Glance - Wednesday, June 1
Day 3: June 1st Wednesday
8:00 Announcements
Serial Sessions Optomechanics
8:30 0. Painter (Plenary)
9:00 H. Tang (Plenary)
9:30 T. Carmon (Keynote)
9:55 T. Kippenberg (Keynote)
10:20 Coffee
10:45 S. Benchabane (Keynote)
11:10 G. Cole (Keynote)
11:35 P. Rakich (Org. Colloquium)
12:00 R. Camacho (Org. Colloquium)
12:25 Lunch
Parallel Sessions Optomechanics Fab Characterization & Applications
14:00 C.W. Wong (Invited Oral) B. Kim (Invited Oral)
14:20 M.S. Kang (Invited Oral) M. Ziaei-Moayyed (Invited Oral)
14:40 C.M. Reinke (Invited Oral) M.F. Su (Invited Oral)

Poster Session*®

17:05 Coffee
17:30 Sia Nemat-Nasser (Felix Bloch Lecture)
18:30 Free Time

Banquet (Phononics 2013 Announcement)

22:00 Adjourn
*Poster Session:
1- S. Alaie 9- D.F. Goettler 17 & 18- V. Romero-Garcia (2)
2- G. Bastian 10- M.V. Golub 19- M. Senesi
3- O.R. Bilal 11- Q. Guo 20- A. Tomchek
4- S. Bringuier 12- T.J. Isotalo 21- V. Tournat
5- C.-T. Bui 13- H. Ketata 22-Y.-S. Wang
6- A.L. Chen 14-G. Kevin L. Manktelow 23- A.Young
7- W.S. Chang 15- Y. Pennec 24- X.-Z. Zhou
8- M. Frazier 16- O. Poncelet 25- G. Zhu
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Conference Program-at-a-Glance - Thursday, June 2

Day 4: June 2nd Thursday
8:00 Announcements
Serial Sessions Fabrication and Characterization for Phononics
8:30 G. Bogart (Plenary)
9:00 G. Piazza (Keynote)
9:25 G. Fytas (Keynote)
9:50 Z.C. Leseman (Org. Colloquium)
10:15 Coffee
Serial Sessions Phononic MEMS and RF Applications
10:40 A. Adibi (Plenary)
11:10 Y. Pennec (Keynote)
11:35 J. Vasseur (Keynote)
12:00 I. Psarobas (Keynote)
12:25 R.H. Olsson (Org. Colloquium)
12:50 Lunch
Parallel Sessions: Phon. Crystals & Phon. Transport Periodic Structures
14:00 S. Alaie (Contrib. Oral) A. Leonard (Contrib. Oral)
14:15 R.A. Wildman (Contrib. Oral) G. Theocharis (Contrib. Oral)
14:30 M.V. Golub (Contrib. Oral) V.J. Sanchez-Morcillo (Contrib. Oral)
14:45 F. Scarpa (Contrib. Oral) G. Wang (Contrib. Oral)
15:00 R.J. Magyar (Contrib. Oral) Y. Xiao (Contrib. Oral)
15:15 M. Blair (Contrib. Oral) S. Chen (Contrib. Oral)
15:30 Coffee
Parallel Sessions: Phonon Transport Fabrication and Characterization
15:55 P.-0. Chapuis (Contrib. Oral) T.J. Isotalo (Contrib. Oral)
16:10 M. C. George (Contrib. Oral) D.F. Goettler (Contrib. Oral)
16:25 M. Prunnila (Contrib. Oral) D. Lanzillotti-Kimura (Contrib. Oral)
16:40 Adjourn
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Detailed Conference Program - Sunday, May 29 Phononics 2011

Sunday: May 29 Detailed Program Information
Registration (Promenade) 5:00pm - 7:30 pm

Reception (Pool) 7:30 pm - 9:00 pm
Adjourn 9:00 PM
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Phononics 2011 Detailed Conference Program - Monday, May 30

Monday: May 30 Detailed Program Information

Registration (Promenade) 7:30 am - 12:00 pm
Opening Ceremony (Mesa BR) 8:00 am - 8:30 am
Track 1: Phononic Crystals

Session: 1 (Mesa Ballroom) 8:30 am - 10:20 pm
Session Chair: T. T. Wu

Author: J.H. Page Category: Plenary Talk
Paper #: 0109 Time: 8:30 am -9:00 am

Title: Ultrasonic Wave Transport in Phononic Crystals

Abstract: Ultrasonic experiments on phononic crystals provide a powerful method for investigating the profound
effects of periodic structure on wave propagation. We summarize recent progress that has been achieved by combining
experiments with multiple scattering theory and FDTD calculations to study bandgap, negative refraction and focusing
phenomena.

Author: M. Sigalas Category: Plenary Talk
Paper #: 0061 Time: 9:00 am -9:30 am

Title: Phononic Crystal Sensors

Abstract: Numerical studies of phononic crystals for sensors applications are presented. The sensitivities of the
structures on their parameters are studied. Particular attention was given in structures that can be probed with both
electromagnetic and elastic waves.

Author: B. Bonello Category: Keynote Talk
Paper #: 0024 Time: 9:30 am -9:55 am

Title: Phononic Crystals to Control the Propagation of Elastic Waves: Recent Advances

Abstract: In this paper, we briefly review the recent advances made worldwide to control the propagation of elastic
waves using phononic crystals (PCs). We show how new effects, including the opening of band gaps in silicon PC plates
and the negative refraction of elastic waves, could be at the origin of new Micro ElectroMechanical Systems compatible
with CMOS processes.
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Author: B. Djafari-Rouhani Category: Keynote Talk
Paper #: 0059 Time: 9:55 am -10:20 am

Title: Engineering of the Band gaps and transmissions in Phononic and phoxonic Crystal Slabs and Waveguides

Abstract: We report on our theoretical works about the engineering of band structures in phononic as well as dual
phononic-photonic slabs and strips waveguides. Besides the conventional structure made of a periodic array of holes in
a plate, we discuss the more recent geometry of pillars on a membrane or on a substrate. We discuss the best phoxonic
structures displaying dual phononic-photonic band gaps and slow modes.

Coffee Break (Promenade) 10:20 am - 10:45 am
Track 1: Phononic Crystals

B 0 psSa B3 DO 0:45 3 0
Author: V. Laude Category: Keynote Talk
Paper #: 0087 Time: 10:45 am -11:10 am

Title: Evanescent Bloch Waves in Phononic Crystals: Complex Band Structure, Losses, and Guidance

Abstract: The complex band structure of evanescent Bloch waves in phononic crystals is elucidated by formulating an
eigenvalue problem for the wavevector versus the frequency. It is used to explore the effects of material losses and the
phononic crystal guidance mechanism. The method, originally formulated for plane waves, is extended to finite element
models.

Author: C. Hladky-Hennion Category: Keynote Talk
Paper #: 0056 Time: 10:10 am -11:35 am

Title: Negative refraction of elastic waves in 2D phononic crystals

Abstract: Negative refraction of elastic waves is evidenced in a two-dimensional phononic crystal (PC), made of a
triangular lattice of steel rods embedded in epoxy. Experiments are carried out on a prism shaped PC inserted inside an
epoxy block. The influence of different parameters is discussed in terms of image reconstruction.
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Author: T. T. Wu Category: Org. Colloquium
Paper #: 0127 Time: 11:35am -12:00 pm

Title: Focusing and Waveguiding of Lamb Waves in Phononic Plates

Abstract: In this talk, focusing of Lamb waves using the GRIN PC will be introduced first, and then followed by a
concept demonstration of utilizing the focusing feature to compress Lamb waves into a phononic plate waveguide.
Results of the study showed that beam width of the lowest anti-symmetric Lamb wave in a silicon PC thin plate can be
compressed efficiently and fitted into the tungsten/silicon PC plate waveguide over a wide range of frequency.

Author: M. I. Hussein Category: Org. Colloquium
Paper #: 0182 Time: 12:00 am -12:25 pm

Title: Multiscale Dispersive Design: A Building Blocks Approach to Phononics

Abstract: When infinite in extent, spatial periodicity constitutes a periodic “material”. When truncated to finite
dimensions, a periodic “structure” is formed. Between the two entities there is an abundance of opportunities for
shaping a desired dynamical response. In this work we will re-visit the concept of Multiscale Dispersive Design and use
it towards the exploration of new avenues in phononics.

Lunch Break (Chamisa) 12:25 pm - 2:00 pm
Track 2: Phononic Metamaterials

B O PSa B3 o]0 D0 p U5 p
Author: A. N. Norris Category: Plenary Talk
Paper #: 0037 Time: 2:00 pm -2:30 pm

Title: Metal Water: A Metamaterial for Acoustic Cloaking

Abstract: A generic metamaterial is described that is suitable for making acoustic cloaking devices. The fundamental
property is that it mimics the acoustic properties of water, yet can be modified to display anisotropic elastic properties
suitable for cloaking. It has the important property that the amount of void space is conserved: a “conservation of
cloaked space”.
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Author: S. A. Cummer Category: Plenary Talk
Paper #: 0068 Time: 2:30 pm -3:00 pm

Title: Phononic Metamaterials for Transformation Acoustics Applications

Abstract: We review the detailed development and derivation of the concept of transformation acoustics and
demonstrate several approaches for engineering materials with the acoustic properties needed to realize
transformation acoustics devices.

Author: J. Christensen Category: Keynote Talk
Paper #: 0144 Time: 3:00 pm -3:25 pm

Title: Perforated acoustic metamaterials

Abstract: In this presentation we focus on perforated plates, which is governing the study of enhanced acoustic
transmission through subwavelength apertures and in addition supports metamaterial typical phenomena like perfect
imaging, negative refraction such as full attenuation of sound . We will discuss both theoretical and experimental
results related to these items.

Author: J. Li Category: Keynote Talk
Paper #: 0132 Time: 3:25 pm -3:50 pm

Title: Transformation Acoustics Media with Periodically Layered Structures

Abstract: Periodically layered structures have been used to construct acoustic superlenses and hyperlenses as
precursors for transformation acoustics. With the transformation approach, we can now investigate the bandwidth
and relationship between an acoustic hyperlens and superlens and construct transformation media through bending
periodically layered structure.

Author: G. Orris Category: Keynote Talk
Paper #: 0135 Time: 3:50 pm -4:15 pm

Title: Impedance Matching for Aqueous Inertial Metafluid Devices

Abstract: Several interesting metafluid devices have been investigated for use at frequencies in the low tens of
kilohertz, including gradient index lenses, directional antennas and tuneable scattering elements. For 3D or orthotropic
devices whose operating frequencies are less than a few 10's of kHz additional and significant practical issues can arise
for inertial metafluids: dynamic impedance matching, mass and volume.
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Author: J. Sanchez-Dehesa Category: Org. Colloquium
Paper #: 0140 Time: 4:15 Pm -4:40 Pm

Title: Applications of Metafluids based on Phononic Crystals

Abstract: Acoustic metamaterials or metafluids based on the homogenizat ion of periodic distributions of sound
scatterers (phononic crystals) are reviewed. It will be shown that periodically microstructured solids effectively behave
like fluidlike materials with dynamical mass anisotropy. Also, it will be shown that the acoustic refractive index can be
locally tailored in order to get molding of the sound waves. Applications of these types of metafluids as acoustic cloaks,
gradient index refractive lenses, perfect absorbers and radial sonic crystal will be reported.

Author: A. Khelif Category: Org. Colloquium
Paper #: 0139 Time: 4:40 pm -5:05 pm

Title: Locally resonant structures for low frequency surface acoustic band gaps

Abstract: We present in this paper a theoretically and experimentally study of the propagation of surface acoustic
waves in a two-dimensional array of cylindrical pillars on the surface of a semi-infinite substrate. Low-frequency,
markedly lower than those expected from the Bragg mechanism, band gaps were demonstrated.

Coffee Break (Promenade) 5:05 pm - 5:30 pm

Parallel Sessions

Track 1: Phononic Crystals

Session: 4 (Mesa Ballroom A) 5:30 pm - 7:10 pm
Session Chair: M. Sigalas

Author: O. Wright Category: Invited Oral
Paper #: 0084 Time: 5:30 pm -5:50 pm

Title: Dynamic Imaging of Gigahertz Phonons on Phononic Crystal Slabs

Abstract: Surface phonon propagation on microscopic phononic crystal slabs of Si is dynamically imaged in two
dimensions at frequencies up to 1 GHz by an ultrafast optical technique. The acoustic dispersion relations obtained by
spatial and temporal Fourier transforms reveal stop bands and the eigenmode patterns. Phonon guiding and
confinement in phononic crystal waveguides and cavities are also presented.
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Author: G. A. Gazonas Category: Invited Oral
Paper #: 0149 Time: 5:50 pm -6:10 pm

Title: Resonance in m-layered Goupillaud-type Elastic Media

Abstract: Explicit analytical and recursive stress solutions and corresponding natural frequencies are derived for an m-
layered Goupillaud-type elastic medium from a coupled firstorder system of difference equations using z-transform
methods. The exact solutions can serve to verify computational methods for modeling wave propagation phenomena
such as resonance and bandgap formation in periodic media.

Author: Y. Achaoui Category: Contrib. Oral
Paper #: 0116 Time: 6:10 pm -6:25 pm

Title: Locally resonant and Bragg band gaps for surface acoustic waves

Abstract: We investigate the propagation of surface acoustic waves in a square lattice phononic crystal of cylindrical
pillars on an anisotropic substrate. It is shown that the propagation of surface acoustic phonons is prohibited in two
distinct frequency ranges. We identify two mechanisms responsible for band gaps, i.e. local resonances and Bragg
diffraction, and point out the difference between them.

Author: P. H. Otsuka Category: Contrib. Oral
Paper #: 0085 Time: 6:25 pm -6:40 pm

Title: Observation and Simulation of Surface Acoustic Waves in Phononic Crystals

Abstract: We present an analysis of surface acoustic waves propagating in a microscopic phononic crystal waveguide
consisting of a silicon crystal containing a square array of holes. Experiments are performed using an ultrafast optical
method and the results are compared with an FEM simulation.

Author: N. -K. Kuo Category: Contrib. Oral
Paper #: 0106 Time: 6:40 pm -6:55 pm

Title: Demonstration of Ultra High Frequency Fractal Air/Aluminum Phononic Crystalsl

Abstract: This work presents, for the first time, the design and the experimental demonstration of an air/aluminum
nitride (AIN) phononic band gap (PBG) structure patterned in a fractal fashion which exhibits two frequency stop bands
for symmetric lamb waves respectively at 900 MHz (bandwidth of 11%) and 1.075 GHz (bandwidth of 13.5%) with a
maximum acoustic attenuation of 45 dB.
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Author: R. Lucklum Category: Contrib. Oral
Paper #: 0065 Time: 6:55 pm -7:10 pm

Title: Liquid Sensor Utilizing Phononic Crystals

Abstract: A phononic crystal device is investigated as a sensor platform combining bandgap engineering with resonant
transmission. We compare several approaches: a one-dimensional arrangement with a thin liquid analyte layer, two-
dimensional phononic crystals with and without symmetry reduction and incidence directions normal and perpendicular
to the plate.

Track 2: Phononic Metamaterials

Session: 5 (Mesa Ballroom () 5:30 pm - 7:10 pm
Session Chair: J. Sanchez-Dehesa

Author: A. Krokhin Category: Invited Oral
Paper #: 0021 Time: 5:30 pm -5:50 pm

Title: Narrow Fluid Channel as a Metamaterial Sound Absorber

Abstract: Abnormally high level of absorption has been observed for sound waves propagating through a narrow water
channel clad between two metal plates. Absorption is due to resonant excitation of Rayleigh waves on the both metal
surfaces. These waves may either produce strong turbulent motion in a viscous fluid or radiate its energy into the
metal, giving rise to deep minima in the transmission spectrum.

Author: D. Torrent Category: Invited Oral
Paper #: 0026 Time: 5:50 pm -6:10 pm

Title: Fabrication and Experimental Characterization of Anisotropic Fluid-Like Materials

Abstract: We report a method to obtain acoustic metamaterials or metafluids with cylindrically anisotropic mass
density. The method uses a periodically corrugated structure embedded in a two dimensional waveguide. This structure
represents a periodic multilayered fluid-fluid composite that, in the low frequency limit, behaves as a fluid-like
metamaterial with mass anisotropy. Also, an experimental method to characterize these structures is presented,
showing that the resonances in these closed structures can be used to derive the acoustic parameters of these
metafluids.
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Author: A. Spadoni Category: Contrib. Oral
Paper #: 0091 Time: 6:10 pm -6:25 pm

Title: Phononic Transport in Structural Networks with Internal Resonances and Dissipation

Abstract: The transport of mechanical energy can be controlled with phononic crystals and acoustic meta-materials.
The latter can designed to control wave fields with wavelengths much larger than the meta-material's inner structure.
This presentation proposes the employ-ment of structural lattices and dissipation to improve the performance of meta-
materials.

Author: R. Pourabolghasem Category: Contrib. Oral
Paper #: 0150 Time: 6:25 pm -6:40 pm

Title: Phononic Band Structure of a Silicon Plate with Periodic Array of Cylindrical Metallic Pillars

Abstract: We investigate theoretically the phononic band structure in a 2D array of cylindrical pillars on the surface of
a slab. Simulations are based on the finite element method (FEM) using tungsten pillars on silicon as the structure of
interest. We show that the phononic structure supports band gaps and study the behavior of band structure with
respect to lattice symmetry and geometrical parameters.

Author: B. Assouar Category: Contrib. Oral
Paper #: 0063 Time: 6:40 pm -6:55 pm

Title: Elastic Waves Propagation in a Locally Resonant Phononic Stubbed Plates

Abstract: We report in this study on the phonon transport in a locally resonant (LR) phononic stubbed plate. First, we
will discuss the opening of LR band gap (BG) as function as the nature of the stubs and geometrical parameters to
figure out the evolution of the BG. Second, we will discuss the waveguiding in such structures based on the calculation
of the band structures and the transmission coefficient.

Author: Y. Wang Category: Contrib. Oral
Paper #: 0115 Time: 6:55 pm -7:10 pm

Title: A wide band underwater strong acoustic absorbing material

Abstract: To meet the demand of underwater acoustic absorbing material for wide band strong acoustic absorption,
we introduced network structure into locally resonant phononic crystal and fabricated a new kind of metal-polymer
composites. Experimental and theoretical results showed that excellent underwater acoustic absorption capability and
strong mechanical strength could be obtained simultaneously.

Adjourn 7:10 PM
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Tuesday: May 30 Detailed Program Information
Registration (Promenade) 7:30 am - 12:00 pm
Announcements (Mesa BR) 8:15am - 8:30 am

Track 3: Periodic Structures

Session: 6 (Mesa Ballroom) 8:30 am - 10:20 pm

Session Chair: A. Norris

Author: P. Deymier Category: Plenary Talk

Paper #: 0073 Time: 8:30 am -9:00 am

Title: Phononic crystals with complete phase space properties

Abstract: We review and demonstrate properties of phononic crystals over their complete phase space, namely,
spectral (w-space), wave vector (k-space) and phase (@p-space) properties. The later two properties are applied to
acoustic imaging with a phononic crystal flat lens and to inter-ference-driven acoustic Boolean logic.

Author: G.M. Hulbert Category: Plenary Talk
Paper #: 0137 Time: 9:00 am -9:30 am

Title: Structurally-Inspired Phononic Metamaterials

Abstract: The distinction between materials and structures has blurred. The development of phononic metamaterials
based upon novel structural systems is considered in this work. In particular, a Negative-Poisson Ratio (NPR) structure is
used as the foundation for developing phononic metamaterials comprising a ‘structural’ framework of stiff material
and a more compliant material that can dissipate energy.

Author: J. S. Jensen Category: Keynote Talk
Paper #: 0055 Time: 9:30 am -9:55 am

Title: Optimal Design of Nonlinear Wave Devices

Abstract: The method of topology optimization is applied to wave propagation problems with nonlinearities. In the
general case the iterative design procedure should be based on transient simulation of the wave propagation, but in the
special case of non-instantaneous nonlinearities a steady-state optimization formulation can be applied. The latter case
is exemplified by the design of a 1D optical diode.
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Author: J. Wen Category: Keynote Talk
Paper #: 0117 Time: 9:55 am -10:20 am

Title: Phononic Crystals with Applications to Sound and Vibration Control

Abstract: A two dimensional binary locally resonant phononic crystal (PCs) has been fabricated and thoroughly
analyzed. A lumped-mass method has been proposed as an efficient tool to calculate the band structure of PCs. The
concept of PCs is introduced into the design of beam and plate structures, and the acoustic materials to improve their
vibration and sound performance.

Coffee Break (Promenade) 10:20 am - 10:45 am
Track 3: Periodic Structures

Session: 7 (Mesa Ballroom) 10:45 am - 12:25 pm
Session Chair: G. Hulbert

Author: M.J. Leamy Category: Keynote Talk
Paper #: 0071 Time: 10:45 am -11:10 am

Title: New Directions in the Analysis of Nano-Scale Phononic and Nonlinear Metamaterial Systems

Abstract: This talk will focus on two directions being pursued by the author and his coworkers in the areas of (i) multi-
scale modeling of phonon spectra and dispersion in reduced dimensional nano-scale systems (e.g., carbon nanotubes),
and (ii) analysis of phononic wave propagation in nonlinear metamaterials using asymptotic techniques.

Author: A. S. Phani Category: Keynote Talk
Paper #: 0107 Time: 10:10 am -11:35 am

Title: Lattice Materials: A Unified Structural Mechanics Perspective

Abstract: Lattice materials with a periodic microstructure are suitable for multifunctional structures with high specific
stiffness, favourable acoustic and thermal properties. Their mechanical response under static and dynamic loads is
considered from a unified structural mechanics perspective combining Bloch wave theory with Finite Element Method.
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Author: V. Romero-Garcia

Category: Keynote Talk

Paper #: 0101

Time: 11:35am -12:00 pm

Title: Theoretical and Experimental Evidence of Evanescent Modes in Finite Sonic Crystals

Abstract: Evanescent modes in complete sonic crystals (SC) and SC with point defects are both theoretically and
experimentally reported in this paper. Finite element method and an extension of the plane wave expansion with
supercell approximation to solve the invers problem k(w) is used to predict the evanescent modes. Experimental data
and numerical results are in good agreement with the predictions.

Author: C. Daraio

Category: Org. Colloquium

Paper #: 0155

Time: 12:00 am -12:25 pm

Title: From Newton's Cradle to New Acoustic Crystals

Abstract: The bouncing beads of Newton's cradle fascinate children and executives alike, but their symmetric dance
hides a complex dynamic behavior. By assembling grains in crystals we are developing new materials and devices with
unique properties. We have constructed twodimensional systems that can redirect mechanical waves, and have
developed new materials for absorbing vibrations and explosive blasts.
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Lunch Break (Chamisa) 12:25 pm - 2:00 pm
Track 4: Phonon Transport

Session: 8 (Mesa Ballroom) 2:00 pm - 5:05 pm
Session Chair: P. Deymier

Author: Baowen Li Category: Plenary Talk
Paper #: 0042 Time: 2:00 pm -2:30 pm

Title: Phononics: a new science and technology in processing information and controlling heat flow by phonons

Abstract: Heat due to lattice vibration is usually regarded as harmful for information processing. However, studies in
recent years have changed this mindset. | will demonstrate via numerical simulation, theoretical analysis and
experiments that, phonons, can be manipulated like electrons. They can be used to carry and process information. Basic
phononic devices such as thermal diode, thermal transistor, thermal logic gate and thermal memory can be worked via
nonlinear lattice and/or low dimensional nanostructures such as nanowire, nanotube, graphen nanoribbon etc. .

Author: A. Balandin Category: Plenary Talk
Paper #: 0133 Time: 2:30 pm -3:00 pm

Title: Nanoscale Phonon Engineering: From Quantum Dots and Nanowires to Graphene and Topological Insulators

Abstract: | describe the nanoscale phonon engineering concept and its possible applications. Nanostructures offer new
ways for controlling phonon transport via tuning phonon dispersion. Engineering the phonon spectrum can become as
powerful a technique as the electron bandgap engineering, which revolutionized electronics. | outline recent examples
of phonon engineering in quantum dot superlattices, nanowires, graphene ribbons and topological insulators. Particular
attention is given to the phonon thermal transport in graphene and graphene's applications in thermal management.

Author: A. ). H. McGaughey Category: Keynote Talk
Paper #: 0047 Time: 3:00 pm -3:25 pm

Title: Predicting Phonon Properties Using the Spectral Energy Density

Abstract: The spectral energy density technique for predicting phonon dispersion relations and relaxation times is
presented. This technique, which uses atomic velocities obtained from a molecular dynamics simulation, incorporates
the full anharmonicity of the atomic interactions. Results for a Lennard-Jones face centered cubic crystal are provided.
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Author: K. P. Pipe Category: Keynote Talk
Paper #: 0108 Time: 3:25 pm -3:50 pm

Title: Effect of Interface Roughness on Phonon Transport in Superlattices

Abstract: We present a boundary perturbation method to analyze phonon reflection, transmission, and mode
conversion at a rough interface, and extend these calculations using a transfer matrix approach to examine the effects
of interface roughness on phonon transport in multilayer thin films.

Author: P. E. Hopkins Category: Keynote Talk
Paper #: 0080 Time: 3:50 pm -4:15 pm

Title: Phonon scattering at structurally variant boundaries

Abstract: Phonon scattering at boundaries drives the thermal transport in nanosystems. In this work, | will discuss
various projects in which solid boundaries and interfaces are used to reduce the thermal conductance in nanosystems.
These studies include cross plane thermal conductivity in periodic, porous silicon films and thermal boundary
conductance across ran-dom and quantum dot roughened Si interfaces.

Author: . Maasilta Category: Keynote Talk
Paper #: 051 Time: 4:15 Pm -4:40 Pm

Title: Phononic Thermal Transport in Thin Nanoscale Membranes

Abstract: We have studied experimentally the thermal conductance of thin free-standing sili-con nitride membranes at
sub-Kelvin temperatures as a function of membrane thickness be-tween 40 nm and 750 nm, using normal metal-
insulator-superconductor (NIS) thermometry. Effects of dimensionality cross-over from 3D to 2D phonons are seen,
however not all obser-vations follow the simplest theory.

Author: |. El-Kady Category: Org. Colloquium
Paper #: 0183 Time: 4:40 pm -5:05 pm

Title: Thermal Conductivity Reduction in Phononic Crystals: Interplay of Coherent versus Incoherent Scattering

Abstract: In this talk we pose the question: Can the coherent scattering events brought by the periodicity of the
Phononic Crystal (PnC) lattice affect the high frequency THz phonons that dominate heat transfer process? In other
words, can PnC patterning be used to manipulate the thermal conductivity of a material? We report both theoretically
and experimentally on the role of coherent versus incoherent scattering of phonons by a 2D PnC structure and the
efficacy of each process in both the cross plane and in plane directions of the PnC lattice.

Coffee Break (Promenade) 5:05 pm - 5:30 pm
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Parallel Sessions

Track 3: Periodic Structures

Session: 9 (Mesa Ballroom A) 5:30 pm - 7:10 pm
Session Chair: C. Daraio

Author: M. M. Neves Category: Invited Oral
Paper #: 0121 ITime: 5:30 pm -5:50 pm

Title: Using classical FEM to predict the dynamical response of periodic devices in acoustic and vibration applications

Abstract: The task of predicting the dynamical response and tailoring wave propagation filters for practical frequency
ranges is here presented. Finite element steady-state analysis is performed on periodic devices of finite length
considering periodic distribution of materials, addition of masses to a tube and periodic curvatures. Validation obtained
with prototypes, one for attenuation of axial vibration and other for sound propagation, is also mentioned.

Author: 0. Umnova Category: Invited Oral
Paper #: 0076 Time: 5:50 pm -6:10 pm

Title: An Effective Medium Model for Sonic Crystals with Composite Resonant Elements

Abstract: Using a self-consistent method, analytical expressions are derived for the parameters of an effective medium
of composite scattering elements in air. The scatterers consist of concentrically arranged thin elastic shells and 4-slit
cylinders. Predictions and data confirm that the use of coupled resonators results in a substantial insertion loss peak
related to the modified resonance of the shell.
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Author: N. Swinteck Category: Contrib. Oral
Paper #: 0069 Time: 6:10 pm -6:25 pm

Title: Phase-controlling properties in phononic crystals

Abstract: We deliver a complete phase-space analysis of two well-studied PC systems to reveal the mechanisms behind
phase-manipulation of propagating elastic waves in these composite structures. A triangular-array of steel cylinders
embedded in a host matrix of methanol and a square-array of Polyvinylchloride cylinders embedded in a host matrix of
air show band structures and equi-frequency contours (EFCs) with very different features, yet phase-control is possible
in both systems. We find that phase-control depends on (1) whether or not the wave and group velocity vectors in the
PC are collinear and (2) whether or not the excited Bloch waves in the PC have the same phase velocity. The results
gathered in this study can be used to draw general conclusions about the reality of phase-control in many other types
Author: V. Tournat Category: Contrib. Oral

Paper #: 0009 Time: 6:25 pm -6:40 pm

Title: Elastic waves in a three-dimensional hexagonal close-packed granular crystal: observation of rotational modes
and nonlinear effects

Abstract: Noncohesive granular phononic crystals show peculiar features related to the elastic nonlinearities at the
contacts and the rotational degrees of freedom of the grains. Evidence of rotational mode propagation and non
reciprocity for nonlinear acoustic effects is found in a hexagonal close-packed crystal layer with a gravityinduced
elasticity gradient.

Author: H. Estrada Category: Contrib. Oral
Paper #: 0041 Time: 6:40 pm -6:55 pm

Title: The Role of Array Symmetry in the Transmission of Ultrasound through Periodically Perforated Plates

Abstract: We present angle-resolved experimental results on the role of array symmetry in the transmission features of
periodically perforated plates. A very rich interplay between Fabry-Perot single-hole resonances, coherent scattering
and plate vibration is found. By comparing several spatial hole arrangements, the effects of the geometry are
disentangled from the contribution of plate vibrations.B.

Author: M. Zubtsov Category: Contrib. Oral
Paper #: 0057 Time: 6:55 pm -7:10 pm

Title: EFIT Simulation of Ultrasonic Wave Propagation in Complex Microfluidic Structures

Abstract: The Elastodynamic Finite Integration Technique (EFIT) is used to simulate ultrasonic wave propagation in
complex microfluidic structures comprising fluidic channels, phononic crystal structures and piezoelectric transducers.
An EFIT computational math is combined with MATLAB coding. The viability of the approach is demonstrated.
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Track 4: Phonon Transport

Session: 10 (Mesa Ballroom C)

Session Chair: B. Li

5:30 pm - 7:10 pm

Author: M. Maldovan

Category: Invited Oral

Paper #: 0156

Time: 5:30 pm -5:50 pm

Title: Understanding and Controlling High-Frequency Phonon Thermal Energy Transport in Nanostructures

Abstract: We present a novel theoretical approach based on the kinetic theory of transport processes to understand
and accurately describe the transport of high-frequency phonon thermal energy in nanostructures over a broad range
of temperatures and across multiple length scales, i.e. from nano to micro. Good agreement with experiments is

obtained.

Author: H. Elsayed-Ali

Category: Invited Oral

Paper #: 0078

Time: 5:50 pm -6:10 pm

Title: Coherent phonons in polycrystalline bismuth film monitored by ultrafast electron diffraction

Abstract: The generation of coherent phonons in polycrystalline bismuth film is observed by ultrafast time-resolved
electron diffraction. The dynamics of the diffracted intensities from the (110), (202), and (024) lattice planes show
pronounced oscillations at 1308150 GHz. The anisotropy in the energy transfer rate of coherent optical phonons is

discussed.
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Author: K. Muralidharan

Category: Contrib. Oral

Paper #: 0104

Time: 6:10 pm -6:25 pm

Title: Nanostructured two-dimensional phononic materials

Abstract: Phononic properties of nanostructured two-dimensional materials such as graphene and boron nitride (BN)
sheets are calculated using the method of molecular dynamics. Nanophononic crystals composed of periodic array of
holes in graphene exhibit Bragg scattering at non-cryogenic temperatures leading to reduction in thermal conductivity.
The transport of phonons across non-periodic arrays of asymmetric holes in BN sheets is discussed in the context of
scattering and non-linear effects that may lead to thermal rectification.

Author: B. L. Davis
Paper #: 0174

Category: Contrib. Oral
Time: 6:25 pm -6:40 pm

Title: Reduction of Thermal Conductivity in Silicon Slabs by Unit Cell Nanostructuring

Abstract: Just like unit cell structuring has seen much interest in phononic crystals for the control of sound and
vibration, the same can be done at the nanoscale for the control of thermal properties. Here we present ideas for unit
cell nanostructuring within thin silicon slabs for the purpose of reducing the thermal conductivity.

Author: E. Chavez
Paper #: 0111

Category: Contrib. Oral
Time: 6:40 pm -6:55 pm

Title: Acoustic phonon relaxation rates in nanometer-scale membranes

Abstract: The elastic continuum model is applied to analyse the acoustic phonon modes for single and threelayer
membranes. The dispersion relations are computed using a numerical approach and are compared with experimental
and theoretical results. These values are used to compute the rate of relaxation, considering a three-phonon Umklapp
process.

Author: M. C. George
Paper #: 0081

Category: Contrib. Oral
Time: 6:55 pm -7:10 pm

Title: Thermal conductance behavior of self-assembled lamellar block copolymer thin films

Abstract: We measure the thermal conductance of both disordered and self-assembled lamellar polystyrene-block-
poly(methyl methacrylate) copolymer films and compare the results to literature reports on thin homopolymer films
and polymer brushes. We see a 150% increase in thermal conductivity for a single self-assembled PS-b-PMMA layer.

Adjourn 7:10 PM
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Wednesday: June 1 Detailed Program Information

Registration (Promenade) 7:30 am - 12:00 pm
Announcements (Mesa BR) 8:15am - 8:30 am
Track 5: Optomechanics

Session: 11 (Mesa Ballroom) 8:30 am - 10:20 pm
Session Chair: S. Cummer

Author: O. Painter Category: Plenary Talk
Paper #: 0180 Time: 8:30 am -9:00 am

Title: Optomechanical Crystals

Abstract: Rapid advances have been made in the field of cavity optomechanics, in which the usually feeble radiation
pressure force of light is used to manipulate (and precisely monitor) mechanical motion. These advances have moved
the field from the multi-km interferometer of a gravitational wave observatory, to the optical table top, and now all
the way down to a silicon microchip. In this talk | will describe these advances, and discuss our own work to realize
radiation pressure within nanoscale structures in the form of photonic-phononic crystals (optomechanical crystals).

Author: H. Tang Category: Plenary Talk
Paper #: 0138 Time: 9:00 am -9:30 am

Title: Integrated Transduction and Active Manipulation Methods for Nanoelectromechanical Systems

Abstract: This talk will discuss integrated NEMS transduction schemes that have been devel-oped by my research
group. Methods for achieving active control and manipulation of nano-mechanical motion will be also presented.

Author: T. Carmon Category: Keynote Talk
Paper #: 0181 Time: 9:30 am -9:55 am

Title: Mechanical Whispering-Gallery Modes

Abstract: We experimentally excite mechanical Whispering-Gallery resonances that are vibrating from 50 MHz to 12
GHz rates.
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Author: T. Kippenberg Category: Keynote Talk

Paper #: 0178 Time: 9:55 am -10:20 am

Title: Cooling of a Micromechanical Oscillator into the Quantum Regime

Abstract: Using optical sideband cooling, a micromechanical oscillator is cooled to a phonon occupancy below 10
phonons, corresponding to a probability of finding it in its quantum ground state more than 10% of the time.

Coffee Break (Promenade) 10:20 am - 10:45 am
Track 5: Optomechanics

Session: 12 (Mesa Ballroom) 10:45 am - 12:25 pm
Session Chair: O. Painter

Author: S. Benchebane Category: Keynote Talk
Paper #: 0086 Time: 10:45am -11:10 am

Title: Phoxonic Crystals: a Review

Abstract: Periodically structured materials exhibiting simultaneous photonic and phononic band gaps offer
unprecedented ways to tailor photon—phonon interactions. A review of the works reported on these materials,
sometimes termed “phoxonic crystals”, is presented before highlighting theoretical and experimental results
demonstrating phoxonic band gaps in structures relying on guided elastic waves.

Author: G. D. Cole Category: Keynote Talk

Paper #: 0157 Time: 10:10 am -11:35 am

Title: Cavity Quantum Optomechanics

Abstract: The overarching research objective of cavity quantum optomechanics is to investigate quantum effects of
micro- and nanoscale systems and their implications for the foundations and applications of quantum physics. Our
ultimate goal is to gain access to a completely new parameter regime for experimental physics with respect to both
size and complexit.

Author: P. Rakich Category: Org. Colloquium
Paper #: 0128 Time: 11:35am -12:00 pm

Title: Fundamental Limits of Transduction Efficiency and Bandwidth in Nano-Optomechanics

Abstract: Through systematic examination of material and topological degrees of freedom in nano-optomechanical
systems, we identify the fundamental barriers and opportunities for the creation of large photon-phonon coupling.
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Author: R. Camacho Category: Org. Colloquium
Paper #: 0130 Time: 12:00 pm -12:25 pm

Title: Mechanical Transduction in Periodic Media

Abstract: The possibility of increasing mechanical transduction efficiencies via periodic patterning of the material
density is investigated. A 2D simulation suggesting low mechanical impedance over a relatively large bandwidths is
presented.

Lunch Break (Chamisa) 12:25 pm - 2:00 pm
Parallel Sessions

Track 5: Optomechanics

Session: 13 (Mesa Ballroom A) 2:00 pm - 3:00 pm
Session Chair: P. Rakich

Author: C. W. Wong Category: Invited Oral
Paper #: 0146 Time: 2:00 pm -2:20 pm

Title: Strong Optomechanical Coupling in Slot-type Photonic Crystal Cavities

Abstract: Strong dispersive optomechanical coupling of an air-slot mode-gap photonic crystal cavity is demonstrated.
The zero-point motion coupling rate can be as high as 2.56MHz. Optical and 10s of MHz mechanical frequency
spectra are shown experimentally, supported by theory and numerical models.

Author: M. S. Kang Category: Invited Oral
Paper #: 0093 Time: 2:20 pm -2:40 pm

Title: Forward Stimulated Light Scattering by Acoustic Resonances in Photonic Crystal Fiber

Abstract: Forward stimulated light scattering by transverse acoustic resonances tightly trapped in a photonic crystal
fiber core is a recently reported nonlinear-optical optoacoustic phenomenon. The principles and characteristics of the
scattering are described. Some potential applications are also discussed

Author: C. M. Reinke Category: Invited Oral
Paper #: 0170 Time: 2:40 pm -3:00 pm

Title: Analysis of Optomechanical Forces in Nano-Photonic Waveguides

Abstract: We present a theoretical analysis of optomechanical forces in nano-scale photonic waveguides. In
particular, we show that significant forces due to radiation pressure can be generated in dielectric slab and photonic
crystal waveguides having sub-micron dimensions. We also investigate how such forces can be optimized for
optomechanical transduction.
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Track 6&7: Fabrication Characterization & Applications

Session: 14 (Mesa Ballroom C) 2:00 pm - 3:00 pm
Session Chair: G. R. Bogart

Author: B. Kim Category: Invited Oral
Paper #: 0113 Time: 2:00 pm -2:20 pm

Title: Thermal Conductivity Reduction in Lithographically Patterned Single Crystal Silicon Phononic Crystal Structures

Abstract: In-plane thermal conductivity of lithography-based phononic crystals has been investigated. Sub-micron
holes were lithographically patterned in a 500nm-thick single crystal silicon thin-film and the thermal conductivity was
measured as low as 30 W/mK (at and slightly above room temperature, 20~80°C), which is a 50% reduction even after
accounting for the effect of volume reduction of the holes.

Author: M. Ziaei-Moayyed Category: Invited Oral
Paper #: 0126 Time: 2:20 pm -2:40 pm

Title: Silicon Carbide Phononic Crystals for Communication, Sensing, and Energy Management

Abstract: We demonstrate design, fabrication, and characterization of silicon carbide phononic crystals used to
confine energy in lateral overtone cavities in 2-3GHz range with high f.Q products in air. The SiC cavities are fabricated
in a CMOS-compatible process with applications in communication systems, sensing, and thermal energy
management

Author: M. Su Category: Invited Oral
Paper #: 0169 Time: 2:40 pm -3:00 pm

Title: Designing High-Q Compact Phononic Crystal Resonators

Abstract: Phononic crystals provide a promising method of producing resonators with very high quality factors up to
the theoretical limit possible in the host material. In this study we consider Silicon based solid-solid phononic crystal
resonator designs with different lattices (simple cubic, hexagonal/triangular and honeycomb), number of inclusions
and cavity shapes.
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Poster Session (Chapel) 3:00 pm - 5:05 pm
Session Chair: I. EI-Kady & M. I. Hussein

Author: S. Alaie Category: Poster 1
Paper #: 165 Time: 3:00 pm -5:05 pm

Title: Device Level Harmonic Finite Element Analysis of Phononic Crystals Operating at GHz Frequencies

Author: G. Bastian Category: Poster 2
Paper #: 0185 Time: 3:00 pm -5:05 pm

Title: Isotopically Enriched Semiconductor Superlattices for Thermoelectric Applications

Author: O. R. Bilal Category: Poster 3
Paper #: 0173 Time: 3:00 pm -5:05 pm

Title: Phononic Band Gap Optimization for Combined In-Plane and Out-of-Plane Waves

Author: S. Bringuier Category: Poster 4
Paper #: 0163 Time: 3:00 pm -5:05 pm

Title: Acoustic Logic Gates Implemented using a Phase Controlling Phononic Crystal

Author: C.-T. Bui Category: Poster 5
Paper #: 0050 Time: 3:00 pm -5:05 pm

Title: Temperature and Size Dependence of Thermal Conductivity in Single Crystal ZnO Nanowires

Author: A.L. Chen Category: Poster 6
Paper #: 0082 Time: 3:00 pm -5:05 pm

Title: Propagation of the Elastic Wave in One-dimensional Randomly Disordered Solid-liquid Phononic Crystals

Author: W.S. Chang Category: Poster 7
Paper #: 0038 Time: 3:00 pm -5:05 pm

Title: Nanoscale Tip Fabrication for Plasmon Induced Field- Enhancement

Author: M. Frazier Category: Poster 8
Paper #: 172 Time: 3:00 pm -5:05 pm

Title: Dissipative Effects in Acoustic Metamaterials

Author: D.F. Goettler Category: Poster 9
Paper #: 164 Time: 3:00 pm -5:05 pm

Title: nanoFIBrication of Phononic Crystals in Freestanding Membranes

Author: M.V. Golub Category: Poster 10
Paper #: 0018 Time: 3:00 pm -5:05 pm

Title: 2D Wave Propagation in Periodically Layered Composite Structures with Damages

Author: Q. Guo Category: Poster 11
Paper #: 0176 Time: 3:00 pm -5:05 pm

Title: Convergence of the Reduced Bloch Mode Expansion Method for Electronic Band Structure Calculations

Author: T.J. Isotalo Category: Poster 12
Paper #: 0088 Time: 3:00 pm -5:05 pm

Title: Low-Temperature Thermal Conductance of Periodically Perforated Silicon Nitride Membranes
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Author: H. Ketata

Category: Poster 13

Paper #: 0099

Time: 3:00 pm -5:05 pm

Title: Influence of Filling Fraction and Constituent Materials

on Acoustic Waves in Phononic Lattice

Author: Kevin L. Manktelow

Category: Poster 14

Paper #: 166

Time: 3:00 pm -5:05 pm

Title: Intensity-Dependent Dispersion in Nonlinear Phononic and Photonic Layered Systems

Author: Y. Pennec

Category: Poster 15

Paper #: 0090

Time: 3:00 pm -5:05 pm

Title: Band-gap operating in the gigahertz frequencies for a

bi-layer phononic crystal slab

Author: O. Poncelet

Category: Poster 16

Paper #: 123

Time: 3:00 pm -5:05 pm

Title: Dynamical effective properties of elastic multilayers

Author: V. Romero-Garcia

Category: Poster 17

Paper #: 0102

Time: 3:00 pm -5:05 pm

Title: Interaction between Periodic Arrays and Finite Imped

ance Surface: Analytical Results and Experimental Data

Author: V. Romero-Garcia

Category: Poster 18

Paper #: 0058

Time: 3:00 pm -5:05 pm

Title: Acoustic Beams in Finite Sonic Crystals

Author: Matteo Senesi

Category: Poster 19

Paper #: 0184

Time: 3:00 pm -5:05 pm

Title: Multi-field Internally Resonating Metamaterials

Author: A. Tomchek

Category: Poster 20

Paper #: 177

Time: 3:00 pm -5:05 pm

Title: Characterization of Band Gap Resonances in Finite Pe

riodic Structures
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Author: V. Tournat Category: Poster 21
Paper #: 0011 Time: 3:00 pm -5:05 pm
Title: Out-of-plane acoustic modes in monolayer phononic granular membranes
Author: Y.-S. Wang Category: Poster 22
Paper #: 0060 Time: 3:00 pm -5:05 pm

Title: Surface/Interface Effects on Band Structures of Nanosized
Phononic Crystals

Author: A. Young Category: Poster 23

Paper #: 0167 Time: 3:00 pm -5:05 pm

Title: Strain Based Tuning of Ring Resonators Via Hydrostatic Pressure Actuation of Membranes
Author: X.-Z. Zhou Category: Poster 24

Paper #: 0040 Time: 3:00 pm -5:05 pm

Title: Band Gap Calculation for 2D Solid-Fluid Phononic Crystals by the Method Based on Dirichlet-to-Neumann Map

Author: G. Zhu Category: Poster 25
Paper #: 0044 Time: 3:00 pm -5:05 pm

Title: Phonons on Complex Networks

Coffee Break (Promenade) 5:05 pm - 5:25 pm
Felix Bloch Lecture (Mesa Ballroom) |5:30 pm - 6:30 pm
Free Time 6:30 pm - 7:00 pm
B o[U]= 0 Ba DO & Phono 0

U0 p 0:00 p
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Thursday: June 2 Detailed Program Information
Registration (Chamisa) 7:30 am - 12:00 pm
|Announcements (Mesa BR) 8:15am - 8:30 am
Track 6: Fabrication and Characterization for Phononics
Session: 14 ( Ortez Ballroom) 8:30 am - 10:15 am
Session Chair: F. McCormick
Author: G. Bogart Category: Plenary Talk
Paper #: 0075 Time: 8:30 am -9:00 am

Title: Larger Scale Fabrication of Nanometer to Micron Sized Periodic Structures in 2D and 3D: Approaches and Trends

Abstract: Fabrication of periodic structures for photonic or phononic wavelength interaction and manipulation at the
small scale (<100um x 100 um) in planar dimensions using a variety of materials and techniques has been documented
in the literature. Often structures are conceived and built with only a single device needing to be made. Some
applications require that structures be fabricated in three dimensions or with multiple layers placing additional
constraints on the fabricator.

Author: G. Piazza Category: Keynote Talk
Paper #: 0105 Time: 9:00 am -9:25 am

Title: Microfabricated GHz Phononic Band Gap Structures

Abstract: This paper reports the latest development on the synthesis of phononic band gaps (PBG) in AIN/Air and
SiC/Air structures operating in the GHz range by means of inverted cylindrical geometries or fractal-based designs.
Finite element methods used to design and confirm the PBG dispersion curve and amplitude-frequency response are
also presented.

Author: D. Schneider Category: Keynote Talk
Paper #: 0131 Time: 9:25 am -9:50 am

Title: High Frequency Soft Phononics

Abstract: Propagation of hypersonic elastic/acoustic waves in polymer- and colloid-based nanostructures emerges as a
powerful characterization tool of thermo- mechanical properties and reveals new structure related collective
phenomena .Particle vibration spectroscopy and engineering of the phonon dispersion band diagram are highlighted in
this presentation.
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Author: Z. C. Leseman Category: Org. Colloquium

Paper #: 0125 Time: 9:50 am -10:15 am

Title: Fabrication of 2-D Phononic Crystals via Focused lon Beam

Abstract: A technique for the fabrication of 2-D Phononic Crystals (PnCs) is described that utilizes a focused ion beam
(FIB) instrument. In particular, the details of the microfabrication procedure are discussed which creates the main
structure from which the PnC is created. Following the microfabrication is the nanoFiBrication of the microstructure to
create a PnC with nanoscale features. Results will be presented for the fabrication of a 33 GHz PnC.

Coffee Break (Chamisa) 10:15 am - 10:40 am

Track 7: Phononic MEMS and RF Applications

Session: 15 (Ortez Ballroom) 10:40 am - 12:50 pm
Session Chair: A. Khelif

Author: A. Adibi Category: Plenary Talk
Paper #: 0179 Time: 10:40 am -11:10 am

Title: A Waveguide-based Phononic Crystal Micro/Nano-mechanical High-Q Resonator

Abstract: In this paper, we report the design, analysis, fabrication, and characterization of a very high frequency (VHF)
phononic crystal (PnC) micro/nano mechanical resonator architecture based on silicon (Si) PnC slab waveguides. The
PnC structure completely surrounds the resonant area and the resonator is excited by a thin aluminum nitride-based
piezoelectric transducer stack directly fabricated on top of the resonator. This architecture highly suppresses the
support loss of the resonator to the surroundings while providing mechanical support and electrical signal delivery to
the resonator.

Author: Y. Pennec Category: Keynote Talk

Paper #: 0054 Time: 11:10 am -11:35 am

Title: Band Gaps and Defect Modes in Phononic Strip Waveguides

Abstract: We study the elastic wave propagation in different geometries of strip waveguides obtained by extracting a
row out of a phononic crystal slab made up of a square array of air holes in a silicon plate. We show that the existence
of band gaps is strongly dependent on the cutting direction. We also study the existence of localized modes in cavities
inserted inside the perfect strip waveguides.
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Author: J. Vasseur Category: Keynote Talk
Paper #: 0053 Time: 11:35 am -12:00 pm

Title: Tunable magnetoelastic phononic crystals

Abstract: The feasibility of contactless tunability of the band structure of two dimensional phononic crystals is
demonstrated by employing magnetostrictive materials and applying an external magnetic field. The influence of the
amplitude and of the orientation with respect to the inclusion axis of the applied magnetic field are studied in details.
Applications to tunable selective frequency filters are discussed.

Author: I. E. Psarobas Category: Keynote Talk
Paper #: 0070 Time: 12:00 pm -12:25 pm

Title: Multi-phonon Processes in PhoXonic Cavities

Abstract: Long lifetime photons and phonons, confined in the same region of space, inside a phoXonic cavity, can
interface with each other via strong nonlinear acousto-optic interactions. We unveil physics of distinct importance as
the hypersonic modulation of light is substantially enhanced through multi-phonon exchange mechanisms.

Author: R. H. Olsson Category: Org. Colloquium
Paper #: 0122 Time: 12:25 pm -12:50 pm

Title: Micromachined Phononic Band-Gap Crystals and Devices

Abstract: Micromachined phononic crystals are an emerging technology with applications in radio frequency
communications, sensors and thermal energy harvesting. This paper presents work at Sandia National Laboratories in
the realization of micromachined phononic crystal devices across a broad frequency range and in a number of material
systems.

Lunch Break (Chamisa) 12:50 pm - 2:00 pm
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Parallel Sessions
Track 1 & 4: Phononic Crystals & Phonon Transport

Session: 17 (Ortez Ballroom A) 2:00 pm - 3:30 pm
Session Chair: A. Adibi

Author: S. Alaie Category: Contrib. Oral
Paper #: 0152 Time: 2:00 pm -2:15 pm

Title: On the Validity of 2D Numerical Simulation of Bandgap for Slab of Phononic Crystals

Abstract: This work suggests a criterion for verification of Phononic bandpaps simulated by two dimensional
elastodynamic models. The bandgap of a phononic crystals (PnCs) was studied using both 2D and 3D finite element
analyses. Comparing the numerical results with experiment, this study indicates that validity of 2D models depends on
the ratio of the thickness to the excitation wavelength.

Author: R. A. Wildman Category: Contrib. Oral

Paper #: 0147 Time: 2:15 pm -2:30 pm

Title: Multi-Objective Optimization of Phononic Bandgap Materials for Wide Band, Low Frequency Operation

Abstract: Phononic bandgap materials are optimized for maximization of bandgap size and minimization of center
frequency using a genetic programming method for inclusion shape design and material choice. Maximizing the
bandgap size allows for a material design that can block a wide range of frequencies. Minimizing the center frequency
will give designs that are small compared to the effective wavelength.

Author: M. V. Golub Category: Contrib. Oral

Paper #: 0072 Time: 2:30 pm -2:45 pm

Title: Propagation and Transmission of Elastic SH-Waves in Functionally Graded Phononic Crystals

Abstract: The boundary value problem of elastic SH-wave propagation in one-dimensional phononic crystals composed
of functionally graded interlayers arisen from the solid diffusion of homogeneous isotropic material of the crystal is
considered. The localization phenomena, transmission and band gaps due to the material gradation are investigated.
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Author: F. Scarpa Category: Contrib. Oral
Paper #: 0022 Time: 2:45 pm -3:00 pm

Title: Band-gap Acoustic States in 1D and 2D Single Layer Graphene Sheet Systems

Abstract: We evaluate the pass-stop band characteristics of mechanical wave propagating in periodic nanostructures
made with nanoribbons or graphene sheets with non-reconstructed defects..

Author: R. J. Magyar Category: Contrib. Oral
Paper #: 0046 Time: 3:00 pm -3:15 pm

Title: Divide and Conquer Quantum Mechanical Methods for Phononic Applications

Abstract: Density functional theory is a highly efficient computational framework that describes structural properties
of materials such as phonon frequencies and densities of states. In this talk, we suggest how the divide and conquer
scheme may be well suited to determine phononic response in materials with supermolecular scale features.

Author: M. W. Blair Category: Contrib. Oral
Paper #: 0145 Time: 3:15 pm -3:30 pm

Title: Improved Lattice-Bath Phonon Relaxation in Nanoscale Oxides

Abstract: Electron paramagnetic resonance (EPR) spectroscopy has been used to study energy transport properties of
bulk and nanophosphor oxyorthosilicate samples. The bulk samples displayed a slight phonon bottleneck while energy
relaxation in the nanophosphor samples was not influenced by the lattice-bath relaxation time and was more rapid.

Coffee Break (Chamisa) 3:30 pm - 3:55 pm
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Track 4: Phonon Transport

Session: 18 (Ortez Ballroom A) 3:55 pm - 4:40 pm
Session Chair: Z. C. Leseman

Author: P.-0. Chapuis Category: Contrib. Oral
Paper #: 0049 Time: 3:55 pm -4:10 pm

Title: Heat dissipation in silicon and quartz nanoridges

Abstract: We have investigated experimentally the effect of confinement of thermal acoustic phonons in 100 nm large
ridges of silicon and quartz. We quantify the deviation to Fourier and ballistic predictions as a function of two
characteristic numbers, the constriction Knudsen number describing the transmission of the phonons and a
dimensionless number based on the nanoridges volume/surface ratio.

Author: F. Alzina Category: Contrib. Oral
Paper #: 0094 Time: 4:10 pm -4:25 pm

Title: Dispersion of Confined Acoustic Phonons in Ultra-Thin Si Membranes

Abstract: The dispersion curves of confined acoustic phonons in ~10 and ~30 nm Si membranes were measured using
Brillouin Light Scattering (BLS) spectroscopy. The dispersion relations of the confined phonons were calculated from a
semi-analytical model based on continuum elasticity theory. Green’s function simulations were used to simulate the
Brillouin spectra.

Author: M. Prunnila Category: Contrib. Oral
Paper #: 0103 Time: 4:25 pm -4:40 pm

Title: Acoustic Phonon Transmission and Heat Conduction Through Vacuum

Abstract: We describe theoretically how acoustic phonons can directly transmit energy and conduct heat between
bodies that are separated by a vacuum gap. This effect is enabled by introducing a coupling mechanism, such as
piezoelectricity, that strongly couples electric field and lattice deformation.
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Track 2: Periodic Structures

Session: 19 (Ortez Ballroom B) 2:00 pm - 3:30 pm
Session Chair: R. H. Olsson IlI

Author: A. Leonard Category: Contrib. Oral
Paper #: 0030 Time: 2:00 pm -2:15 pm

Title: Tailoring Stress Waves in 2-D Highly Nonlinear Granular Crystals: Simulations and Experiments

Abstract: We study the propagation of elastic stress waves in two-dimensional highly nonlinear granular crystals
composed of square packings of spheres with and without cylindrical intruders, via experiments and numerical
simulations. By varying the intruder material, we show the ability to alter the propagating wave front characteristics.
Experiments agree well with discrete particle simulations.

Author: G. Theocharis Category: Contrib. Oral
Paper #: 0079 Time: 2:15 pm -2:30 pm

Title: Control of Vibrational Energy in Nonlinear Granular Crystals

Abstract: We describe recent work on nonlinear granular crystals. We explore phenomena related to vibrational
energy localization, re-distribution, and rectification enabled by the spatial discreteness, disorder, and nonlinearity of
granular crystals. In addition, we note how an understanding of dynamic phenomena in granular crystals can enable
the design of novel engineering devices.

Author: V. J. Sdnchez-Morcillo Category: Contrib. Oral
Paper #: 0098 Time: 2:30 pm -2:45 pm

Title: Second harmonics, instabilities and hole solitons in 1D phononic granular chains

Abstract: The propagation of nonlinear compressional waves in a 1D compressed granular chain driven at one end by a
harmonic excitation is theoretically studied. The chain is described by a FPU lattice model with quadratic nonlinearity.
We predict and describe different nonlinear phenomena, as the generation of second harmonics, modulational
instabilities and the existence of hole (or dark) solitons.
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Author: G. Wang Category: Contrib. Oral

Paper #: 0067 Time: 2:45 pm -3:00 pm

Title: Broadband Vibration Attenuation Induced by Periodic Arrays of Feedback Shunted Piezoelectric Patches on
Beams

Abstract: The effect of periodic arrays of feedback shunted piezoelectric patches in vibration attenuation of flexible
beams is analyzed theoretically and experimentally. Broadband vibration attenuations are observed no mater in or out
of the band gaps. The proposed concept is validated experimentally on a suspended epoxy beam.

Author: Y. Xiao Category: Contrib. Oral

Paper #: 0148 Time: 3:00 pm -3:15 pm

Title: Longitudinal Vibration Band Gaps in Rods with Periodically Attached Multi-Degree-of-Freedom Vibration
Absorbers

Abstract: Band gap behavior in rods with periodically mounted multi-degree-of-freedom resonators (vibration
absorbers) is concerned. Explicit expressions are derived for the calculation of complex band structures. The effects of
absorber parameters on the band gap properties are studied. The band gap formation mechanisms of the system are
explained by analytical models with explicit formulations.

Author: S. Chen Category: Contrib. Oral

Paper #: 0031 Time: 3:15 pm -3:30 pm

Title: Active Control of Band Gaps by Periodically Distributed Piezo-shunts

Abstract: Periodic arrays of inductive or negative capacitive shunted piezoelectric patches are employed to control the
band gaps of phononic beams. An epoxy beam with periodically surface- bonded piezoelectric patches is designed. The
band gaps, when each piezo-patch is connected to a single inductive or negative capacitive circuit, are investigated in
detail.

Coffee Break (Chamisa) 3:30 pm - 3:55 pm
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Track 6: Fabrication and Characterization for Phononics

Session: 20 (Ortez Ballroom B) 3:55 pm - 4:40 pm
Session Chair: M. F. Su

Author: T.J. Isotalo Category: Contrib. Oral
Paper #: 0143 Time: 3:55 pm -4:10 pm

Title: Techniques for Self-Assembled Phononic Crystals

Abstract: In this project, we study the assembly of periodic arrays of nanospheres and their crystalline properties. The
vertical deposition technique is investigated along with the effects of substrate surface modifications for improvement
of order and directed self-assembly. Dipping speed and PS sphere concentration are taken as the primary parameters
affecting crystalline quality.

Author: D. F. Goettler Category: Contrib. Oral

Paper #: 0151 Time: 4:10 pm -4:25 pm

Title: The Effect of Phononic Crystal Lattice Type and Lattice Spacing on the Reduction of Bulk Thermal Conductivity in
Silicon and Silicon Nitride

Abstract: Phononic crystals are a promising method of reducing a material’s bulk thermal conductivity. Changing a
phononic crystal’s lattice type or its lattice spacing are two ways of reducing a material’s thermal conductivity. Results
of different lattice types and lattice spacings on the reduction of bulk thermal conductivity in silicon and silicon nitride
at room temperature will be presented.

Author: D. Lanzillotti-Kimura Category: Contrib. Oral
Paper #: 0158 Time: 4:25 pm -4:40 pm

Title: Nanophononics using Acoustic and Optical Cavities

Abstract: We report pump-probe time experiments in acoustic and optical cavities. We demonstrate that the
generated coherent acoustic phonon spectra can be inhibited or enhanced in the cavity. Simulations highlight the role
of the phonon density of states in the coherent phonon generation, extending concepts at the base of the Purcell effect
to the field of phononics.

Adjourn 4:40 PM
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Phononics 2011: First International Conference on Phononic Crystals, Metamaterials and Optomechanics
Santa Fe, New Mexico, USA, May 29-June 2, 2011
PHONONICS-2011-0024

Phononic Crystals to Control the Propagation

of Elastic Waves: Recent Advances
Bernard Bonello, Laurent Belliard, Juliette Pierre, Mathieu Rénier, Olga Boyko

Institut des NanoSciences de Paris (INSP) UMR CNRS 7588,
Université Pierre et Marie Curie, boite 840
4 place Jussieu, 75252 Paris cedex 05, France
bernard.bonello@insp.jussieu.fr, laurent.belliard@upmec.fr, juliette. pierre@insp. jussieu.fr,
mathieu.renier@insp.jussieu.fr, olga.boyko@insp.jussieu.fr

Abstract: In this paper, we briefly review the recent advances made worldwide to control the
propagation of elastic waves using phononic crystals (PCs). We show how new effects, including
the opening of band gaps in silicon PC plates and the negative refraction of elastic waves, could be
at the origin of new Micro ElectroMechanical Systems compatible with CMOS processes.

The most attractive property that can be achieved in a phononic crystal (PC) is the existence of frequency
bands in which no acoustic waves are allowed to propagate. It is thus not surprising that, since more than
twenty years, a great deal of work has been devoted to the computation of the band structures of a large
variety of PCs, including solid/fluid and solid/solid heterostructures. The research in this field has now
reached maturity and several devices based upon the intrinsic properties of PCs have been proposed
already, some of which being of primary interest for communication technologies (filters, waveguides,
resonators, (de)multiplexers, signal processing devices...) or more generally, for manipulating the
propagation or the focusing of elastic waves (gradient index PCs, acoustical super-lenses...). This paper
presents an overview of recent works on the topics. We mostly, but not exclusively, stress on recent
advances made with PCs inserted within slabs or membranes which have the important advantage of
confining the elastic energy in the thickness of the device, yielding therefore to low loss structures.

The first experimental demonstration'” of stop bands in 2D PC goes back to the early 70’s but it is only
recently that PCs in silicon plates, compatible with CMOS process, have been achieved at high
frequencies. For instance, a decreasing in the transmission by almost 40 dB was measured in a PC
designed to stop all plate modes in the band 120-150 MHz and elaborated® from a silicon-on-insulator
substrate. Rejection of bulk acoustic waves by 25 dB was also measured in the MHz regime with PCs
made of tungsten rods embedded into a silica matrix.” In both cases these stop bands resulted from the
Bragg reflection on the inclusions. Actually, other processes can be exploited as well to achieve a large
decrease in the transmission through the heterostructure, at specific frequencies. Indeed, it has been
shown” that a very selective filter is obtained when a resonant cavity is attached to a waveguide arranged
within a 2D PC. In that case, the dip in the transmission spectrum does not result from the coherent
scattering of the waves but rather from the trapping of elastic energy in the cavity. However, up to now
the experimental demonstrations have been limited to structures with fluid background, not really useable
for RF applications.

Almost the same idea is at work in the case of PCs made of periodic array of dots on a membrane. These
structures have at least two features being of primary usefulness for MEMS devices: first, not
surprisingly, they exhibit band gaps due to Bragg reflection on the dots but also, more unexpectedly, they
feature flat bands at frequencies that could be well below the Bragg gap. These low frequency gaps
originate from the confinement of elastic energy on the dots and are therefore very sensitive to their
geometrical and physical parameters. Secondly, the elaboration of this new type of phononic plates is
compatible with CMOS processes, making these heterostructures very promising in a large field of
applications (sensing, wireless communication, thermal transport...) and consequently, widely
investigated worldwide.*"°
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With the rapid growing of information and communication technologies there is an urgent need in
frequency selective devices working in the GHz range. Various micromechanical 2D resonators showing

O-factor as high as 6x10° have been proposed to this end."' In particular, a silicon-chip-based cavity,
allowing for the simultaneous confinement of mechanical and optical modes, has recently been used'? to
successfully couple 2 GHz phonons and light at telecom wavelength (1.5 pm).

The optical approach has inspired a lot of works devoted to the bending, focusing, or collimation of
elastic waves at both micro- (MHz) and nano-scales (GHz). Particularly interesting is a flat gradient-index
PC lens' that has been designed to focus bulk elastic waves at wavelengths much larger than the lattice
parameter. This could be achieved by modulating either the radii or the physical nature of the cylindrical
inclusions, along the direction normal to the wave vector. It has also been shown by our group that, as a
consequence of the folding of some branches in the dispersion curves, both SAW'* and Lamb waves'” can
undergo negative refraction when going across the interface between a PC and a homogeneous medium.
Identical properties could be achieved with locally resonant materials'® as well, but in this latter case, the
phenomenon results from mass density and compressibility both negative rather than from dispersion.
Note that most of the investigations in that field are still prospective but they could eventually lead to very
interesting devices, as super-lenses, suitable to overcome the diffraction limit when focusing an ultrasonic
beam.

In summary, an abundant literature covers now many aspects of PCs as a basis to micromechanical, or
microelectronic devices. In this talk, we will try to identify which of them are the most promising.
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tals by the Method Based on Dirichlet-to-Neumann Map
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Abstract: A method based on the Dirichlet-to-Neumann map which relates the potential func-
tion to its derivatives on the boundary of the unit cell is presented for the phononic band gap
calculation with solids stuffing in a fluid. The transverse mode existing in the solid stuffing is
considered. The band structures along the irreducible Brillouin zone are calculated. The results
show that the method can yield accurate results with fast convergence.

Since the pioneer work of Kushwaha [1], a great deal of attention has been focused on special proper-
ties of the so-called phononic crystals [1-11] which are the artificial periodic elastic materials with the
structures analogy to traditional natural crystals and photonic crystals. A physical character of these
materials is the existence of phononic band gaps in which the sound or elastic waves are forbidden.

To calculate the band gaps for phononic crystals, several numerical methods have been devel-
oped, such as the plane wave expansion (PWE) method [1-6], the multiple scattering theory (MST)
method [7, 8], and the finite difference time domain (FDTD) method [9, 10]. Among them, the PWE
method is the most popular one because of its simplicity. For the systems with solid stuffing in a fluid,
PWE method has to neglect the transverse mode existing in solid stuffing and simply treat the solid as
an artificial “fluid”. This approximation can yield accurate results only when the solid component is
so stiff that the wave propagating in the surrounding fluid can hardly be transmitted into the solid. Up
to now, there are few efficient numerical methods for calculating the band structures of the mixed sys-
tem with solid and fluid components [11].

In this paper, a method based on the Dirichlet-to-Neumann (DtN) map [12] which relates the po-
tential function to its derivatives on the boundary of the unit cell is presented for the band gap calcula-
tion of the phononic crystals with solid stuffing in a fluid. The boundary conditions between the solid
stuffing and the fluid host as well as the transverse mode existing in the solid stuffing are considered.
This method expresses the scattered fields as the cylindrical wave expansions and imposes the Bloch
condition on the boundary of the unit cell. A linear eigenvalue equation is obtained. For a given fre-
quency, the Bloch wave vectors along the irreducible Brillouin zone are calculated. This method is
applied to analyze the band gaps of two-dimensional solid-fluid phononic crystals with a square lat-
tice. The results show that the method can yield accurate results with fast convergence for various
material combinations, including the case with soft stuffing.

As an example, a square lattice of aluminium (Al) cylinders in a mercury host with filling frac-
tion f=0.4 is considered. The material properties are p, =2700kg /m’ and c,, =6410m /s for Al,

and p, =13600kg / m’ and c,, =1451m /s for mercury. The normalized frequencies @ are calculated
by both PWE and DtN-based methods, see Fig. 1 For the PWE method the solid stuffing is considered
as a fluid but with the material parameters of actual Al. In the figure, the black circular dots represent
the band structures obtained from the DtN-based method, and the gray triangular dots from the PWE
method. Obviously, no matter which method we use to calculate, there is no complete band gap for Al
cylinders in a mercury host with the filling fraction f =0.4. The frequency bands calculated by two
methods are similar, but those from DtN-based method are lower than those from PWE method. That
is to say, neglecting the transverse mode in solid sactterers will induce an higher estimate of the ei-
genfrequencies.
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Figure 1 The dispersion curves of Al cylinders in mercury in a square lattice with f =0.4 . The black circular dots represent
the band gaps from the DtN-based method, and the gray triangular dots from the PWE method.
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Negative refraction of elastic waves in 2D phononic crystals
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Abstract: Negative refraction of elastic waves is evidenced in a two-dimensional phononic crys-
tal (PC), made of a triangular lattice of steel rods embedded in epoxy. Experiments are carried out
on a prism shaped PC inserted inside an epoxy block. The influence of different parameters is
discussed in terms of image reconstruction.

Phononic crystals (PC's) may exhibit dispersion curves with a negative slope i.e. the wave vector and
the group velocity vector associated with an acoustic wave point in opposite directions. This property is
typical of a left handed material and implies a negative index of refraction in the Snell-Descartes law.
Negative index PC’s have the advantage of allowing the realization of flat super-lenses able to focus elas-
tic waves with a resolution lower than the diffraction limit [1]. It has been shown that super-resolution can
be achieved using a PC lens made of a triangular array of steel cylinders immersed in methanol and sur-
rounded with water [2]. To go further for practical applications, it is more appropriate to consider a PC
slab made with a solid matrix. In that case, longitudinal and transverse waves are coupled together in the
PC, which makes the problem more complex.

In a recent paper, C. Croénne et al [3] have shown theoretically and experimentally the negative refrac-
tion of an elastic wave in a triangular array of steel rods in an epoxy block. The dispersion curves are pre-
sented in the first Brillouin zone and show that in the upper part, a branch with a negative slope is ob-
served (Fig. 1). It corresponds to a mode with a predominantly longitudinal behavior. Moreover, the Equi-
Frequency Contours (EFC), i.e. the intersection of the 3D dispersion curves with a horizontal plane, are
circular: it means that the wavevector of the elastic wave and the group velocity are antiparallel, for any
propagation direction (Fig. 2). As expected, the radius of the EFC clearly decreases as the frequency in-
creases. Experiments have confirmed the theoretical simulations obtained using the finite element me-
thod. They are carried out on a prism shaped PC inserted inside an epoxy block. Measurement of the re-
fraction angle at the output side of the PC shows the negative refraction of transverse or longitudinal
waves through a solid PC. In the present paper, we analyze in details the elastic waves inducing a nega-
tive refraction. However, in the studied device, the refraction index of the PC is not matched with the re-
fraction index of water, for immersed applications. Therefore, solutions are presented to match the refrac-
tive index of the PC with respect to the surrounding fluid. Finally, the occurrence of the focal spot is dis-
cussed (Fig. 3 and 4) and it is shown that many parameters are of interest in the construction of the focal
spot: negative slope in the dispersion curve, the Equi Frequency Contours, index matching as well as im-
pedance matching.

This work is supported by the Agence Nationale de la Recherche : ANR-08-BLAN-0101-01, SUPREME
project.
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Figure 1: (a) Elastic band structure for the 2D PC made of a triangular
array of steel rods in an epoxy matrix. The radius of the rods is 1 mm, the
lattice parameter is 2.84 mm. In the frequency range [750 kHz, 860 kHz]
(grey part) a negative branch is observed, corresponding to a mode with a
predominantly longitudinal behaviour.
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Figure 3: Simulated pressure field (normalized to a source amplitude
of 1) for a PC-made flat lens immersed in a fluid, at 786 kHz. Fluid
refractive index is matched to PC index. A point source is located
below the lens, 3-mm away from the bottom interface. For clarity, the
colorscale is cut to £0.2 and thus some parts of the field map below
the lens are out of colorscale (black/white regions). Losses are not
taken into account.
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Figure 2: Equi Frequency Contours of the PC at 780 kHz
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Figure 4: Plot of the pressure field amplitude (a) along the
line perpendicular to the slab which includes the source point
and (b) along the line parallel to the slab which includes the
focal point, for the simulation of Fig. 3. Here the focal point is
defined as the point of maximum amplitude on plot (a) (indi-
cated by an arrow). On graph (a), the PC slab is situated be-
tween the two dashed lines
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Abstract: We report on our theoretical works about the engineering of band structures in
phononic as well as dual phononic-photonic slabs and strips waveguides. Besides the conven-
tional structure made of a periodic array of holes in a plate, we discuss the more recent
geometry of pillars on a membrane or on a substrate. We discuss the best phoxonic structures
displaying dual phononic-photonic band gaps and slow modes.

Following a great deal of works devoted to 2D phononic crystals [1] and their point and linear defects
[2], the study of slabs of phononic crystals has become a topic of major interest during the last few
years. Indeed, with an appropriate choice of their geometrical and physical parameters, these finite
thickness structures can also exhibit absolute band gaps, similarly to the case of 2D structures. This
makes them suitable to support the same confinement, guiding and filtering functionalities as in 2D
phononic crystals, with the additional property of confinement in the vertical direction.

We have studied two types of phononic crystal slabs, namely the conventional case of a periodic array
of holes in a plate such as silicon [3], and the new case of a periodic array of pillars on a membrane
[4-7] (such as Si/SiO,). We introduced the latter structure in 2008 especially because it can exhibit a
low frequency gap, where the acoustic wavelength in any constituent material is several times larger
than the period [4]. This gap is associated with a bending of the first three acoustic branches; its exis-
tence requires appropriate geometrical parameters, especially as concerns the thickness of the mem-
brane and the height of the pillars whereas it remains robust against the choice of the constituting ma-
terials. One or more higher gaps can also appear in the band structure depending on the height of the
pillars [4,5]. In particular, associated with the local resonances of the pillars, there are opening of gaps
due to the bending of the acoustic branches (when they cut a local resonance) instead of their folding.
Among different considered lattices, the triangular lattice provides better flexibility than the square
and honeycomb lattices as concerns the choice of the geometrical parameters [5]. This is in contrast to
the case of holes in a membrane where the honeycomb lattice provides the largest band gaps. When
the thickness of the membrane increases, the absolute gap closes and one progressively recovers the
case of pillars deposited on a semi-infinite substrate. Then, the band structure displays one or several
surface localized branches below the bulk bands of the substrate.

We have studied the waveguiding phenomena in the above phononic crystals, especially in the case of
pillars on a membrane [6]. Different types of linear defects are considered either by removing a row of
pillars or by replacing in a row the materials or geometrical parameters of the pillars. In each case, we
have made a detailed analysis of the confined modes, the transmitting or non-transmitting character of
the corresponding bands, and the possibility of polarization conversion which could frequently occur.

Phonon transmission between two substrates connected by a periodic array of pillars has also been
studied [7]. In particular, we have evidenced the existence of Fano resonances when a Perot-Fabry
resonance inside a pillar falls in the vicinity of a zero of transmission; the latter results from the exci-
tation by the normally incident wave of surface waves at the boundaries between the substrates and
the pillars [7]. This and other features in the transmission spectrum, such as the regular oscillations
associated with Fabry-Perot resonances inside the pillars or the existence of transmission gaps associ-
ated to the periodicity, are also discussed as a function of the geometrical and material parameters.

In a second part, we discuss the simultaneous existence of phononic and photonic band gaps in the
above crystal slabs [5, 8], considering different lattices such as square triangular and honeycomb, as
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well as the more general case of boron nitride (BN) lattices. With a periodic array of holes in a Si
membrane [8], complete phoxonic band gaps can be obtained with the honeycomb lattice as well as
with BN lattices close to honeycomb. Otherwise, all investigated structures present the possibility of a
complete phononic gap together with a photonic gap of a given symmetry, either odd or even, depend-
ing on the geometrical parameters. With a periodic array of Si dots on a SiO, membrane [5], an ap-
propriate choice of the geometrical parameters allows the existence of an absolute phoxonic gap. In
contrast to the case of holes in a membrane, the more flexible lattice to keep the phononic gap open is
now the triangular one, especially as concerns the thickness of the membrane. Moreover, this geome-
try allows the existence of the complete photonic gap over a wide range of parameters.

Let us mention a new idea [9] to create a complete photonic band gap by taking advantage of the ani-
sotropy of the dielectric tensor (different refraction indices for the propagation of TE and TM modes).

Confined modes associated with defects such as waveguides and cavities in these structures will be
useful for novel acousto-optic and sensing devices. In this work, we study the design of different
waveguides that allow phononic and photonic dual guidance and confinement, especially with the
possibility of single mode slow light and/or sound. Several structures are considered, among them one
is obtained in a honeycomb lattice by cutting the crystal along the I'K direction and by pushing the
two half-crystals far from each other. In this way, the width of the waveguide can be taken as a pa-
rameter. Moreover, additional holes of different sizes are introduced on the sides of the waveguide.

As an alternative to the waveguides in a crystal slab, we also study 1D periodic waveguides consti-
tuted by making a nano-structuration in a suspended silicon strip waveguide One example is consti-
tuted by a 1D waveguide in which the sides are periodically rough. A similar case is obtained when
periodical stubs are attached on both sides of the waveguide. We demonstrate the possibility of pho-
nonic and photonic dual band gaps in these structures and are investigating the designs of cavities that
insure the confinement of both waves.

Finally, we would like to mention a calculation about the thermal transport in the frame of the above
geometries. Namely, by using a lattice dynamic model, we have studied the directional thermal con-
ductivity k of a thin Si membrane covered by a 1D array of stretched Ge dots and discussed k as a
function of the angle of the heat flux with respect to the stretching direction [10].

Acknowledgments: This work was supported in part by the European Commission Seventh Framework Pro-
grams (FP7) under the FET-Open project TAILPHOX N° 233883 and IP project NANOPACK N° 216716.
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Abstract: In this paper, the band structure of transverse waves propagating in a 2D phononic
crystal composed of nanosized holes or elastic inclusions embedded in an elastic solid is cal-
culated by using the method based on the Dirichlet-to-Neumann map. The Young-Laplace
equation is applied to take into account of the surface/interface effects of the nanosized
holes/inclusions. Detailed calculations are presented for the systems with or without the sur-
face/interface effects. The results show that all bands descend with the first bandgap becoming
lower and wider due to the existence of the surface/interface effects.

Introduction

Phononic crystals, due to their unique feature of band gap, exhibit potential applications in sound
shielding, vibration isolation, design of new acoustic devices, etc., and therefore received considerable
attention in the last decade.' With the rapid development of the communication technique, the size of
acoustic devices is required to be smaller and smaller. For instance, the gigahertz communication
generally requires the nanosized devices. In this case the influence of surface/interface energy and
stress becomes significant.”” It is expected that a phononic crystal should also exhibit unique physical
properties when its lattice scale and scatterers’ size are in the nanoscale.* Such nano phononic crystals
will have potential application in design of nanostructure devices, nano electric-mechanical systems
(NEMS), etc. In this paper, the wave propagation behaviors in nanosized phononic crystals will be
studied by considering the surface/interface effects.

The method based on the Dirichlet-to-Neumann map’ will be used to calculate the band structures.
The method not only has advantages in accuracy, fast convergence and memory-saving but also can
deal with the particular boundary conditions. This allows us to consider the surface/interface effects
using the Young-Laplace equation.’

Problem statement and numerical method

The considered system is a 2D phononic crystal composed of circular holes or elastic inclusions in an
elastic solid in a square lattice. The lattice constant, a, and the scatterers’ radius, 7, are all in nano-
scales. Set the z-axis along and the xy-plane perpendicular to the axis of the scatterer. Then we con-
sider a harmonic transverse wave polarized in the z-direction and propagating in the xy-plane. The
governing equation of this purely transverse harmonic wave is V*w+i’w=0 where w is the dis-

—iot

placement component in z-direction with the time harmonic factor e suppressed; and k =c, /@ are

the wave number with ¢, being the transverse wave velocity and @ the angular frequency.

To taking into account of the surface/interface effects, we impose the following famous Young-
Laplace equation® on the surface/ionterface of the hole/inclusion:

1o
r, 06

[0.]= L0y =21~y ) M

where o,_, &, , 1 are the surface stress, strain and modulus; 7, is the residual stress (generally we

take 7, =0); and [0, ] represents the difference between the bulk stresses of the matrix and scatterer.

The method based on the Dirichlet-to-Neumann map (DtN map) will be used to calculate the band
structures of the nanosized phononic crystals with consideration of surface/interface effects. The
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method was first developed by Yuan and Lu’ for calculating the band structures of photonic crystals.
It can be extended to the phononic crystals in a straight forward manner when the purely transverse
wave is considered. The key steps of the method are: (i) represent the general solution of the wave

equations by the cylindrical wave expansions with coeffi-
cients being determined by using the Young-Laplace equa-
tion at the surface/interface; (i7) obtain the DtN map, which
relates the displacement component with its normal deriva-
tion on the boundary of the square unit cell based on the
general solution (For the purpose of numerical computation,
the discrete form of the DtN map should be given. To this
end, we select N points on each edge of the square unit cell
and write the DtN map in a 4Nx4N matrix); (iii) then apply
the Bloch theorem and the periodicity conditions to the
boundaries of the unit cell, and formulate the problem in an
eigenvalue equation; (iv) finally solve the eigenvalue equa-
tion to obtain the dispersion relation, i.e. the band structures.

Results and Discussion

Two systems are computed by using the DtN-based method.
One is a square lattice of vacuum cylindrical holes in an
aluminum host; another is a square lattice of aluminum cyl-
inders in a tungsten host. The band structures for these two
systems with and without the surface/interface effects are
presented in Figs. 1 and 2.

The results show that, due to the existence of the sur-
face/interface effects, all bands descend and the first band
gap becomes lower and a little wider. Further calculations
show that the position of the band gap decreases with a very
slight increase of the width as the absolute value of the pa-
rameter (4£'—79)/ thnawixFo INCTEASES.
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Figure 1 The band structures of the pho-
nonic crystal with a square lattice of vacuum
cylindrical holes in an aluminum host with
the filling fraction of 0.55: (a) neglecting the
surface effect; (b) taking into account of the
surface effect, (£/'—70)/ thmarix?¢=—0.06.
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Figure 2 The band structures of the phononic crystal with a square lattice of aluminum cylinders in a tungsten host
with the filling fraction of 0.55: (a) neglecting the interface effect; (b) taking into account of the interface effect,

(#Y_ z-0)/,umaurix"’0:_0-06.

References

ly. Pennec, B. Djafari-Rouhani, H. Larabi, J. Vasseur, and A. —C. Hladky-Hennion, Phys. Status Solidi C 6, 2080-2085

(2009).
2R. E. Miller, and V. B. Shenoy, Nanotechnology 11, 139-147(2000).

3 S. M. Hasheminejad, and R. Avazmohammadi. Comp. Sci. Tech. 69, 2538-2546(2009).
4N Gomopoulos, D. Maschke, C. Y. Koh, E. L. Thomas, W. Tremel, H. -J. Butt, and G. Fytas, Nano Lett. 10, 980-

984(2010).
>J.H. Yuan, and Y. Y. Lu, Opt. Soc. Am. 23, 3217-3222(2006).

® M. E. Gurtin, and A. I. Murdoch, Arch. Ration. Mech. Anal., 57, 291-323(1975).

65



Track 1: Phononic Crystals Phononics 2011

Phononics 2011: First International Conference on Phononic Crystals, Metamaterials and Optomechanics
Santa Fe, New Mexico, USA, May 29-June 2, 2011
PHONONICS-2011-0061

Phononic Crystal Sensors
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Abstract: Numerical studies of phononic crystals for sensors applications are presented. The
sensitivities of the structures on their parameters are studied. Particular attention was given in
structures that can be probed with both electromagnetic and elastic waves.

Phononic materials are computationally studied using the finite difference time domain (FDTD)
method for possible applications as sensors. The structures studied where similar with the ones used
in photonic crystal sensors applications.! They are structures with air holes and that allows the de-
tectable materials to be more accessible in the structure. Consequently, the changes in the frequency
response of elastic waves propagating in those structures are higher.

The first structure studied was an epoxy slab with a square lattice of air holes. The lattice constant
1s 333nm, the radius of the air holes is 100nm and the thickness of the slab is 333nm. The transmis-
sion of elastic waves propagating through this structure shows a gap at around 6 GHz (solid line in
Fig. 1). Covering the surface of this structure with a 16.6nm thick layer of water (see dash line in
Fig. 1) changes the upper and lower band gap edges. Therefore it can be used a sensor for detecting
different materials such as moisture and liquids or even proteins and other biological molecules.

10°
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0 2 4 6
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Figure 1 The transmission spectrum of elastic waves in an epoxy slab with a square lattice of air holes.

The second structure studied is a three dimensional structure consisting of alternate layers of air rods
perpendicular to each other. This is the so called layer by layer structure.” The background material is
silicon. The separation of the rods in each layer is 1000nm, the width of the rods 500nm and the
thickness of each layer is 333.3nm. A band gap appears at around 1.2 GHz (see solid line in Fig. 2).
Covering the surface of the air rods with a 33.3nm layer of water, the response of elastic waves
propagating through the structure changes (see dash line in Fig. 2).
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Figure 2 The transmission spectrum of elastic waves in a layer by layer structure made of air holes in silicon.

The different parameters affecting the sensitivity of these structures will be presented, such as the size
of the holes and the thickness of the slab. Results for defect structures will be presented. Also, the

possibility of using those structures as hybrid sensors that can be probed with both electromagnetic
and elastic waves will be discussed.

References

1. E. Chow, et. al., Opt. Lett. 29, 1093 (2004); S. Zlatanovic, et. al., Sensors Actuators B 141, 13 (2009).
2. K. M. Ho, et. al, Solid State Commun. 89, 413 (1994).

67



Track 1: Phononic Crystals Phononics 2011

Phononics 2011: First International Conference on Phononic Crystals, Metamaterials and Optomechanics
Santa Fe, New Mexico, USA, May 29-June 2, 2011
PHONONICS-2011-0065

Liquid Sensor Utilizing Phononic Crystals
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Abstract: A phononic crystal device is investigated as a sensor platform combining bandgap
engineering with resonant transmission. We compare several approaches: a one-dimensional
arrangement with a thin liquid analyte layer, two-dimensional phononic crystals with and
without symmetry reduction and incidence directions normal and perpendicular to the plate.

Motivation:

Ultrasonic sensors and acoustic microsensors have been successfully exploited as chemical sensors
for liquids. Ultrasonic sensors first of all use the dependence of speed of sound on the composition of
a liquid mixture whereas acoustic microsensors achieve chemical sensitivity with a specific coating.
Time-of-flight and resonance frequency, respectively, are the most utilized measurement parameters.
Both principles cannot be combined with microfluidic systems without severe limitations. The de-
mand on sensors is permanently increasing which provide data related to material properties like con-
centration of an analyte in a fluid, conversion rate in a microreactor or adsorption of biomolecules.
Phononic crystals have the capability to closing this gap since characteristic dimensions can be scaled
in an appropriate range without losing its most pronounced feature, the acoustic band gap.

Sensor Scheme:

Phononic crystals are periodic composite materials with spatial modulation of acoustically relevant
parameters like elasticity, mass density and longitudinal and transverse velocities of elastic waves.
When applied as sensor, the material of interest constitutes one component of the phononic crystal,
e.g., a fluid in the holes of a phononic crystal with a solid matrix. If the value of interest, let’s say the
concentration of a contaminant in a liquid mixture, changes acoustic properties of this mixture, the
acoustic properties of the phononic crystal will also change. Transmission or reflection coefficients
are appropriate parameters for measurement and used to localize a characteristic feature of the phono-
nic crystal. For a sensor application, a transmission peak within the band gap or a transmission dip
outside the band gap is the most favorable feature since the respective frequency of maxi-
mum/minimum transmission is easy to determine. The sensor scheme therefore relies on the determi-
nation of the frequency dependence of maximum/minimum transmission on the physical or chemical
value of interest.

Sensitivity:

The sensitivity of the sensor, Sy can be defined as the ratio of frequency shift, Af, and change of the
input parameter, Ax:

Af
e (1)

The sensitivity has been found to be dependent on the probing frequency, fo. Furthermore, in terms of
the detection limit the peak half band width, fz, must be considered, hence the reduced sensitivity,
Sy, gives much better insights to the sensor capabilities:

S= —Af
LAY S B @
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Sensor Realizations:

The simplest realization of a sensor is the parallel arrangement of several layers of metal plates and a
liquid in between. The transmission properties can by analytically calculated; the results can serve as
proof-of-principle. Furthermore, relations relevant for a sensor application could be revealed. It is
possible to realize geometries with well-defined transmission peaks in the band gap. The number of
peaks increases with the number of layers, whereas breaking symmetry reduces the number of peaks.
The sensitivity related to those peaks is different and in the order of macroscopic sensors. Peaks could
be found which are independent of liquid properties; they may act as reference. The peak half band
width decreases with the number of layers. Experiments have been performed at frequencies around 1
MHz, requiring mm dimensions.

Sensors utilizing 2D phononic crystal have been studied in two basic arrangements, with in-plane ex-
citation and detection of waves and an incidence direction perpendicular to the plate. For comparison
reasons, the design has been optimized for similar probing frequencies. In both realizations a liquid
fills all holes of the phononic crystal plate; in the latter case it also covers both surfaces. In the ‘classi-
cal’ arrangement a design with a band gap between 1.2 MHz and 1.9 MHz could be found which
moves when a liquid with different properties is applied. More importantly, a specific peak could be
identified which represents changes in liquid properties. However, an unfavorable large number of
peaks appears in the band gap when the phononic crystal holes are liquid filled. To reduce the number
of peaks and improve the separation the symmetry of the lattice has been reduced by stretching and
distorting. The reduced sensitivity achieved so far is similar to the one-dimensional case and indicates
similar physical background for the appearance of these narrow transmission windows. They are basi-
cally supported by resonance-like phenomena. From the sensor point of view the respective vibration
modes are of superior importance since it allows distinguishing between volume and sur-
face/interfacial effects. Detail about simulation tools are given in [1].

When applying normal incidence of waves,

also a characteristic transmission peak, see e 1.0.

Fig. 1, could be found which strongly depends o water

on liquid sound velocity. Again, this extraor- g 0.8 x,=0.056
dinary transmission feature is supported by @ x2j0'158
resonance phenomena in the phononic crystal 8 os] :f:’:’:’nol
structure. The half band width of this peak is S pro
larger; hence the reduced sensitivity is lower ‘@ 049

than in the other realizations. On the other =

hand, the effect is more robust and the inser- 4 021 ,4

tion loss of the device is much lower, an im- o 0.0 VLN —
portant issue from a practical point of view. F 00 02 04 06 08 10 12 14
Since the peak frequency position is com- Frequency (v __ /a)

water

pletely defined by material properties of the

participating materials and geometry (hole g igure 1 Results of FDTD calculations of the transmission spec-
radius and lattice constant) no calibration iS trum of ultrasonic waves through a 2D phononic crystal at nor-
needed. We therefore could also analyze malincidence. The phononic crystal consists of a steel plate with
sytematic error propagation. This analysis square lattice of holes. The composition of the liquid gradually

. . . changes from pure water (black) to pure propanol (green). The
could, for example, clarify systematic differ- shift of the maximum transmission peak frequency reflects the

ences between theory and experiment. Details extreme in speed of sound having the highest resonance fre-
will be given in [2]. quency at molar ratio x, = 0.056.
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Propagation and Transmission of Elastic SH-Waves in
Functionally Graded Phononic Crystals
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Abstract: The boundary value problem of elastic SH-wave propagation in one-dimensional
phononic crystals composed of functionally graded interlayers arisen from the solid diffusion
of homogeneous isotropic material of the crystal is considered. The localization phenomena,
transmission and band gaps due to the material gradation are investigated.

B | BBl 2
' H

Ist unit-cell (N-1)th unit-cell ~Nth unit-cell

Figure 1 Geometry of the problem: periodic composite of functionally graded unit-cells.

The present work aims to propose a detailed study to band-structure analysis and elastic wave propa-
gation in one-dimensional phononic crystals of functionally graded materials (FGM) by using the
boundary integral equation method and an extended transfer matrix method. The structure of the pho-
nonic crystals is composed of finite periodically spaced unit-cells in one-dimension made of both
functionally graded and isotropic materials (Figure 1). The power and exponential laws representing
the material properties of the FGM are used. In both cases two approaches are used, namely, approx-
imate modeling of the FGM structure by a certain number of isotropic layers and exact solution of the
boundary value problem (Figure 2).

I

Typical phenomena involv-
ing wave localization and
transmission are analyzed,
and the possibility of the
damaged layers introduced
following reference' is dis-
cussed. The comparison of

A A=-B B B-A ﬂ
the band gaps calculated

using the present ap-

H I I H proaches as a special case
‘ of one-dimensional (1D)

Figure 2 Models used for the simulation of functionally graded unit-cells phononic crystal for SH
(isotropic layers or exact solution).

propagation with that of
FGM rod® is successfully carried out. This illustrates the applicability and the accuracy of the pro-
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posed methods compared with the existing reference solutions. The model can be extended to other
types of waves (P-SV waves) and cases with different types of internal inhomogeneities (cracks, im-
perfect bonding etc.).

The plane SH-wave in an elastic media is governed by the following equation
( (z )ﬁu(xzt)]+ 1z )6 u(le) — p(z )6 uéxzz ,1) (1)

Here p(z) and u(z) are the mass density and the shear modulus of the periodic layered structure. The
material constants in the homogenous layers A and B of the unit-cell are continuously varied through
a diffusion layer between A and B (Figure 1). The displacement u(z) and stress 7(z) = u ou/oz fields

are continuous at the interfaces of the layered structure.

The transfer matrix method for phononic crystals with FGM sublayers can be modified in the follow-
ing way. Let us consider the j-th layer of the unit-cell bounded by the z=zj(]) and z=z; @ planes. From
the governing equation (1) the generalized displacement and stress state vector v ={u,7} is ex-

T 1 1 1 2

M

where Vv’ is the incoming wave field, T} is the T-matrix (transfer matrix) that is expressed in term of

the fundamental solutions v, ={u ,,7,} and v , ={u,,7,}

u, U,
T ) (Z) — J J
’ (Tﬂ T
Here v, and v, are solutions of the following boundary value problems

dv

Ao Bz 420V, Vol =000 V| =10} B(2)= ( 0 1/0"} ()
‘ Hq

The T-matrix of a homogenous layer (A or B) is represented by an explicit formula (see e.g. refer-
ence’). Except the particular cases (e.g., exponential law) the T-matrix of the FGM layer is evaluated
numerically. The numerical solution of the boundary value problem (2) is an explicit approach to be
developed following reference®. Both models (see Figure 2) for the problem are compared with re-
spect to their efficiency and accuracy. The convergence of both approaches, the band gaps and the
transmission coefficients for different material gradation laws are investigated by numerical examples.

The work is supported by the Ministry of Education and Science of Russian Federation (Project
1.1.2/10463), the German Research Foundation (DFG, Project No. ZH 15/11-1) and the German Aca-
demic Exchange Service DAAD, which are gratefully acknowledged.
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Abstract: We review and demonstrate properties of phononic crystals over their complete phase
space, namely, spectral (o-space), wave vector (k-space) and phase (p-space) properties. The
later two properties are applied to acoustic imaging with a phononic crystal flat lens and to inter-
ference-driven acoustic Boolean logic.

Phononic crystals (PC) are composite materials which derive their spectral (o-space) and wave
vector (k-space) properties from the scattering of elastic waves by periodic arrays of elastic inclusions
embedded in an elastic matrix. Perfect PCs and ones with defects have been shown to exhibit numerous
useful spectral capabilities including transmission band gaps, local modes for guiding, filtering and multi-
plexing [1]. k-space properties result from features in the band structure that impact refraction. Phase (¢-
space) properties can result from non-collinear wave and group velocity vectors in the PC as well as the
degree of refraction [2]. PC may show negative refraction leading to the possibility of developing flat
lenses for focusing acoustic waves. To illustrate k-space functionalities, we discuss acoustic wave focus-
ing (resulting from negative refraction) and subwavelength imaging capabilities of a PC flat lens consist-
ing of a triangular array of steel cylinders in methanol, all surrounded by water (Fig. 1). The image reso-
lution of the PC flat lens beats the Rayleigh diffraction limit because bound modes in the lens can be ex-
cited by evanescent waves emitted by the source. These are modes that only propagate in the direction
parallel to the water/lens interface. These modes resonantly amplify evanescent waves that contribute to
the reconstruction of an image. By employing a combination of experimental and computational (Finite
Difference Time Domain (FDTD)) methods, we explore the effect on the image resolution and focal point
on various structural and operational parameters such as source frequency, geometry of the lens, source
position and time. The mechanisms by which these factors affect resolution are discussed in terms of the
competition between the contribution of propagative modes to focusing and the ability of the source to
excite bound modes of the PC lens.

We also demonstrate that the band structure of a two-dimensional PC constituted of a square array of
cylindrical Polyvinylchloride (PVC) inclusions in an air matrix can be used to control the relative phase
of acoustic waves. Phase control is due to the propagation of acoustic waves in the PC with wave vectors
that are not collinear with their group velocity vectors. This condition implies that excited Bloch waves
travel at different phase velocities in the direction of their group velocity. By modulating the phase be-
tween waves in the PC, destructive or constructive interference can occur and through this information
can be encoded. In addition to phase control between pairs of acoustic beams, the band structure of this
PC allows for superposition of wave vectors via the excitation of the same Bloch modes. This unique fea-
ture once again permits the possibility of destructive or constructive interferences within the PC; therefore
it is another mechanism in which information can be encoded through relative phase. These two schemes
of encoding information in phase establish the Boolean logic necessary for gating functions. The realiza-
tion of the NAND and XOR gates (fig. 1) was demonstrated through FDTD technique. There are also op-
erating frequencies for which the circular equi-frequency contour (EFC) in air is larger than the first Bril-
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louin zone of the PC, allowing several Bloch modes to exit the crystal, leading to the phenomenon of
beam splitting. This PC illustrates the possibility of extending the range of functionalities from spectral
and wave vector properties to phase (¢-space) properties.
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Figure 1: (a) Phononic Crystal system consisting of a triangular lattice of . . .
steel cylinders (light grey) in a methanol matrix (dark grey), all sur- g;gl;zﬁei.lag?c) thlg}(lj tlz;bliec fo;teX([)Xl} ;g(gil%,gfrz
rounded by water (white). The short thick line located close to the center constant amlitude sou rgc o %Vhi’ch are in phase
of the left side of the crystal represents the sound source. (b) FDTD dis- A and B Ere amplitude modulated sgurceé
persion curves of the infinite crystal (solid lines). The dashed line repre- which are out of lfase with respect to A’ and
sents the dispersion curve in water. The intersection of the water cone B’. (c) FDTD resuI;ts for input (1p1) with outout
with a negative group velocity band determines the frequency that results (0)' black line represents vxiere ressure dettl;c-
in a negative effective index of -1 for the PC. The inset shows the trian- tor,is laced. ( d)p Average ressrl)lre cuts of all
gular crystal lattice of the PC with the corresponding unit cell and the input Eases i”ressure v zﬁuep for input (0 0) at
contour of the first Brillouin zone. (¢) FDTD band structure in the I'X 38%mm is te;ken to be the pressure t}};reshol d
direction (parallel to the surface) for a finite 6-layer crystal. Modes above P ’
water line correspond to propagating modes, while those which fall be-
low are modes bound to the PC slab, which exhibit evanescent character.
The inset depicts the supercell used in the calculation. (d) FDTD calcula-
tion of the average of the absolute value of the pressure over one period.
On the exiting (right) side of the PC, an image is formed in the center
accompanied by pressure lobes that decrease in magnitude as the distance
from the surface of the crystal increases.
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Abstract: The wave propagation and localization in one-dimensional (1D) randomly disor-
dered solid-liquid phononic crystals are studied in this paper. The transfer matrix method is
used to calculate the localization factor which is introduced to describe the band structures for
the disordered phononic crystals. The fluid-structure interaction is considered and the oblique
incidence is studied.

Introduction

Since Kushwaha' proposed the concept of the phononic crystal (PNC) in 1993, an artificial periodic
elastic/acoustic structure that exhibits so-called “phononic band gaps”, a lot of results on the mecha-
nism and the tuning of band gaps for various systems as well as the defect states of the systems with
point or line defects have been reported, cf. the website http://www.phys.uoa.gr/phononics/. When a
point, line or surface defect is introduced into an ordered PNC, waves will be localized near the de-
fects®. This property can be used to design new acoustic wave devices such as wave filters,
waveguides, resonators, et al. PNCs mentioned above are strictly periodic in which all waves are ex-
tended states or have little defects in which some waves are localized states but most waves are ex-
tended states, so the Bloch theorem can be used’. Random disorder, caused by randomly distributed
material defaults or manufacture errors during production process, is a different case. It is well known
that the presence of the disorders may lead to localization phenomenon like the well-known Anderson
localization of electron waves in disordered lattices’. Researches on randomly disordered PNCs are
limited. In this paper we will study the acoustic waves propagating in the one-dimensional (1D) ran-
domly disordered solid-liquid PNC. The general case of wave propagation in an arbitrary direction
will be considered. The transfer matrix method’ will be employed by considering the coupling condi-
tions of the solid and liquid media at the interface. Instead of calculating the transmitted waves, we
will use a well-defined localization factor to characterize the band structures and localization phe-
nomenon of the system.

The Method

Consider a 1D PNC shown in Fig.1.
The PNC consists of n unit cells.
Each unit cell includes two sub-
cells made by two different materi-
als (the solid material A and the
liquid material B) and denoted by
subscript j =1,2. In this paper the
transfer matrix method is used. As
we know, the transfer matrix is 2 X

2 and 4 X4 for the liquid and solid

4 ng The Ath unit cell layer, respectively. Considering the
fluid-structure interaction condition
Figure 1 Schematic diagram of a 1D phononic crystal the 4 X 4 transfer matrix for the
solid layer can be deduced to the 2

X 2 matrix.

The solutions to the equations of wave motion are obtained by introducing potential functions to those
equations. The transfer matrix between two consecutive sub-layers is obtained according to conditions
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at the interface between the solid and fluid. The localization factor ¥ of the 1D PNCs is calculated by
the transfer matrix method. The formulate of the localization factor is given as®

v, = 1imlzn: In

n— n =

A(k+1)
v2R,m

| (1)

When the localization factors in the figures are equal to zero then the according frequency intervals
are known as pass bands. When the localization factors are bigger than zero then the intervals are
known as band gaps.

Numerical Examples and Discussions
We consider the PNC composed of Al (material A) and Water (material B). The disordered parameter

is the thinkness of the liquid layer (a,) which can be expressed as a, =a_2[1+\/§5(2t—1)] where

t € (0,1) is a random variable; and & is the disordered degree. It is understood that J = 0 is the case

of a perfect periodic structure. For clarity of discussion, we introduce dimensionless frequency

£, = wa, / ¢, where ¢, is the longitudinal wave speed in the solid material.

The influences of the disordered degree on the band structures of the 1D ordered (the black solid line)
and disordered (the blue dashed line and the red dotted line) PNCs for the wave incidence at an angle
of 30° are described in Fig. 2. It can be seen from the figure that for 1D ordered solid-liquid PNCs the
pass bands are narrower than the band gaps. For instance, consider the frequency intervals (0.725,
0.824) and (1.451, 1.495) (the zones marked by circles). It is observed that the location factor be-
comes positive in the pass bands (excluding the lowest pass bands) when ¢ is nonzero and increases in
its value as J increases. This behavior is the so-called localization of elastic waves. It should be no-
ticed that there are two peaks at the frequencies 1.660 and 3.167 which means that the localization are
stronger at these frequencies.

4 Conclusions
The concept of the localization factor is introduced
3 to describe the band structures and localization be-
haviors of 1D perfect and randomly disordered pho-
r nonic crystals. The results show that the localization
24

factor is an accepted and effective parameter in char-

acterizing localization behavior of disordered pho-

~ nonic crystals. As the disorder of the system increase,

,’ the value of the localization factor increases in the
N\

I  bands. This localization behavior is more pro-
T T T T W T T T T T T T T T 1 . .
00 05 10 I3 20 25 30 35 40 nhounced athigher frequencies.
Q
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Abstract: Surface phonon propagation on microscopic phononic crystal slabs of Si is dynami-
cally imaged in two dimensions at frequencies up to 1 GHz by an ultrafast optical technique.
The acoustic dispersion relations obtained by spatial and temporal Fourier transforms reveal
stop bands and the eigenmode patterns. Phonon guiding and confinement in phononic crystal
waveguides and cavities are also presented.

Surface acoustic wave devices based on one-dimensional (1D) periodic structures have found exten-
sive application in high-frequency signal processing. 2D phononic crystals exhibit interesting physical
properties, such as omnidirectional stop bands, that allow potential improvements to these devices.
Here we present results of real-time imaging of optically-induced surface phonons at frequencies up
to ~1 GHz in phononic crystal slab structures based on honeycomb lattices'. These structures exhibit
complete stop bands for Lamb wave propagation.

We use optical pulses of duration ~200 fs, wavelength 830 nm and repetition rate 80 MHz from a
Ti:sapphire femtosecond laser. A 415 nm pump beam derived from this laser excites phonon wave
packets at a point on the sample surface by thermoelastic expansion. The 830 nm beam, after being
delayed relative to the pump beam, is used to probe the sample with an interferometer. The beams are
focused to spots of about 1 x#m in diameter. The probe spot is scanned across the sample relative to
the pump to generate images at various delay times over an area ~ 200x200 um?, allowing movies of
the out-of-plane velocity of the surface motion to be obtained at acoustic frequencies up to ~ 1 GHz™".

The samples are based on microscopic honeycomb lattices of circular holes patterned in (111) sili-
con-on-insulator wafers by a dry etching process. The silicon oxide (insulator) is then removed by wet

Figure 1 Electron microscope image of a (111) Si Figure 2 Corresponding image of the surface motion in
slab sample consisting of a Y-shaped waveguide the Y-shaped waveguide. The frequency is 322 MHz,
formed by holes of diameter 5.8 gm arranged in a lying at the top of the first stop band. A 200 x 200 zm?
honeycomb lattice with center-to-center spacing region is shown.

6.6 um. The thickness of the slab is 6.5 pm.
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etching to leave free standing crystalline Si slabs of thickness 6.5 pym. A typical sample pattern, with
the x axis corresponding in the [-2, 1, 1] direction of the crystal, is shown in Fig. 1; a Y-shaped region
with no holes forms a phononic crystal waveguide. The center-to-center spacing of the holes is a=6.6
um, whereas the diameter is 27=5.8 pum. The ratio r/a=0.44. The expected first complete phononic
stop band lies between ~ 230 and 320 MHz for this phononic slab, as verified by simulations based on
the orthogonal plane wave method.

Figure 2 shows a snapshot of a 200 um square region of this sample at a frequency of 322 MHz. The
excitation point is just outside the top end of the waveguide. This image was obtained from the tem-
poral Fourier transform of time-domain data. Because this frequency corresponds to the top of the
first stop band, the phononic waveguide transmits relatively efficiently.

We have in this way visualized the propagation of surface phonons in microscopic two-dimensional
phononic crystals, phononic crystal waveguides and phononic crystal cavities based on this slab ge-
ometry. The dispersion relations, including stop bands, and the eigenmode patterns in two dimensions
at individual frequencies are extracted by spatial and temporal Fourier transforms.

In addition we have conducted finite element time domain numerical simulations of phonon propaga-
tion in these phononic crystal structures that agree substantially with the experimental results. This
work should lead to new diagnostic techniques for the propagation of surface acoustic waves in pho-
nonic structures, including surface acoustic wave devices”.
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Abstract: We present an analysis of surface acoustic waves propagating in a microscopic
phononic crystal waveguide consisting of a silicon crystal containing a square array of holes.
Experiments are performed using an ultrafast optical method and the results are compared
with an FEM simulation.

By modifying the structure inside a phononic crystal, waveguide devices that control the path of
propagation of surface acoustic waves can be created'”. Such devices are useful in signal processing
and filtering applications. Optical generation and detection of surface waves has proved effective in
visualising their propagation in real time>*. We present results of real-time imaging and simulation of
laser-induced surface acoustic waves at frequencies up to ~1 GHz in phononic crystals with a
waveguide structure.

We generate and detect surface acoustic waves in phononic crystal waveguides using an optical
pump-and-probe method®*. The phononic crystals, made by deep reactive ion etching, contain micro-
scopic circular holes 100 gm deep in (100) silicon arranged in a square array, with the waveguide
channel formed by the absence of selected holes. The optical pulses used for excitation and detection
are generated by a mode-locked Ti:sapphire laser. A 415 nm pump beam derived from this laser
thermo-elastically excites the acoustic waves and an 830 nm probe beam delayed relative to the pump
beam is used for detection with an interferometer. The optical pulse duration is ~200 fs and the repeti-

Figure 1 Experimental image of surface acoustic Figure 2 Simulation image of surface acoustic
waves at 656 MHz propagating in a linear pho- waves at 656 MHz propagating in a linear pho-
nonic crystal waveguide. Image size is 160x160 nonic crystal waveguide. Image size is 160x160
pum?. The horizontal direction corresponds to the pum?®. The horizontal direction corresponds to the
[011] crystalline direction. [011] crystalline direction.
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tion rate is 80 MHz. The beams are focused to a spot of about 1 um in diameter. The probe beam is
scanned across the sample to generate images of regions of about 160x160 um” in area. By varying
the probe delay time, we build up animations of the surface waves propagating through the
waveguides.

The experimental results are compared with a numerical simulation based on the Finite Element
Method (FEM). The three-dimensional (3D) model consists of approximately 150 million nodes, and
the resulting out-of-plane surface displacements are taken as the numerical counterpart of the experi-
mental images. Movies of the surface wave propagation in the time domain are first obtained.

For both experiment and simulation results, we then use a dual Fourier transform method consisting
of 1D temporal and 2D spatial Fourier transforms to extract the acoustic fields and slowness surfaces
in 2D at individual frequencies. Time-resolved images reveal effects such as diffraction, refraction,
reflection, resonance and waveguiding. The results show significant dependence of the wave propaga-
tion on frequency. In particular, the transmission through the waveguide channel shows peaks at par-
ticular frequencies. At other frequencies, there is strong attenuation due to the waves leaking into the
phononic crystal region. Figure 1 shows the modulus of the experimentally measured field amplitude
in a linear phononic crystal waveguide sample at 656 MHz. This frequency lies well above the first
phononic stop band. The phononic crystal in this case is made up of a square lattice of circular holes
with radius 6.5 um, corresponding to a filling fraction of 70%. The pump pulses are focused at about
20 um to the left of the opening of the waveguide, and the excited surface acoustic waves (SAW)
propagate outwards from this point. Figure 2 shows the corresponding simulation results at the same
frequency, exhibiting good agreement with the experiment. In both cases, there is significant attenua-
tion of the excited waves in the waveguide channel. At other frequencies, for example at 328 MHz
corresponding to the first phononic stop band, we observe much less attenuation in the waveguide.

This research allows the identification of the mechanisms responsible for the interaction of surface
waves with phononic crystal devices, as well as being useful for the design and analysis of novel
SAW waveguide devices.
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Abstract: The complex band structure of evanescent Bloch waves in phononic crystals is elu-
cidated by formulating an eigenvalue problem for the wavevector versus the frequency. It is
used to explore the effects of material losses and the phononic crystal guidance mechanism.
The method, originally formulated for plane waves, is extended to finite element models.

Phononic crystals are two- or three-dimensional periodic structures that consist of two materials with
different elastic constants. They possibly give rise to absolute stop bands for a right choice of geomet-
rical conditions and combination of materials. In addition, their unique dispersion properties can be
used to design efficient waveguides, cavities or to obtain unusual refraction properties. Band structures
are usually employed to describe infinite phononic crystals, as they provide information regarding any
wave propagating in the periodic medium (Bloch waves). However, it is well-known that evanescent
waves must be considered in propagation problems whenever scattering, diffusion, or diffraction by an
object of finite size are investigated. In the context of phononic crystals, evanescent waves appear very
naturally within frequency band gaps: since no waves can propagate within a band gap, only evanescent
waves are left to explain the exponentially-decreasing transmission of acoustic waves. Furthermore, the
mechanisms behind the creation of phononic crystal cavities and waveguides based on defects involve
that only evanescent waves are present outside the defect, so that energy confinement can be guaran-
teed. A description of the effect of material losses on the propagation of elastic or acoustic waves can
also be obtained — at least for incident monochromatic waves — by considering complex wavevectors.

In a recent paper’, we extended the classical plane wave expansion (PWE) method so that it includes
complex wave vectors in the direction of propagation. To do so, it is necessary to consider a fixed fre-
quency and to solve for the wave vector A(®), in contrast to the traditional way of obtaining band struc-
tures by considering any Bloch wave vector within the first Brillouin zone and solving for the frequency
of allowed modes ®(k). The extended PWE method was used to generate band structures for two-di-
mensional solid-solid or solid-void phononic crystals. With the method, both propagative and evanes-
cent solutions are found at once. The decay constants within band gaps are thus found and shown to de-
pend on the wave polarization. Complex band structures also allow us to identify clearly the different
branch systems in the band structure as these become continuous functions of the frequency. They also
connect propagating bands below and above band gaps through evanescent bands, so that band folding
can be unambiguously followed. Furthermore, the distribution of the acoustic fields of evanescent
modes can be computed. Their transformation from below to above a band gap and within was shown
to be perfectly continuous along the corresponding complex branch of the band structure.

As suggested above, complex band structures can be obtained for lossy phononic crystals. We have
specifically considered the case of viscoelastic media. In order to include material damping, the rank-4
viscosity tensor M;x is introduced. This tensor has the same symmetry as the elastic tensor cju. Attenu-
ation can be assumed to increase linearly with frequency, as it proper to polymers but also to crystalline
solids such as silicon, quartz or lithium niobate. For monochromatic waves, a complex-valued elastic
tensor can then be written as cju + i0N;w. More generally, any frequency dependent complex elastic
tensor could be considered to model loss, without any further modification of the method. We have
computed complex band structures via the extended PWE method for various phononic crystals, e.g.
composed of steel rods in lossy epoxy’ or of hollow holes in a silicon matrix, as depicted in Figure 1.
Significantly, we have found that in contrast to homogeneous materials, the real part of the wavevector
is more affected by losses than its imaginary part is. This effect is especially pronounced whenever the
group velocity is small, for instance at the edges of a band gap. It also causes flat bands to acquire en-
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hanced losses. Furthermore, the group velocity is limited by losses to finite values larger than zero, the
value of the limit increasing with the level of viscosity.
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Figure 1 Complex dispersion relation computed with the EPWE method for a lossy square-lattice phononic crystal of silic-
on with cylindrical holes, with filling fraction 57%, and n44 = 0.08 Pa.s. In the complex band structure, the reduced fre-
quency is presented as a function of (a) the real part and (b) the imaginary part of the wave vector. Only pure shear waves
are shown for simplicity.

It is well known that the PWE method, though it is able to represent an almost arbitrary distribution of
material constants within the unit-cell, can suffer in certain cases from some convergence problems or
computational inefficiency. The finite element method (FEM) is also well suited to the representation of
arbitrary material distributions, but is in contrast immune from the above detrimental effects. FEM is
generally used to compute classical k(®) band structures, but there is a strong interest to extend it to
complex band structures. We introduce a general variational framework to obtain extended FEM al-
gorithms. For definiteness, the popular example of two-dimensional phononic crystals of steel rods in
water is considered. Complex band structures limited to purely longitudinal waves are obtained in this
case.

After analyzing the perfectly periodic phononic crystal, we turn to the defect-based guidance mechan-
ism. As argued above, guidance relies on the fact that all Bloch waves are evanescent in the phononic
crystal surrounding the defect, providing the frequency falls within a complete band gap. A usual pro-
cedure is the super-cell technique, whereby a pseudo-periodic unit-cell is created by surrounding the de-
fect with a few rows of phononic crystal. Computing the complex band structure for the super-cell
gives a very precise understanding of the strength of the guidance (via the absolute value of the imagin-
ary part of the wavevector for evanescent Bloch waves). Furthermore, the dispersion and the interaction
of the different guided modes can be identified. We especially observe band gaps for guided modes that
appear along the direction of the defect for frequencies within the two-dimensional phononic crystal
complete band gap.

Financial support by the Agence Nationale de la Recherche under grant ANR-09-BLAN-0167-01 is
gratefully acknowledged.
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Abstract: This work presents, for the first time, the design and the experimental demonstra-
tion of an air/aluminum nitride (AIN) phononic band gap (PBG) structure patterned in a fractal
fashion which exhibits two frequency stop bands for symmetric lamb waves respectively at
900 MHz (bandwidth of 11%) and 1.075 GHz (bandwidth of 13.5%) with a maximum acous-
tic attenuation of 45 dB.

Thanks to the advancements introduced by micro-
fabrication techniques, the research activities in
phononic band gap (PBG) structures have recently
matured from a theoretical exercise or the fabrica-
tion of hand-assembled components to the physical
demonstration of large scale manufacturable struc-
tures operating in the high frequency range '*°.
More intriguingly, recent experimental demonstra-
tions have evolved to the point that realizing PBG-
based devices, such as resonators *° and wave-
guides °, operating in the very high frequency
(VHF) range is possible. However, in order to em-
ploy the PBG structures for commercial applica-
tions (i.e. wireless communications), it is neces-
sary to expand the operation of these structures to
a higher frequency range, which requires the mi-
niaturization of the PBG unit cell. In this work, a
novel fractal PBG structure design is introduced in order to operate in the ultra high frequency (UHF)
range using a lithographically-defined minimum feature size of 0.7 um. The unit cell consists of a

center square with four smaller squares repeating at its
Complete Phononic Band Gap four corners (Figure 1). Due to its unique geometry,

®

Figure 1 The array and unit cell of the fractal PBG structure
with its physical key parameters: lattice constant, a, center
square length, c, side square length, s, and thickness, d.

7000 the fractal PBG design prohibits the acoustic wave
w6000l """ propagation of higher order modes of vibration (Figure
E 22 2) instead of the fundamental ones, which are gener-
& 500 '..“3::;;§:::..’lo ve233s ssis ally blocked by the conventional circular scatterers
o 4000 RS L "“::!"!::... distanced by the same pitch. Therefore, the fractal
3 .3::. ,,.,g:...:::,." “e3e PBG enables operation at higher frequency for the
L 300 ::..-2:5::::--" ®s32ecee same lithographically defined geometrical dimensions.
a 'g!".._.“ Seegeceg.,, To demonstrate a PBG structure in the range of 1 GHz,
s 2000 ::hn"“::”i"‘ its }(ey dimensions are designed to be: 5 pum for the
S 1000 '-..:. “ecenq. ..i lattice constant, a; 2 pm for the center square length, c;
= P 'o'“;“izﬂ r and 1.5 pum for the side square length (Figure 1), s.

s.a38stt Lastly, the unit cell thickness is set to 1 um in order to

r x M r obtain sufficient electro-mechanical coupling for in-
plane integration with the lamb wave transducers.
Figure 2 The dispersion relationship between the nor-
malized frequency and the wave vectors in the reci- Experimental Results

procal space of the first symmetric Brillouin zone. The . .
red-shaded area is the complete frequency band gap In this experiment, AIN lamb wave transducers are

displayed by the fractal structure with key parameter integrated in the same .plar.le of the PBG structgre to
ratios ¢/a = 0.44, s/c = 0.68, and d/a = 0.2. efficiently launch longitudinal acoustic waves in the
PBG (Figure 3a). 14 transducers were used to cover
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Figure 3 SEM images of : (a) the AIN lamb
wave transducers and the fractal PBG array; (b)
the AIN bulk acoustic delay-line used as refer-
ence device; (¢) the zoomed-in view of the unit
cell of the fractal PBG structure and its physical
key parameters: ¢ =5 pm, ¢ =2 pm, s = 1.5 um.

the frequency range of interest and
extract the PBG response. The entire
set of devices, the reference plate and
the PBG were all simultaneously mi-
cro-fabricated in a post-CMOS com-
patible process (Figure 3). The AIN
delay-line transducers were designed
to serve as the reference of the acous-
tic responses (Figure 3b). The PBG response was measured via an Agilent N5230 PNA-L network
analyzer after a standard short-open-load-through (SOLT) calibration. Approximately 4-5% band-
width of each transducer was taken and summed to cover the entire frequency range of interest. Then,
the PBG response was normalized with respect to the delay-line reference response. Figure 4 shows
the existence of two frequency stop bands
centered at 900 MHz and 1.075 GHz with
bandwidths of 11% and 13.5%, respec-
tively. The designed PBG structure exhib-
its a maximum acoustic attenuation of
45 dB. The experimental data were con-
firmed by means of COMSOL finite ele-
ment methods (FEM). The -eigenfre-
quency analysis in the FEM approach
offers an efficient way to estimate the
frequency of operation of the band gaps
and the associated bandwidths.

1.2

—
.
-

Frequency [GHz]
Frequency [GHz]

Conclusion

The operation of the fractal PBG design

in air/aluminum nitride at 1 GHz has been

experimentally demonstrated and con- Figure 4 The COMSOL FEM dispersion curve versus the experi-

firmed by COMSOL FEM. Having mental normalized acoustic transmission of the PBG structure. Note:
the blue square dotted lines represent the longitudinal modes; the

reac_hed the GHz range, l_t now becomes green triangular dotted lines represent non-longitudinal ones (shear
feasible to start considering the demon- and transverse modes).

strations of PBG-based RF devices for
practical applications. Simultaneously, exotic PBG designs will be explored to further simply manu-
facturing processes in the UHF and SHF range.

r ' X 0 20 40
Normalized Transmission [dB]
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Abstract: Ultrasonic experiments on phononic crystals provide a powerful method for inves-
tigating the profound effects of periodic structure on wave propagation. We summarize recent
progress that has been achieved by combining experiments with multiple scattering theory and
FDTD calculations to study bandgap, negative refraction and focusing phenomena.

Phononic crystals - periodic composite materials with lattice spacings comparable to the wavelength
of acoustic or elastic waves — may be considered ideal systems for studying wave phenomena in peri-
odic media. Ultrasonic techniques are well suited for investigating the properties of these materials
since the wave field can be measured directly; thus, a rather complete picture of wave propagation is
accessible, allowing the transmission coefficient, the dispersion relations, unusual refraction and fo-
cusing effects, and the dynamics of the wave fields to be investigated. We study high quality three-
and two-dimensional crystals (Fig. 1), which are most
often constructed by embedding mm-size monodisperse
spheres or rods in a liquid or solid matrix. Such struc-
tures produce band gaps, at frequencies around 1 MHz,
where wave propagation is inhibited, with transmission
through crystals of finite thickness proceeding by tunne-
ling'. While band gaps are most commonly produced by
Bragg scattering, they can also occur by a hybridization
mechanism, involving the coupling of a strong scattering
resonance with the propagating modes of the embedding
medium. We investigate these two types of band gaps in
2D crystals made from nylon rods immersed in water,  Figure 1 Some phononic crystals used in our
where the lattice constant a can be tuned by changing the ~ Ultrasonic experiments. (a) Top view of a fec

. . crystal of l-mm-diameter tungsten carbide
separation between the scatterers. Since the bandgap fre- | 71 ater. (b) Front view of a triangular
quencies for these two types of gap depend differently on  crystal of 1-mm-diameter steel rods, also im-
a, their different physical origins can be identified expe-  mersed in water. (c) A mesoscopic opal made
rimentally. We observe both types of gap separately, and by brazing 4-mm-diameter aluminium beads in
also the competition between the hybridization and Bragg & fec structure.
mechanisms when they occur at similar frequencies in the same crystals. Further confirmation of the
different character of the hybridization gaps in our crystals is revealed by comparison with random
samples, where the hybridization gaps persist but the Bragg gaps are destroyed. These data for the
crystals and random systems are interpreted using Multiple Scattering Theory” and a Spectral Func-
tion Approach’, yielding additional insight into the observed behaviour. We show that, typically, the
group velocity is negative in a hybridization gap, but positive and large in a Bragg gap, providing a
signature for distinguishing between hybridization and Bragg gaps in pulse propagation experiments.

We also study mesoscopic opals — single-component phononic crystals made by brazing aluminum
beads to form a solid face-centred-cubic structure that is more analogous to atomic crystals. In these
crystals, the origin of the band gaps is different to the two cases considered above, being similar to the
tight-binding model for electronic materials. The data are compared with predictions of Finite Differ-
ence Time Domain (FDTD) calculations, with good agreement being found for the frequencies at
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Figure 2 Super-resolution focusing of ultrasound at 530 kHz by a flat 2D phononic crystal consisting 1-mm-diameter
steel rods arranged in a triangular lattice and immersed in methanol. The medium outside the crystal is water. (a) FDTD
calculations of the average pressure amplitude when a 0.55 mm wide source is placed 0.1 mm below the surface of the
crystal, at x = 0 mm and z = -6.35 mm. The crystal contains 6 layers of rods, with the output side of the crystal at z = 0.
An image of the source is seen near x = 0 and z = 3.5 mm, as shown (b) and (c) for FTDT simulations and experiments,
respectively. (d) and (¢) Comparison of experiment and theory for the field amplitude through the peak of the focal spot
along directions parallel and perpendicular to the lens surface. The experimental results and theoretical predictions for
the half width of the focal spot parallel to the surface, A/2, are found to be 0.374 and 0.35A4.

which the band gaps occur. The bandgap properties of this crystal are contrasted with those of a dis-
ordered mesoglass, in which the most striking effect of disorder is three dimensional Anderson locali-
zation of ultrasound*.

Since focusing of acoustic waves by negative refraction in flat phononic crystals was first demonstrat-
ed several years ago’, there has been increasing interest in the possibility that focusing with resolution
better than the diffraction limit of 4/2 may be achievable. In addition to demonstrating negative re-
fraction directly, we show how super-resolution can be realized with two-dimensional phononic crys-
tals in which the equifrequency contours are circular and well matched in size to the contours of the
medium outside the crystal “’. The phononic crystals are made of stainless steel rods assembled in a
triangular crystal lattice and immersed in a liquid. To achieve matching of the equifrequency con-
tours inside and outside the crystal, the liquid surrounding the rods in the crystal was chosen to be
methanol, which has a lower sound velocity than the water outside. At a frequency close to that at
which equifrequency contour matching occurs (0.55 MHz for this crystal), an image of a subwave-
length source was obtained with a resolution of 0.374. Our experimental results are compared with
theoretical predictions by the Finite Difference Time Domain (FDTD) method, which predicts an op-
timum resolution of 0.354 — in good agreement to that observed experimentally (Fig. 2). Super-
resolution imaging in these crystals is shown to be related to the coupling between the incident eva-
nescent waves from the source and a bound slab mode of the phononic crystal lens, leading to ampli-
fication of evanescent waves by the slab mode. This phenomenon is only observed when the source is
located very close to the lens and is very sensitive to the location of the source parallel to the lens sur-
face, as well as to site disorder in the phononic crystal lattice. A simple model to predict the resolu-
tion limit is in good agreement with the experiments and FDTD simulations.
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Abstract: We investigate the propagation of surface acoustic waves in a square lat-
tice phononic crystal of cylindrical pillars on an anisotropic substrate. It is shown that
the propagation of surface acoustic phonons is prohibited in two distinct frequency
ranges. We identify two mechanisms responsible for band gaps, i.e. local resonances
and Bragg diffraction, and point out the difference between them.

The last years have seen a significant rise in the number of studies of band gap materials for acoustic
waves. Basically, these artificial materials can be classified into two distinct families: phononic crys-
tals' and acoustic metamaterials®. Indeed, they can both prohibit the propagation of acoustic waves in
certain frequency ranges for all directions of incidence, but the physical phenomena behind are mark-
edly different. The key parameter to obtain band gaps in the case of phononic crystals is periodicity,
while the local frequency resonance of each basic cell dominates in the case of acoustic metamaterial.
Furthermore, the position of band gaps in acoustic metamaterials can be significantly lower in fre-
quency than the Bragg band gaps of phononic crystals. These sub-wavelength composites are good
alternatives to overcome cumbersome devices in the sonic regime for instance.

Many works have been reported in the case of bulk waves for both phononic crystals and metamateri-
als. In the case of guided waves, drilling holes in a semi-infinite media as well as in thin plates was
shown to prohibit the propagation of acoustic waves for wavelengths of the order of the lattice
pitch™*. More recently, low-frequency gaps and waveguiding in phononic crystals of pillars (or dots)
on a plate have been demonstrated®®. Here, we investigate experimentally the omnidirectional locally
resonant and Bragg band gaps for surface acoustic waves on a semi-infinite substrate supporting a
periodic array of pillars.

In our experiment, a square lattice array of cylindrical nickel pillars grown on a lithium niobate sub-
strate has been considered. Surface acoustic waves are generated and detected using chirped interdigi-
tal transducers (CIDTs). These transducers are broadband sources placed on both sides of the periodic
structure, as depicted in Figure 1. Several different samples have been fabricated in order to vary the
direction of propagation and the investigated frequency range. Figure 2 shows examples of the ectrical
transmission measured for propagation in the X-crystallographic direction using a network analyzer
and radio-frequency probes. Figure 2-a and 2-b show the results obtained in two distinct frequency
ranges. The red line shows the electrical response when no phononic crystal is present and is used as a
reference. The green line shows the measurement in the presence of the phononic crystal.

Figure 1 Schematics of the experimental setup
used for investigating the interaction between the
phononic crystal and surface acoustic waves. The
periodic structure is a square lattice of nickel pil-
lars grown on the surface of a lithium niobate
substrate. Chirped interdigital transducers are
placed on both sides for the emission and the de-
tection of broadband surface acoustic waves using
the piezoelectricity of lithium niobate.
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With the periodic structure in between the two chirped transducers, we observe the appearance of a
low frequency attenuation dip in the vicinity of 80 MHz (figure 2-a) and a second high frequency at-
tenuation range in the vicinity of 140 MHz (figure 2-b). Transmission close to unity, i.e. with no no-
ticeable loss, is observed between the two band gaps. Attenuation above 210 MHz is attributed to the
conversion of guided modes to bulk waves propagating inside the substrate. The physical origin of the
two gaps has been further investigated using optical interferometry. It is observed that the energy of
surface waves is stored inside the pillars in the case of the low frequency gap, while the same waves
are scattered on the surface in the case of the second band gap, leading to destructive interferences
characteristic of the Bragg mechanism. We also obtained the group delay and the phase shift that is
induced by the periodic structure on the propagation of surface waves.
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Figure 2 Measured electrical transmission using chirped interdigital transducers with (green line) and without (red line)

the periodic structure in between. Case of (a) the locally resonant band gap (around 80 MHz) and (b) the Bragg band gap
(around 140 MHz).

In order to account for the above results, we have computed dispersion curves and displacement field
maps using a finite element method. We find that the pillars on the surface support locally resonant

modes that extend inside the sound cone, and that band gaps for guided surface acoustic waves can be
clearly defined.

According to our previous theoretical work’, the main parameter that can shift in frequency the locally
resonant band gap is the height of the pillars. Indeed, the locally resonant band gap is a consequence
of the interaction of a resonance of the pillar with surface waves propagating on the substrate support-
ing the periodic structure. This resonance is also a function of the elastic constants of the pillars, of
their mass density and of the geometrical details. For the same material choice, we have varied ex-
perimentally the height of the pillars and have monitored the corresponding change in the lower band
gap frequency position. Increasing the height of the pillars results in a clear down-shift of the lower
band gap, leading us to the conclusion that the latter results from a local resonance of the pillars.

Financial support by the Agence Nationale de la recherche under grant ANR-09-BLAN-0167-01 is
gratefully acknowledged.
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Abstract: In this talk, focusing of Lamb waves using the GRIN PC will be introduced first,
and then followed by a concept demonstration of utilizing the focusing feature to compress
Lamb waves into a phononic plate waveguide. Results of the study showed that beam width of
the lowest anti-symmetric Lamb wave in a silicon PC thin plate can be compressed efficiently
and fitted into the tungsten/silicon PC plate waveguide over a wide range of frequency.

Propagation of Lamb waves in thin plates with phononic crystal (PC) structures has attracted much
interest due to the existence of absolute band gap (ABG) and the potential applications in filters, reso-
nators, and waveguides in the past couple of years.'” In comparison to the ABG, researches on the
negative refraction and focusing of waves in phononic thin plates have just been started recently. Pre-
liminary results showed that focusing of Lamb waves in thin plate can be achieved either by the nega-
tive refraction or using the gradient-index (GRIN) PC structure.*’

In this talk, focusing of Lamb waves due to the features of
GRIN PC will be introduced first, and then a concept dem-
onstration of utilizing the focusing features to compress
Lamb waves into a phononic plate waveguide. The band ~
structure of an air/silicon PC plate (thickness:50 pm, lattice 1\2
constant ¢ =100pum and, radius » =40pum) with square lattice ;Z% 0
was studied and the equal frequency contours (EFCs) of the

lowest anti-symmetric mode (Ay), the symmetric mode (So)
and shear horizontal mode (SHy) are shown in Figure 1. The
results revealed that the Ay mode is close to a circle (i.e., be-
have like an isotropic medium), while the S, and SHy modes -0.5 0 0.5
are rather anisotropic. Figure 1 is the equal frequency con- K (m/a)

tours (EFCs) evaluated at 3 MHz.

Figure 1 The equal frequency contours of the

To design a GRIN PC plate for focusing the Ay mode, we Ilowest anti-symmetric mode (A,), symmetric

chose a refractive index profile in the form of a hyperbolic mode (So) and shear horizontal mode (SH,).
6

secant as

n(y) = n,sech(ay) (D

where 7, is the refractive index along the center axis (x-axis) and & is the gradient coefficient. For

small anisotropic ratio and the overall waves propagating along the x-direciton, the refractive index of

the Ay mode was approximated by the refractive index along the I'X direction as
v v

Vix  do/dky

n =

2

where v is the group velocity along the I'X direction and v is the referenced group velocity of the
Ay mode of a homogeneous silicon plate with the same thickness (evaluated at 3 MHz). Consider a
GRIN PC contained 15 rows of air holes (y= [—7 a, +7 a]) arranged in square lattice with graded fill-
ing fractions and operated at 3 MHz. By setting the radii of the holes at the center row (y = 0) and the
boundary rows (y= 17 a), the gradient coefficient can be determined accordingly.
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To demonstrate the focusing of Lamb wave in the designed GRIN PC plate, numerical simulations
were conducted with a line source placed at x= -2a. The result showed focusing of the wave beam
along the propagation direction and reach maximum amplitude at x=28a approximately, and then, di-
verging out again. The simulation results also showed that the neck of the focus region extends for a
long distance, which started from around 224 to 34« in this case.

To test the feasibility of compressing the wave beam of a plate wave into a wave guide with small
aperture, the GRIN PC plate was terminated at x=22a and utilized as a beam width compressor. A
phononic plate waveguide formed by removing one layer of cylinders from a silicon PC plate with
periodic stubbed tungsten cylinders”® (square lattice) on one of the plate surfaces was employed. By
choosing the lattice constant of the PC waveguide as 150 um and the radius and height of the tungsten
cylinders as 36 um and 273 pum, respectively, a complete band gap can be found in the range of 2.6-
3.4 MHz. Figure 2 shows a combination of the GRIN PC beam width compressor and the aforemen-
tioned PC waveguide. The simulation result for operating frequency at 3 MHz demonstrates that the
compressing and guiding of the _— 1

. . 3 o a0 Paar 00000COCGCCCC
wave beam into the designed 6 of5ls sfelels + dlafds 085 50000 0000000000
waveguide can be achieved suc- =~ ‘21 § e %, o 0002002002
cessfully. By taking the amplitude . S 0 00K "’{ﬁ-‘ | e "
M . = i § B s i
of the line source as unit, the result A, -2 selococsces 2060606000000
shows that the amplitude at the en- -4 g Fpooog0 0000000000
. . . 6 = gg og Ogo go JjooooooocCccCccCC
trance of the waveguide is ampli- - o o S oMo 9 Rlooo00c00C00 -1

fied to about 3.2. In addition, after i - -,
propagating for a distance of 15 a 152025 30 35 40

in the waveguide, the wave ampli- X (Cl
tude still preserve a value of 2.8. Figure 2 Simulation of the wave propagation along the x-direction in a
Since the aperture of the line source GRIN PC plate adjoined with a PC plate waveguide at 3 MHz.

is15a , the results showed that the FWHM of the compressing is about 17.3%. To demonstrate that
the proposed GRIN PC plate focusing device is suitable for compressing wave with a range of fre-
quency, numerical simulations with operating frequencies at 2.7 and 3.4 MHz were also conducted
and the results showed that the focusing and compressing of Lamb waves are still valid with the am-
plitudes at the entrance of the waveguide equal to 2.5 and 2.6, respectively.

S’
wn
[—y
S

In summary, focusing of Lamb wave can be achieved by using a GRIN air/silicon PC thin plate. The
refractive index profile in the form of a hyperbolic secant can be utilized approximately to design the
GRIN PC plate. The results showed that the beam width of the lowest anti-symmetric Lamb mode can
be compressed efficiently over a range of frequency and can potentially be utilized as a beam width
compressor for compressing Lamb waves into a PC plate waveguide in the MEMS area.
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Abstract: Phononic bandgap materials are optimized for maximization of bandgap size and
minimization of center frequency using a genetic programming method for inclusion shape
design and material choice. Maximizing the bandgap size allows for a material design that
can block a wide range of frequencies. Minimizing the center frequency will give designs that
are small compared to the effective wavelength.

Phononic crystals have received much attention for their interesting properties, in fact, material choice
and geometry can be engineered to obtain band stop filters', negative bulk properties®, and cloaking’.
Here, we wish to optimize two goals simultaneously: bandgap size and center frequency. Maximizing
the bandgap size allows for structures that can block a wide range of frequencies. In many instances,
a narrowband filter is of little use. The second goal is to minimize the center frequency of the band-
gap. The center frequency determines the absolute range of frequencies that will be blocked. Seeking
a low center frequency will yield a material that blocks propagating waves that have long wavelengths
compared to the unit cell size, ultimately leading to smaller structures.

Multi-objective  optimization of phononic
crystals has been discussed previously®, where
those authors optimized one dimensional
structures for optimal pass-band and stop-band
operation. Here, we optimize two dimension-
al, elastic structures using a genetic program-
ming approach’ and allow the optimizer to
choose among several materials. The mate-
rials chosen are based on those that have been
shown to lead to low frequency operation®.
Results show that a set of Pareto optimal de-
signs can be achieved for wide band and low
frequency operation.

b)

c) d)

Optimization Method
Genetic programming (GP) is an optimization
method derived from genetic algorithms
(GAs), but uses a tree shaped chromosome to
e) represent computer programs or general ma-
thematical expressions. It has also been
adapted to optimize geometry and topology in
a general way’: As shown in Figure 1, Boo-
lean expressions can be used to combine con-
vex polygons, generating complex geometries
from a few simple building blocks. In this
approach, the convex polygon operands are
Figure 1 Decoding process. (a) Tree representation of a Boo- represented as the convex hull of a list of

lean expression. (b) Point lists with their convex hulls, corre- points. A few advantages include: representa-
sponding to leaf nodes in the tree. (c¢) Union of the left-most tion of ]arge homogeneous regions with a

subtree. (Q) Union of the result of (¢) with remaining leaf gmga]] number of parameters, representation of
node. (e) Final result. both sharp corners and smooth regions, and
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adaptability to inhomogeneous geometries.

Genetic algorithms (and by extension genetic programming) are well-suited to multi-objective prob-
lems because they already use a population of potential solutions. There have been many examples of
multi-objective GAs, of which Ref. 4 is an example. Implementing Pareto optimization in a GA only
involves changes to the selection operator, so any GP implementation is identical.

In contrast to Ref. 5, this application benefits from inhomogeneous structures’. Optimizing inhomo-
geneous structures using genetic programming requires a few modifications to the chromosome of
Ref. 5. First, Boolean operations are no longer applicable because we require the operands to have
some material properties. Instead, we apply an overlapping scheme based on a priority value (real
valued and rounded to the nearest integer before use) stored in each operand. Given a sub-tree with
two convex polygon operands, the operand with the higher priority is placed on top of the other. If
two operands have identical priority values, then the union is used, taking the material properties from
the left operand. The priority values, as well as the material values, are involved in crossover and mu-
tation. In this application, a database of materials will be used rather than allowing the optimization
scheme to vary the actual bulk material properties as in Ref. 7.

Forward Problem

The forward problem is based on formulating the elastic wave equation as an eigenvalue problem, so
that a band diagram can be computed'. Essentially, Floquet boundary conditions are applied to two
edges of a square unit cell and the elastic wave equation is discretized using linear finite elements.
After testing and basis function substitution, a matrix equation is formed

Ax = wBx,

(1)

which is a generalized eigenvalue problem in @ and x. A local search algorithm is applied to find the
lower band maximum @; and upper band minimum @», which gives the relative bandgap size

Wz — Wy
0 0, )
and center frequency
wy + W,
— (3)

Results

Pareto optimization was applied for the simultaneous optimization of bandgap size and center fre-
quency using three materials: epoxy, lead, and silicone rubber®. The epoxy is fixed as the matrix ma-
terial, and the algorithm is free to choose among it and the lead and rubber to form the inclusions.

Initial generations show two distinct clusters of (Pareto optimal) designs based on material: designs
using lead show high center frequency and bandgaps, and designs using the rubber show the opposite.
As the algorithm combines materials, the Pareto front

(shown in Figure 2 as the “0” after 95 generations) begins 4’;,0

to fill. Full results will be given at the conference. S 2
N = s}
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Abstract: Explicit analytical and recursive stress solutions and corresponding natural fre-
quencies are derived for an m-layered Goupillaud-type elastic medium from a coupled first-
order system of difference equations using z-transform methods. The exact solutions can serve
to verify computational methods for modeling wave propagation phenomena such as reson-
ance and bandgap formation in periodic media.

The study of natural vibrations in elastic media include the study of resonance, as resonance can en-
hance the performance of many sensors and devices, yet can devastate structures subjected to sus-
tained temporally-periodic loading. Despite the long history of developments in the field, exact solu-
tions for the natural modes of vibration and the resonance response of multilayered (m-layered) elastic

media have been primarily limited to the anal-
t ysis involving only a few layers. Laplace
' > transform methods are used in Ref. 1 to derive
the transient resonance response of a free-fixed
elastic bar; the analytical solution consists of a
product of a temporal term and time-harmonic
function in the solution, which becomes un-
bounded at large times. Ref. 2 provides closed-
form, time-domain expressions for transient
waves in an m-layered elastic medium, with an
illustration of the transient resonance response
of a single isotropic elastic layer sandwiched
between two half-spaces that is subjected to a
temporally periodic sawtooth function. Ref. 3
studies the natural frequencies of anisotropic
m-layers, and illustrates beat phenomena in
two and three layer systems using an efficient
numerical eigensolution scheme that is based
on semi-analytical methods. Exact expressions

. Lo , , for the reflection coefficients for a two-
Figure 1 Lagrangian diagram for an elastic m-layered medium di . 1 elastic 1 Ivi lasti
of equal wave travel time (Goupillaud-type medium) subjected imensional €lastic layer overlying an elastic

to an arbitrary, discrete input f{n) on the left boundary and fixed half-space are obtained in Ref. 4, but the tran-
on the right boundary. sient response of the system at resonance is not

analyzed. A general method to determine the
natural frequencies of composite rods for power ultrasonic applications with a specific solution for a
two-rod system is presented in Ref. 5. The method can be extended to m-layered systems, but the
general problem of determining the natural frequencies of arbitrary layer-thickness and material prop-
erties can only be solved using numerical methods. Exact analytical expressions are derivable, how-
ever, for the transient resonance response of an m-layered medium if we specialize the medium to be
of Goupillaud-type’. Both recursive relations and explicit analytical expressions are derived that are
exact for discretely layered and periodic media of Goupillaud-type (Figure 1); such solutions are inva-
luable for verification of computational methods involving transient of wave phenomena in such me-
dia. A related inverse problem in reflection seismology for finding the coefficients of a first order 2 x
2 hyperbolic system is treated in Ref. 7. In order to numerically solve the continuous initial-boundary-
value problem, several difference schemes (stencils) are applied as discretizations to the correspond-
ing differential equations. The difference scheme [Vp, given in equation (3.1.11), pg. 517 of Ref. 7 is
similar to our recursive relations (1) derived using the method-of-characteristics.
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Resonance in m-layers

Explicit analytical stress solutions are derived from a coupled first-order system of difference equa-
tions (1) using z-transform methods, and the determinant of the global system matrix |A,| in the z-
space is a palindromic polynomial with real coefficients; the zeros are distinct and proven to lie on the
unit circle for 1 < m < 5 layers (Ref. 8), and for certain classes of m-layered designs of tridiagonal
Toeplitz variety, i.e., continuants (Ref. 9). Stresses s;(n) in the layers with impedance contrast
a; = Cip; /Ciy1Pi+1 due to loading f(n),n = 1 are given with reference to Figure 1 as,

1 = 2aq 2 1
si(n+1) = —s,(n) +7152(n) +Talf(n + 1),

1+a
2a, 2
SZ(TL + 1) = —sz(n) + TQZS?’(TL) + Tazsl(n + 1),
(D
Om—1
Sm—1(n+ 1) = —sp_1(n) + Tzlm_lsm(n) + Txm_lsm_Z(n + 1),

Smn+1) = —s,,(n) + 2s5,,_1(n) .

Resonance frequencies wy = argzg, 1 < k < I%J are identified as the zeros of the determinant of m-
layered tridiagonal Toeplitz systems found from z-transform of (1) above as,

) , Tk
Zr = 2¢0 — 1 + 2i/cO(1 — ¢O), O = cos ——— 0<c¢<1. 2)

A particular resonance response generated through sinusoidal loading of the boundary is shown in
Figure 2; current efforts are focused on determining the limitations in using finite system (1) to gener-
ate acoustic bandgaps for infinite periodic media such as those investigated in Ref. 10, Figure 3.
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Figure 2 Resonance response of Layer 1 in a 47-layered Figure 3 Dispersion graphs showing acoustic bandgap
medium; stress values formed from interlacing sequences: formation in a three-material unit cell (after Ref. 10).

f(n) = sin(nwy), and s;(n), k = 9,¢ = 1/2.
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Abstract: This work suggests a criterion for verification of Phononic bandpaps simulated by
two dimensional elastodynamic models. The bandgap of a phononic crystals (PnCs) was stud-
ied using both 2D and 3D finite element analyses. Comparing the numerical results with ex-
periment, this study indicates that validity of 2D models depends on the ratio of the thickness
to the excitation wavelength.

In order to attain a fast estimation of bandgaps in PnCs, simulation of an infinitely thick model is
an alternative to finite thickness models'. In order to reduce the three-dimensional equations to those
for a two-dimensional model, plane stress condition is a common assumption employed in elastic me-
dia’. Since in the two dimensional analysis the degrees of freedom (DOFs) for each node is 2, and the
model is limited to an area instead of a volume, this model is computationally cheaper than 3D mod-
els. In this model the medium is assumed so thin such that the out-of-plane components of stress van-
ishes”. However this assumption leads to neglecting out-of-plane modes in vibration of PnCs. In this
paper a PnC, consisting a silicon dioxide and tungsten inclusions, is studied using 3D and 2D har-
monic finite element analyses (HFEAs). Results of the current analyses are verified by comparing
them to experimental results’. This study evaluates the efficiency and inefficiencies of these methods
for prediction of phononic bandgap.

In harmonic analysis the governing
equations are solved in the frequency do-
main and the steady state solution is at- Density (kg/m*) 19250 2200
tained without time discretization®*’. In
order to apply the boundary conditions, a
set of nodes are harmonically excited at a
discretized range of frequencies. Conse-
quently, the transmission spectrum of a Table 1 Materials that constitute the PnC.

PnC is achieved using the steady state

solutions to the PnC model under line excitation in 2D model or surface excitation in 3D model (See
Fig. 1). In Fig. 1 the current three dimensional numerical space is illustrated. The phononic crystal
consists of one row of 19 tungsten inclusions inside a silicon dioxide matrix. The lattice constant «a is
2.5 pm in the x and y directions and the tungsten rods have radii of 0.6 pm. The thickness of the PnCs
is 1.85 pm. To model an infinite periodic structure along y direction, periodic boundary conditions are
employed on the bottom and top nodes. The exterior domains, shown in Fig 1 , comprises perfectly
matched layers (PMLs). The PMLs serve to attenuate the outgoing waves, and reflect little to no en-
ergy back into the PnC®. Longitudinal waves are launched into the PnC by harmonic excitation of the
nodes on the left surface of the leftmost exterior domain (See Fig. 1). In the 2D, model all the dimen-
sions are similar to the shown 3D model but the
numerical space is a 2D rectangle due to plane

Material Tungsten Silicon dioxide

Young’s Modulus (GPa) 409 75

Poisson’s Ratio 0.25 0.17

Exterior
Domain

Interior Domain

Exterior
Domain

Y g PnC stress assumptions.
X B R erinlic Bowadary Condithen . . ..
g - 0000 = In Table 1 the density, elastic modulii, and
Y £ . it Poisson’s ratios of silicon dioxide and tungsten
i gy are shown. In the 3D simulation, only exten-
Figure 1 Numerical space of the 3D model for the sional elastic waves are taken into account, in
PnC. order to make more accurate comparison to the

94



Phononics 2011

Track 1: Phononic Crystals

Phononics 2011: First International Conference on Phononic Crystals, Metamaterials and Optomechanics

Santa Fe, New Mexico, USA, May 29-June 2, 2011
PHONONICS-2011-0152

2D case in which no flexural modes are allowed. For this reason only symmetric forces are applied on
the boundary condition of the left exterior domain (see Fig 1).

Q
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The scaled transmission of the PnC predicted by the
FEA using 2D and 3D approaches are presented in Fig. 2a.
In this plot HFEA 2D stands for the prediction of a 2D
elastodynamic model for the transmission through the
PnC. The 3D simulation is compared with the 2D model
along with the actual experimental results previously re-
ported by Su et al.’. Here, the borders of bandgp are de-
fined by transmission of -10 (dB). The comparison shows
that both finite element models predict a similar primary
bandgap. The predicted beginning frequency is about 80
MHz smaller than the experimental prediction. Moreover,

the actual end frequency of the band gap is only 20 MHz
smaller than the numerical results, which shows a good
agreement between the theoretical 2D, theoretical 3D, and
experimental piramary bandgaps. However, Fig. 2a also
demonstrates that the 2D model fails to predict the experi-
mental secondary bandgap ranging from 1180 MHz to
1400 MHz. In contrast to the 2D model, the 3D model
clearly shows this band gap.
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The discrepancy between the 2D and 3D analyses at the
higher frequencies raises the question of validity of the 2D
analysis. This question is addressed in Fig. 2b. Here, the
ratio of out-of-plane displacement () to the in-plane dis-

Figure 1 (a) Transmission spectrum based on the
2D HFEA (red dotted line), 3D HFEA (green
dashed line), and the experiment (red dotted
line). (b) Ratio of out-of-plane to in-plane dis-
placements versus dimensionless excitation fre-
quency. The shaded gray region indicates the
frequencies at which the 2D and 3D finite ele-
ments analyses do not agtree.

placement (7 ) on the right side of the PnC (See Fig 1) is
depicted for different dimensionless frequencies defined as

the ratio of the PnC thickness ¢ to the wavelength 1. Addi-
tionally, this dimensionless frequency in the abscissa of Fig. 2b corresponds to the frequency in ab-
scissa of Fig 2a. The shaded region in Fig. 2b shows the dimensionless frequencies corresponding to
the secondary band gap where the two dimensional FEA is not in agreement with the experiment and
3D model. One can notice that in the shaded box the three dimensional FEA shows a range from 0.7
and 2.5 for the ratio of out-of-plane to in-plane displacements. This high ratio indicates that the out-
of-plane displacements are not insignificant in the problem while the 2D analysis inherently does not
take these displacements into account. It also indicates that the nature of the problem is not 2D at the
frequencies associated with the secondary bandgap. The trend of dimensionless lateral displacements
shown in Fig. 2b suggests that the 2D analysis is not applicable when the ratio of the thickness to
wavelength approaches to 0.5. Another physical explanation is that when the wavelength approaches
to half of the thickness, the out-of-plane mode of vibration is greatly excited because the excitation
frequency is close to the natural frequency of this mode. However at lower frequencies the 2D and 3D
analyses do not show a significant difference. In essence, Fig 1 suggests that at the dimensionless ex-
citation frequencies much smaller than 0.37 the 2D HFEA is an accurate alternative to 3D the model.
Since a 2D model requires a smaller numerical space, one might consider attaining a fast approxima-
tion of a phononic bandgap, when the wavelength is much greater than half of the thickness.
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Abstract: The bouncing beads of Newton's cradle fascinate children and executives alike, but
their symmetric dance hides a complex dynamic behavior. By assembling grains in crystals we
are developing new materials and devices with unique properties. We have constructed two-
dimensional systems that can redirect mechanical waves, and have developed new materials
for absorbing vibrations and explosive blasts.

In this paper, I will discuss recent progress
obtained in the study of nonlinear acoustic
crystals. In particular, I will discuss the
response of granular crystals excited by
impulsive  loading and  continuous
vibrations. Granular crystals are here
defined as highly ordered aggregates of
particles in elastic contact with each other,
preferably in linear or network shaped
arrangements. In our work, the assemblage
of the novel acoustic materials is achieved
by aligning granular components inside a /
selected matrix (Fig. 1) or in a Figure 1 (Left) Example of a three-dimensional acoustic crystal
self-standing crystal, designing contact reali;ezd al?gning 2mm ® bez}ds in vertical lodgings in a soft polymer
. . matrix”; (right) zoomed in view from top.

interactions for the control of stress

transfer between particles. The design of these materials starts from a well-understood local phenom-
enon (i.e. the elastic Hertzian contact interactions between particles) and creates global structures with
unique properties (the granular crystals). This work leverages theoretical understanding of the highly
nonlinear dynamic response of the fundamental components' for the design of experiments, and it is
informed by discrete numerical simulations. The potential applications targeted by our work are: 1)
mechanical systems with tunable acoustic/elastic properties; ii) devices with controllable acoustic
bandgaps within the audible range, noise mitigation and vibration absorbing layers; iii) novel

*
e
&
é
4

4
4
-

W

shock-energy-trapping and pulse-disintegrating devices and micro- or macro-impact shielding; iv)
new acoustic lenses with a tunable focal point and v) new methods of Non Destructive Evaluation,
Structural Health Monitoring (NDE/SHM) and modal testing. In this paper, I will focus on recent re-
sults obtained with two-dimensional granular systems excited by impulsive loading and continuous
vibrations. I will present how granular crystals can control the propagation of acoustic waves by vary-
ing the static compression applied to the system, the particles' geometry and material properties.

Background

A chain of spherical particles (i.e. a longer version of the well known “Newton’s cradle” toy) hides an
intriguing elegant complexity, and a myriad of tunable mechanical phenomena that have been attract-
ing increasing attention in the scientific community' . Some of the earliest findings in this discrete
system'™ reported the formation of new, highly nonlinear solitary waves, with a finite wavelength,
when the system is impacted at one end by a striker. The presence of defects and impurities has been
shown to cause scattering and energy trapping’. When the system is highly precompressed its re-
sponse can be varied to become weakly nonlinear or linear, depending on the ratio between the dy-
namic excitations' amplitude and the amplitude of the static compressive force’. When these systems
are driven in the linear or weakly nonlinear regime, they present tunable band gaps in their dispersion
relation®. In our current work, we have extended these findings to two-dimensional systems’ (Fig. 2)
composed of uniform and heterogeneous materials.
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frequency (kHz)
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Figure 2 (Left) Two-dimensional acoustic crystal realized aligning steel and aluminium particles in alternating layers.
(right) Dispersion relations calculated for a constant longitudinal static force (Fi = 20N) and a transversal force (Ft ) taking
the values 0, 0.1 and 20N.

studied periodic arrays of particles with variable precompression using theory, discrete numerical
models and experiments. We consider different configurations of the lattices, using spheres made of
different materials. Experimental measurements of the transmitted power spectral density are per-
formed highlighting the presence of band gaps in two-dimensional dlatomlc (two partlcle per10d1c1ty,
Fig. 2) or triatomic crystals. Depending on the static force applied, c ;
the edge frequency of the acoustic and optical bands can be tuned.
In the layered diatomic square packing studied, when the static
transversal force is equal to 0, a quasi one-dimensional response is
observed. When the static transversal force is increased, the
propagation of waves can be tuned from 1-D to 2-D, enabling
transversal energy propagation. These systems could be used as
tunable, load-bearing vibration absorbers or acoustic filters for
frequencies belonging to the audible range.

We also study the effects of defects in a squared packing of uniform
particles, when the system in non-precompressed and excited by
transient pulses. The defect corresponds to an interstitial impurity Figure 3 Digital image of the experi-
of different materials (Fig. 3). We analyze the response of the mMental setup used to study the effect
traveling signal as a function of the materials properties for the :;;Iizzec:tézlapiﬁ;gz ar;iearzgagoi
defect particles and study the resulting energy trapping, redirection ghows the interstitial defect and one of
and particles oscillations. The defects behave as energy scatterers the triaxial accelerometers embedded
and, depending on their materials properties, can trap variable ina particle to detect the waves.
amount of energy and momentum. The interaction of multiple

defects on the same lattice will also be discussed. The work includes experiments and numerical
simulations based on a discrete particle model.

Future developments will include the use of numerical optimization to control wave propagation and
energy transmission selecting optimal particles' geometry, materials and arrangements.
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Acoustic Logic Gates Implemented Using A Phase Con-
trolling Phononic Crystal
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Abstract: A Phononic crystal (PC) consisting of a square array of cylindrical Polyvinylchlo-
ride inclusions in air, is used to construct a variety of acoustic logic gates. This PC has a
unique band structure that allows for the control of the relative phase between incident acous-
tic waves. The realization of the gates is demonstrated through simulations employing the fi-
nite-difference-time-domain method.
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Abstract: The vibrational behavior of a phononic crystal is studied at gigahertz frequencies.
The phononic crystal is comprised of a silicon slab with tungsten inclusions filtering out
waves within the frequency range of 0.7 GHz to 1.1 GHz. Comparisons show that the harmon-
ic finite element analysis is capable of more accurately explaining the experimental results
than FDTD when compared to experiments.

For this poster, the vibrational behavior of a phononic crystal is studied at gigahertz frequencies. The
phononic crystal is comprised of a silicon slab with tungsten inclusions filtering out waves within the
frequency range of 0.7 GHz to 1.1 GHz. Two-dimensional harmonic finite element analysis (FEA) is
employed to model the transmission of stresswaves launched from a transmitter and passing through
the crystal. The numerical results are compared with another prevalent numerical method, finite dif-
ference time domain (FDTD), as well as with experimental results. These comparisons show that the
harmonic finite element analysis is capable of more accurately explaining the experimental results
than FDTD. This more favorable comparison is attributed to a resonance that course between the
transmitter and the phononic crystal.
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Phononic Band Gap Optimization
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Abstract: Utilizing the reduced Bloch mode expansion method for fast band structure calcula-
tions and specialized genetic algorithms for a search among numerous topologies, optimal
phononic crystal unit cell designs are generated for (1) in-plane, (2) out-of-plane and (3) com-
bined in-plane and out-of-plane elastic wave propagation in a 2D geometrically periodic single
material media. This process of natural evolution yields elegant designs with exceptionally
large, and low, frequency band gaps.

Phononic crystals are material systems with the distinct feature of unit cell repetition. The unit cell is
composed of at least two types of material phases with different properties or a single material with a
non-uniform geometric structure. An important dispersion-related characteristic of wave propagation
through phononic crystals is the existence of frequency band gaps, where waves do not propagate.
The widths of these bands, and their locations in the frequency domain, depend on the topology of the
unit cell, material-wise or geometry-wise. Through topology optimization, the configuration of the
unit cell can be designed to exhibit a maximum value of band gap width divided by band gap central
frequency, i.e., large and low band gap. This problem has been investigated earlier for bi-material
media with a focus on either in-plane (P/SV) wave propagation or out-of-plane (SH) wave propaga-
tion'>. In this paper we consider geometrically periodic square lattices formed from only one material
(silicon), and investigate three band-gap optimization problems: (1) in-plane waves only, (2) out-of-
plane waves only and (3) combined in-plane and out-of-plane waves.

We build our elastodynamic model based on the wave equation for a two-dimensional media under
plain strain conditions'. In this model, incident in-plane waves travel at the speed of the material’s

longitudinal velocity ¢, and incident out-of-plane waves travel at the speed of the material’s trans-

verse velocity c¢,. The phononic band structure is calculated by employing Bloch theory and using the

finite element method to expand the equation of motion in real space. Furthermore, the reduced Bloch
mode expansion (RBME) method® is used to substantially reduce the size of the computational model
and hence make it feasible to search, using genetic algorithms (GA), among an exceedingly large de-
sign space representing a multitude of different possible material distributions within the unit cell do-
main.

Unit Cell Representation and Design Objective

The square unit cell Y is composed of nxn pixels forming a matrix G, which we reduce in size fol-
lowing the underlying lattice symmetry. Each of the pixels can be assigned to either a no material or a
material (silicon), i.e., g, € {0,1}. We formulate our objective function in terms of the size of a par-

ticular band gap normalized with respect to its central frequency:

max (min' (a7, (k ;. g)) —max ", (0 (k ;. £)),0)

i+1

f(g)= (min' (@2, (k ;,g))+max " (P (k ,,2)))/ 2

, ey

where mint, (o7 (k ;-8)) and max 7, (7 (k ,»&)) denote the minimum and maximum, respective-
ly, of the i” frequency @, over the entire discrete wave vector set, k;, j =1,...,n,, tracing the bor-
der of the irreducible Brillouin zone.

Genetic Algorithm
For the initialization step in the GA, we observed that almost any randomly generated design at high
unit cell resolution (i.e. 7 = 24 pixels) exhibits no band gap. To address this problem, we use the area
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between the two dispersion branches of interest as an indicator for the fitness of the unit cell designs
used in the GA selection operation:

Fitmess =¢f (g)+ F 2

e 0 if f(g)>0 (band gap exists) 3
" |drea if f(g)=0 (nobandgap) )

Area=y" [(a7,(k;.2) — (0 (k;. 2))]. )

In Eq. (2), ¢ is chosen to be a large number (¢ =10") in order to guarantee that any design that has a

band gap is selected over a design that has no band gap. Furthermore, the GA initialization procedure
is set to ensure that each two adjacent pixels in a row have the same material type. At each evolutio-
nary step, a simple single point crossover is carried out between the two selected designs with a tour-
nament selection operator. Finally the GA is programmed to terminate when the generation counter
reaches the max number of generations. Following termination, the best surviving design passes
through a simple one-point flip local search for fine-tuning.

Results and Conclusion

Upon implementing our GA- and RBME-based search methodology, we obtained the following op-
timal unit cell designs. Fig. (1): first band gap for out-of-plane waves, band gap size /' = 0.7884;
Fig. (2): second band gap for out-of-plane waves, band gap size /= 0.8945; Not shown: first band gap
for in-plane waves, band gap size /= 0; Fig. (3): second band gap for in-plane waves, band gap size f
= 0.8705; Fig. (4): lowest possible band gap for combined out-of plane and in-plane waves; band gap
size f* = 0.6938, where the superscript “*” denotes a modified objective function that describes max-
imization of a combined band gap among the band structures of the two types of waves. We note that
the out-of-plane designs show a continuous solid media approaching the limiting case of separate
square inclusions in air. The in-plane designs on the other hand show a mostly solid material with de-
licately shaped air holes. The optimal design for the combined case appears to be a blend among the
out-of-plane and in-plane design traits. All designs are amenable to fabrication upon post-optimization

smoothening.
] — —
og\ ¢ . . '
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Figure 1. Optimal design for 1% band Figure 2. Optimal design for 2" band Figure 3. Optimal design for 1*'band
gap for out-of-plane waves gap for out-of-plane waves gap for out-of-plane waves

—————————

]
Figure 4. Optimal design for combined in-plane (red-dashed) and out-of-plane (black) waves
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Multiscale Dispersive Design:
A Building Blocks Approach to Phononics

Mahmoud I. Hussein
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Abstract: A key feature in most applications in phononics is an underlying spatial periodicity.
When infinite in extent, this spatial symmetry constitutes a periodic “material”. When trun-
cated to finite dimensions, a periodic “structure” is formed. Between the two entities there is
an abundance of opportunities for shaping a desired wave propagation or vibration response.
In this work we will revisit the concept of Multiscale Dispersive Design and use it towards the
exploration of new avenues in phononic crystals and metamaterials applications.

Within phononic crystals and metamaterials, various wave phenomena occur across the un-
derlying spatial periodicity inducing mechanisms of wave interference and/or local resonance
that lead to a banded frequency response. Similar physical behavior is possible within finite
structures composed of periodic materials although the periodicity truncation in itself alters
the dynamical characteristics (see, e.g., Ref. 1). In some cases these alterations are mild (for
example, the frequency range of the band gaps are practically retained), but in other cases
significant changes to the dynamical response are realized, such as the possible appearance of
resonances in the band gap. It has been shown in several studies that if a substantially large
number of unit cells is retained in the truncated structure, or the finite periodic material por-
tion of a structure, then the frequency response of the underlying unit cell will still dominate'.

In this paper, we will revisit the concept of Multiscale Dispersive Design (MDD) previously
proposed by the author and collaborators®. This is essentially a design methodology where-
by periodic unit cells are designed for desired frequency band properties, and with appropri-
ate scaling, these cells are used as building blocks for forming fully periodic or partially peri-
odic structures with related dynamical characteristics. Through this approach, which is hie-
rarchical and integrated, structures can be devised for a wide range of wave propagation and
vibration response tailored to specification.

As an example we consider the problem of designing a passive demultiplexer using phononic
crystals, a problem previously studied in the literature®. From Ref. 3, Fig. 1 shows a two-
dimensional plate-like structure formed from three types of phononic crystal building blocks
each based on a unit cell with a unique band gap: the group of cells with a black inclusion
function as “walls” for all waves in the frequency range of 3 <Q <4(Qdenotes non-
dimensional frequency), and the group of cells with an orange or a blue inclusion functions as
a “gate” that allow passage of waves in the range of 3.4 <Q <4 or 3<Q <3.8, respective-
ly. By employing a portion of each type of periodic material (i.e., with at least 3-4 unit cells
in each direction), the underlying band gap properties will still take effect in the truncated
configuration. In this manner a passive demultiplexer is formed by the macroscale layout
shown in Fig. 1.

The building blocks approach demonstrated by this demultiplexer example is being extended
to a variety of new applications in phononics. A description and analysis of these applications
and their potential impact to the engineering of novel devices, or coupled material/structure
systems, will be discussed.
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Figure 1. (a) Frequency demultiplexer formed from a combination of phononic crystal building
blocks. In this passive structure, low frequency waves are turned to the left (b), and high frequency
waves are turned to the right (c).
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Narrow Fluid Channel as a Metamaterial Sound Absorber
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Abstract: Abnormally high level of absorption has been observed for sound waves propagat-
ing through a narrow water channel clad between two metal plates. Absorption is due to reso-
nant excitation of Rayleigh waves on the both metal surfaces. These waves may either pro-
duce strong turbulent motion in a viscous fluid or radiate its energy into the metal, giving rise
to deep minima in the transmission spectrum.

Sound waves can propagate over a long distance in water. In bulk medium attenuation caused by vis-
cosity of water grows quadratically with the wave frequency f. For many practical applications of
noise control it is necessary to design materials with high level of absorption. “Perfectly” absorbing
metamaterials are of great interest in optics since they may modify thermal emission and increase the
efficiency of photovoltaic devices'?. A standard method to increase sound absorption is to perforate a
sample with micropores. High porosity strongly increases the area of acoustic impedance mismatch
and also increases the effects of internal friction. Here we propose tailored, highly absorptive acoustic
metamaterial based on a narrow, but still macroscopic, water channel formed by two massive brass
plates. Our motivation is based on the ability of surface plasmons to strongly absorb light incidenting
on metal grating (so-called Wood anomaly), as well as to support extraordinary transmission of light
through subwavelength holes in thin metallic films. Acoustic counterpart of extraordinary transmis-
sion due to excitation of a surface mode has been recently observed®, while anomalous absorption of
sound caused by Rayleigh waves is still missing.

The experimental setup is shown in Fig. 1. We used a couple of 1.5"" immersion transducers that were

placed face to face at a distance of 16 cm. A slit of width

d is obtained between two adjacent 12x 12cm’ brass

i plates of equal thickness # immersed in water. The slit

emittar - T forms a narrow water channel with high aspect ratio

) | h/d > 1. Transmission through the water channel has
d

— == bheen measured within frequencies from 0.2 to 1.5MHz
that corresponds to the wavelengths in water from 0.7 to
0.1cm. Due to mismatch of acoustic impedances between
. water and brass only ~10% of acoustic energy passes
Figure 1 Experimental set up. The plates, the through the metal plates. However, at the Fabry-Perot
emitter and receiver are immersed in water. (FP) resonances, when 2h = n4,; the plates become prac-
tically transparent, giving rise to sharp peaks in the
transmission spectra. Here A; = ¢;/f is the wavelength of a longitudinal wave propagating in metal
with speed c¢;. Away from the FP resonances sound propagates mostly through the water channel.
Typical transmission spectra obtained for different plate thicknesses # and apertures d are shown in
Fig. 2. The frequency interval between two FP peaks scales as 1/h, therefore only one peak is dis-
placed for h = 2mm, two for h = 3mm and three for h = 5mm. Each measured spectrum exhibits a
deep minimum (marked by an arrow above it) at frequency lower than the first FP peak. The ampli-
tude of this peak strongly depends on the aperture, unlike its position, which is almost independent on
d. The latter means that this minimum is irrelevant to resonant reflection of the wave from a finite
aperture. The only reason for such low transmission is dissipation of acoustic energy in the water
channel. We argue that resonant increase of dissipation is due to excitation of Rayleigh waves.
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In a fluid channel with hard

or walls the dissipation of acoustic

5t energy is weak since propagat-
=301 ing sound wave induces laminar

m 45 Poiseuille flow where dissipa-
= of tion is due to perpendicular to
E A5k the walls gradient of fluid veloc-
@ a0k 1ty, . If the walls are elastic,
% -45F the Raylelgh wave can be ex-
2 ar cited at discrete frequencies in a
= J1sk finite-length channel. Vibrating
30 walls induce turbulent flow

[ 1 . . av;

ask Brass (h = Smm)] where all the derivatives Erm

00 02 04 06 08 10 12 14 with i,k =x,zare different

Frequency (MHz) from zero. Since the energy
Figure 2 The measured transmission spectra of the water channel with different dissipated due to viscosity is
aspect ratios. The position of each resonance corresponding to a real (complex) roportional to (aVi)z it is
solution of Eq. (1) is marked by thin (bold) arrow.t. Note the missing first reso- prop axy/ °

nance (n=1) ford = 0.1 mm. clear that excitation of Rayleigh
wave leads to strong reduction of acoustic transmission.

In a narrow channel the Rayleigh waves propagating along the both surfaces are coupled. Our analysis
shows that resonant excitation of coupled Rayleigh waves occurs at the frequencies f,, = (%) CeXn.

Here c; is the speed of shear wave in metal, n = 1,3,5 ..., and x,, is a solution of the following disper-
sion equation

1—(cex/cp)?
(ctx/cf)z—l

(2 —x2)% —4V1 — x2 1—(Ctx)2 Lf x4 (1)

Cl Pm

Here ps(py,) is the density of the fluid (metal) and ¢ is the speed of sound in fluid. Eq. (1) describes
the eigenmode with symmetric vibrations of the plates. The real solutions of this equation for n = 1,3,
and 5 fit well the resonant minima marked by solid arrows in Fig. 2. For small aperture d = 0.1 mm
the first minima is missing. Accordingly, there is no real solution for n = 1 for such narrow aperture.
However, for n = 3 and 5 there are real solutions and the corresponding resonances are well ob-
served. Apart from real solutions, Eq. (1) has a complex root for each n. This root gives rise to leaky
Rayleigh wave which has been predicted’ but has never been observed in acoustic experiment. The
leaky wave radiates energy into metal plates that leads to the deep minima marked by bold arrows.
For the plates with h = 2 and Smm these minima overlap with the FP peaks, therefore for these cases
the minima are not very deep. However, for h = 3mm this minimum is well resolved. Absorption of
sound at each of the minima in Fig. 2 exceeds by orders of magnitude absorption in bulk water, thus
demonstrating metamaterial behavior of water in narrow channels with elastic boundaries.

This work is supported by the US Office of Naval Research (grant No. N000140910554), by the US
Department of Energy (grant No. DEFG02-06ER46312), and by the Spanish Ministerio de Ciencia e
Innovacion (TEC2007-67239 and CSD2008-66). AK acknowledges support by the Spanish Ministerio
de Educacion (No. SAB2009-0006).
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Fabrication and Experimental Characterization of Anisot-
ropic Fluid-Like Materials
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Abstract: We report a method to obtain acoustic metamaterials or metafluids with cylindri-
cally anisotropic mass density. The method uses a periodically corrugated structure embedded
in a two dimensional waveguide. This structure represents a periodic multilayered fluid-fluid
composite that, in the low frequency limit, behaves as a fluid-like metamaterial with mass ani-
sotropy. Also, an experimental method to characterize these structures is presented, showing
that the resonances in these closed structures can be used to derive the acoustic parameters of
these metafluids. An excellent agreement between theory and experiment is obtained.

Radial Wave Crystals [1,2] are a new type of periodic media that present band-gaps and wave local-
ization but in the radial direction, that is, they are crystals in polar or spherical coordinate systems.
Fluid-like materials with anisotropic mass density are the basis of radial wave crystals, as well as of
cloaking shells [3] and a wide variety of devices based on the field of transformation acoustics. This
anisotropy is not a natural property of common materials; therefore it is worth to include these sys-
tems in the field of metafluids, despite being
parameters with positive values.

It has been shown that sonic crystals (periodic
arrangement of sound scatterers) in the low fre-
quency limit behave as effective fluid-like mate-
rials with anisotropic properties [4], where the
anisotropy appears in the dynamical mass den-
sity. Even when the scatterers have elastic prop-
erties the effective medium behaves as a fluid-
like material. These results suggest that mass
anisotropy must be based on the periodicity of
sub wavelength units placed in non-symmetric
lattices.

However the mentioned anisotropy appears in

Loudspeater Mic 2 Vic 1 rectangular coordinates, thus anisotropic devices
I I having cylindrical or spherical symmetry cannot
h2pt be designed with this approach. Such is the case

‘B;_:}\_rm_ﬂ_ﬂ_l‘k_ﬂ_ﬂ_ﬂ_ﬂ_ﬂ_ﬂ_ﬂ_ﬂ_ﬂ_r of acoustic cloaking shells and radial wave crys-

| LI tals, in which the mass density tensor has con-
—Q stant components when expressed in a polar or
20 spherical coordinate system, depending on the
dimensionality of the problem.
It has been found that one way to obtain cylin-
drical or spherical anisotropy is by multilayered
cylinders or spheres [5], which are special cases
up. of one-dimensional periodic systems. It has been
shown that the anisotropic properties obtained from the one-dimensional wave equation can be trans-
formed to polar or spherical coordinates.
However this method need that all the layers are made of fluid-like materials, what implies that the
multilayered structure has to be done by a set of alternating fluid materials with different physical
properties. It is obvious that such a structure will not be, in principle, stable.

Figure 1: Upper Panel: Picture of one of the
samples analyzed in the present work. Lower
Panel: Schematic view of the experimental set
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One solution was reported in [5], where all the layers were made of sonic crystals. However the large
amount of cylinder required for realizing such a structure makes that approach difficult to achieve.
Another approach could be make every layer of porous materials, but still some elastic effects should
be taken into account that could decrease the functionality of the device, apart of having to add strong
viscoelastic effects.

In this work the approach reported in [6] is explained, where a corrugated structure embedded into a
waveguide was used to produce the multilayered system (see Figure 1). It was shown that the men-
tioned structure behaves as a fluid-fluid periodic medium, where each groove can be described as a
fluid-like material in which the speed of sound is that of air and the density is given by the ratio of the
height of the groove and the “background” height [7].

Once assumed that each groove acts as a fluid material, it can be shown that, in the low frequency
limit, the structure shown in Figure 1 behaves as an anisotropic fluid-like cylinder where the mass

anisotropy ratio is given by
1 h h
)/2 = E(dl + d2 h—l)(dl + d2 h—z)

2 1
Therefore the resonances of the structure can be used to characterize the effective medium. These re-
sonances where measured by the set up shown in the lower part of Figure 1. In brief, an external
sound field is excited and the response of the structure is measured by the two microphones. The
peaks of the taken spectra are analyzed and the experimental values of the anisotropy rations for three
different samples are obtained, showing an excellent agreement between theory and experiment.

It will be shown also how to realize metamaterials with the same acoustic parameters but with the ten-
sor rotated 90 degrees, that is, replacing the radial component by the angular one and vice versa. In
this case, the corrugated structure is made of angular sections off different height in place of concen-
tric grooves, but the behavior can be shown to be equivalent.

This method allows designing anisotropic fluid-like metafluids with any orientation of the tensorial
mass density, being a promising method to fabricate more complex structures requiring such anisot-
ropy, specially radial wave crystals, which are not only anisotropic but also inhomogeneous metaflu-
ids.

Work partially supported by the Spanish MICINN under contracts TEC 2007-67239 and Consolider
CSD2008-00066, and by the U.S. Office of Naval Research through the Grant N000140910554. Da-
niel Torrent also acknowledges the contract provided by the program Campus de Excelencia Internacional 2010
UPV.
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Metal Water: A Metamaterial for Acoustic Cloaking
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Abstract: A generic metamaterial is described that is suitable for making acoustic cloaking
devices. The fundamental property is that it mimics the acoustic properties of water, yet can
be modified to display anisotropic elastic properties suitable for cloaking. It has the important
property that the amount of void space is conserved: a “conservation of cloaked space”.

Acoustic cloaking can, in theory, be achieved using widely different material properties. The reason
is that for a given mapping function the transformed version of the original scalar wave equation can
be interpreted in terms of different material constitutive theories'. In this sense acoustic cloaking is
distinct from its counterpart for electromagnetic waves, for which the material corresponding to the
transformed Maxwell equations is uniquely defined by the transformation function. The first mechan-
ism proposed for acoustic cloaking™ was based on the concept of anisotropic density, and a single
bulk modulus. Compressible fluids with anisotropic density are physically permissible®, by layering
homogeneous fluids, for instance. The range of inertial properties required for achieving cloaking is
great, however, and could be very difficult to achieve by layering. Significant cloaking of a cylinder
was shown to be possible’ using hundreds of homogeneous fluids to reproduce the smoothly varying
properties of the transformed fluids. The number of independent fluids can be reduced to three® but
only if the three fluids have vastly different properties, e.g. one fluid must have extremely large densi-
ty, another must have very large compressibility, etc..

An alternative route to acoustic cloaking is possible using pentamode materials’ (PM). These can be
considered as generalizations of compressible fluids that have anisotropic compressibility but isotrop-
ic density. As such, they are limiting cases of anisotropic elastic materials in which five of the six
Kelvin moduli vanish. The Kelvin moduli are the eigenvalues of the 6x6 matrix of elastic moduli in
Voigt notation (suitably represented in tensor form). Anisotropic inertia and pentamode materials are
in fact limiting cases of a spectrum of material properties that yield the acoustic equation in the origi-
nal untransformed coordinates. This material non-uniqueness may be ascribed to a “gauge” freedom
in how the transformed particle displacement vector is defined; the full range of acoustically trans-
formed material is described in®. The transformed elasticity equations display a similar nonunique-
ness”'® which can also be associated with the choice of the displacement gauge relation''. Penta-
mode materials with anisotropic elastic behavior, like fluids with anisotropic density, are not found in
nature. Zero elastic moduli implies structural instability, exemplified by the ability of water to flow.
But in the case of water, the PM flows from one isotropic state to an identical one. PMs for cloaking
cannot flow without change of state, and must have non-zero but small shear rigidity for stability.

Metal Water: Pentamode Material with Small Shear Rigidity

Water is the quintessential PM, however it is isotropic and therefore of no use in cloaking. Yet, any
structural material for an acoustic cloak should be able to replicate homogeneous water in an acoustic
sense. It must have the same effective compressibility and density as water, and display very small
shear rigidity. We describe here a class of metamaterial with these properties, and more importantly,
which can be modified to reproduce the PM properties of a cloak. The effective properties hold for
wavelengths longer than the microstructure, so that the model is broadband. A metal microstructure
in the form of a regular foam is chosen because it has relatively small shear rigidity, while exhibiting
the bulk modulus and density of water simultaneously, see Figure 1. The large relative density of
metal means that the structure is mostly void space.

An important property of PM cloaking is that the total mass of the cloak must equal the mass of the
water in the space occupied by the cloak and the cloaked region'®. Hence the amount of void space
present in MW is preserved under the transformation from homogeneous “water” to the inhomogene-
ous PM. This “Archimedes principle” amounts to a Principle of Conservation of Cloaking Space, as
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shown in Figure 1c. One can think of the original void space in the isotropic MW as micro-cloaked
regions. The coordinate transformation has the effect of blowing up one of these while simultaneous-

ly shrinking the others.
Apply
)
Transformation
(b) (c)

Figure 1 (a) A schematic of a unit cell. (b) Static deformation under a load used to calculate the effective elastic moduli of
the periodic system. (c¢) The isotropic MW is transformed via the coordinate mapping into a functionally graded cylindri-
cally anisotropic MW structure. The total amount of void in both pictures is preserved: Conservation of Cloaking Space.

The MW design begins with a hexagonal unit cell, depicted in Figure 1a. For the 2D structures consi-
dered here, the unit cell comprises thin load bearing struts, with islands of mass at the vertices, Figure
1b. The periodic structure is shown in Figure lc, both in the original isotropic state on the left, and
after transformation to the locally orthotropic structure on the right. The effective elasticity of the
macroscopic foam can be calculated asymptotically to leading order in the thickness/length small pa-
rameter ¢ as
1 0 R 2.20 2.10 0
C=le, ey enl=cl1 L 0| a=—1t99 1519 220 o |- (D
a (h+1sin@)sin @
Cls Crs Cos 0 0 O) 0 0 0.016

By way of comparison, water (or any compressible liquid) is described by stiffness matrix with a =1,
ce6 = 0. The matrix of numbers in equation (1) shows the FEM derived effective moduli (in GPa) for
the isotropic MW. Note the small value of c¢ss. Numeric results above were obtained using the AN-
SYS FEM package with MATLAB for data manipulation, utilizing the homogenization theory out-
lined in'”. Numerical experiments show that this value of shear modulus produces very small mode
coupling and hence scattering of acoustic waves. The parameter a introduces the necessary anisot-
ropy, which is determined by the unit cell parameters 8 and / / & via equation (1). The connection
with the cloaking transformation is that it defines C, and a (and the density) as functions of . The
microstructure is thus directly related to the coordinate mapping.

Cii G G @
1

The presentation will develop these ideas through specific examples of cloak designs. Simulations of
acoustic wave scattering will be shown that demonstrate the effectiveness of MW as a candidate
metamaterial for not only 2D but 3 dimensional cloaking structures. Results from experiments that
are anticipated will be reported if available.

References

" A. N. Norris, Proc. R. Soc.A, 464, 2411-2434 (2008).

2S. A. Cummer and D. Schurig, New J. Phys. 9, 1367-2630 (2007).

3 H. Chen and C. T. Chan, Appl. Phys. Lett. 91, 131518 (2007).

4 M. Schoenberg and P. N. Sen, J. Acoust. Soc.Am. 73, 61-67 (1983).

> D. Torrent and J. Sanchez-Dehesa New J. Phys. 10, 023004 (2008).

 A. N. Norris and A. J. Nagy, J. Acoust. Soc. Am. 128, 1606-1616 (2010).

" G. W. Milton and A. V. Cherkaev, J. Eng. Mater. Technol. 117, 483-493 (1995).
8 A. N. Norris, J. Acoust. Soc. Am. 125, 839-49 (2009).

 G. W. Milton, M. Briane and J. R. Willis, New J. Phys. 8, 248-267 (2006).
M. Brun, S. Guenneau and B. Movchan, Appl. Phys. Lett. 94, 061903 (2009).
"' A. N. Norris, Wave Motion (accepted) (2011).

12 B. Hassani, E. Hinton, Computers & Structures. 69, 719-738 (1998).

113



Track 2: Phononic Metamaterials Phononics 2011

Phononics 2011: First International Conference on Phononic Crystals, Metamaterials and Optomechanics

Santa Fe, New Mexico, USA, May 29-June 2, 2011
PHONONICS-2011-0063

Elastic Waves Propagation in a Locally Resonant Phonon-
ic Stubbed Plates
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Abstract: We report in this study on the phonon transport in a locally resonant (LR) phononic
stubbed plate. First, we will discuss the opening of LR band gap (BG) as function as the na-
ture of the stubs and geometrical parameters to figure out the evolution of the BG. Second, we
will discuss the waveguiding in such structures based on the calculation of the band structures
and the transmission coefficient.

The propagation of an elastic wave in periodic composite material, called phononic crystal
(PC), has received much attention over the past decade. The main mechanisms responsible for the
opening of acoustic band gap (BG) are based on the Bragg scattering and local resonance (LR) which
can be occurs almost two orders lower than the usual Bragg gap in the frequency region. Since the
pioneer work of Liu et al ! most works dealt with the bulk waves. In this communication, we will pre-
sent the acoustic property of a novel PC structure constructed by periodically depositing a single-layer
or two-layer stubs on the surface of thin homogenous plate.

A locally resonant stubbed plate was studied using the finite element (FE) method. We have
developed a numerical model capable to cope with a structure having a large elastic constant mis-
match. Two structures were investigated: i. simple periodic silicone rubber stubs on epoxy homoge-
nous plate; ii. composite stubs (Pb/silicone rubber) on epoxy plate. The BG and dispersion relation of
LR structure were analysed as function of the filling fraction and the thickness of the stubs. The
waveguiding of Lamb waves in such structure was also studied using FE method combined to super-
cell technique.

Numerical results showed that extremely low frequency BG of Lamb waves can be opened by

the local resonance mechanism (an example is given in fig. 1.a). We found that the width of such a
BG depends strongly on the thickness and the area of the cross section of the stubs. The physics be-
hind the opening of the LRBG in our phononic structures can be understood by a simple "spring-
mass" model.
The concept of the proposed structure is simple and easy to perform. The displacement field of the
oscillating modes was analyzed to explain how the coupling of the modes induced the opening of the
BG. The basis explanation is related to the coupling between the Lamb waves and the localized modes
in the stubs (fig. 1.b) when both kinds of modes have the same symmetry and polarization.

Concerning the waveguiding of Lamb modes in the LRPC, we have obtained a very original
property compared to the waveguiding in the traditional PC. Indeed, the possibility of guiding only
one mode in the waveguide, which is very useful and suitable for filtering and demultiplixing applica-
tions, was pointed out.

7. Liu, X. Zhang, Y. Mao, Y. Y. Zhu, Z. Yang, C. T. Chan, and P. Sheng, Science 289, 1734 (2000)
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Figure 1. a. Band structures of the plate with the simple stub (only one rubber layer). b. The displacement distribution of the

modes labeled as (a), (b), (c) and (d) in Fig. 1.a
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Phononic Metamaterials for Transformation Acoustics
Applications

Steven A. Cummer'

! Department of Electrical and Computer Engineering, Duke University, PO Box 90291, Durham, NC 27708,
USA, cummer@ee.duke.edu

Abstract: We review the detailed development and derivation of the concept of transforma-
tion acoustics and demonstrate several approaches for engineering materials with the acoustic
properties needed to realize transformation acoustics devices.

Transformation acoustics' * is a paradigm for the creation of sound-manipulating materials and de-
vices that are either difficult or impossible to derive through other theoretical approaches. It is based
on the idea of a coordinate transformation of an arbitrary initial sound field. If the device you imagine
can be defined in terms of a coordinate transformation, by squeezing, stretching, and/or displacing the
sound field in a finite region, then transformation acoustics provides the mathematics for taking this
coordinate transformation and deriving the properties of a material in that same finite region that will
have exactly the same effect on the sound field as the coordinate transformation. The technique is
very general and can be used to create many different kinds of devices, the most remarkable of which
is perhaps the so called “cloak of silence”, in which a coating surrounds an objects in order to reduce
or eliminate the acoustic scattering from the composite object.'

Figure 1 shows simulated acoustic wave interaction with and scattering from a rigid cylinder and from
a composite object made of the same rigid cylinder surrounded by an anisotropic and inhomogeneous
cloaking shell with properties derived through transformation acoustics'. With the shell surrounding
the cylinder, the net scattering is essentially zero.

i@ SOLU I |
i s.o:::,,,,, AN

Figure 1 Left: A snapshot of simulated pressure field from an acoustic beam interacting with a rigid scatterer. Right: The
same pressure field but one in which the rigid scatterer is surrounded by a shell with material properties defined by transfor-
mation acoustics theory. COMSOL Multiphysics was used for the simulations.

Transformation acoustics theory has lead to renewed interest in obtaining a new class of acoustic
composites, also known as metamaterials, capable to achieve the large range of material parameters
needed by these applications. Metamaterials are typically obtained from periodic arrangements of
highly subwavelength unit cells composed of different types of basic materials. For example, alternat-
ing layers of very thin materials™®, arrays of perforated thin plates’, and also arrays of inclusions em-
bedded in a background fluid®’ have been shown to approximate the inhomogeneous and anisotropic
profiles required in cloaking or hyperlens designs. Experimental work has just shown that arrays of
rotatic())nally asymmetric inclusions create effective mass anisotropy in close agreement with simula-
tions
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Most metamaterials reported so far are designed through analytical methods and thus are applicable to
a relatively small pool of unit cell geometries that can be handled by these analytical techniques. Nu-
merical techniques'"”’, on the other hand, expand the range of available unit cell geometries and, con-
sequently, the range of obtainable material parameters. In this presentation we illustrate this point in
two applications.

The first application involves the design of a compact and broadband acoustic ground cloak in air, i.e.
a cloak capable of hiding objects positioned on rigid flat surfaces. The good performance of the cloak
is assessed experimentally by measuring the acoustic field around the cloak and comparing this field
with the target field measured in the absence of the cloak. Furthermore, comparisons of these meas-
urements with simulations of the theoretical device having the target ideal material parameters show
the effectiveness of the employed numerical method to design metamaterials with prescribed material
properties.

The second application illustrates the extended range of material parameters available in metamateri-
als obtained through numerical methods. We design and measure a flat graded-index lens similar to
that described by Torrent and Sanchez-Dehesa'>. We show how our design technique allows us to bet-
ter match the lens impedance to that of the surrounding environment, and in the same time achieve
higher contrast between the refractive index of different parts of the device, thus resulting in a thinner
lens for a given focal length. As before, measurements of the acoustic fields around the lens agree
very well with theoretical predictions, further validating our design method.
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Phononic Transport in Structural Networks with Internal
Resonances and Dissipation
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Abstract: The transport of mechanical energy can be controlled with phononic crystals and
acoustic meta-materials. The latter can designed to control wave fields with wavelengths
much larger than the meta-material's inner structure. This presentation proposes the employ-
ment of structural lattices and dissipation to improve the performance of meta-materials.

Phononic crystals (PCs) and acoustic meta-materials (AMs) are composed of periodic, multiple-phase
domains, one of which is usually a solid. These systems are designed to control the propagation of
elastic or acoustic waves'”. The periodic modulation of material phases results in acoustic impedance
mismatch, which in turn produces an effective medium with stop' and pass bands. These are frequen-
cy regions where wave propagation is allowed and forbidden respectively. Each of these regimes in-
duces a response that can be exploited to control acoustic fields.

Band gaps encourage the employment of PCs and AMs for sound attenuation®; disorder and nonlinear-
ity produce wave modes that allow energy propagation even within band gaps*’. Nonlinearity can
also be exploited to shift wave frequencies into a band gap to obtain acoustic rectifiers or acoustic di-
odes®. Pass bands also provide significant acoustic-field control and can be engineered to yield nega-
tive refraction’, which has been used in the past to focus sound®. Such disparate response characteris-
tics all arise as a result of nonlinear dispersion.

The geometric and material properties of each phase determine the frequency response of PCs. Phe-
nomena like band gaps and negative refraction occur subsequently at fixed frequencies, which depend
upon the design of the crystal. The fixed operational range of PCs restricts their deployment in practi-
cal applications. Accordingly, tunable PCs that can be controlled by external fields have been pro-
posed. Some noteworthy examples include: temperature-sensitive’, magneto-sensitive'®, and electric-
sensitive electrorheological materials'®. Strain-induced geometric transformations of voids in elasto-
meric domains permit the suppression of certain band gaps and the promotion of new ones'".

AMs are capable of all these unusual characteristics, but are not restricted to having a lattice constant
of the order of the acoustic wavelength®. In essence, this allows one to dramatically shrink meta-
materials and structures designed to control acoustic fields. In the case of AMs, nonlinear dispersion
is attributed to internal resonances’. AMs based on split-ring'? and Helmholtz'"* resonators have been
devised to obtain negative refraction and negative phase velocity'> as well as negative group veloci-
ty'>.  While these simple AMs are designed with a lattice constant much larger than the acoustic
wavelength, they have a fixed operational regime as they only have a single characteristic internal
degree of freedom. Structural lattices (SLs) can be made to be periodic and their internal members can
be designed to respond at desired frequencies'®. Given the continuous nature of internal beam or plate-
like members, the operational frequency range of SLs is virtually infinite. The same rich dynamic be-
havior may even preclude the need for external tuning to match any specific frequency regime.

SLs have been shown to induce band gaps'*"’ and a highly anisotropic response, dependent on fre-

quency, even if the underlying structural network is statically isotropic'®. The strong dynamic anisot-
ropy, in turn, produces caustics in the wave field. This phenomenon allows the channeling of mechan-
ical energy in preferential directions which depends on the SLs underlying symmetries.

Simple arrangements of SLs have been shown to induce limited band gaps'® but little effort has been
invested to study the repercussions of complexity in SLs. A structural network known as the chiral
honeycomb'® has been shown'* to have a very complex dynamic behavior, apparent in the band struc-
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ture illustrated in Fig. 1. Significant band gaps are present even at low frequencies. Their appearance
at different frequency regimes derives from the complexity of the medium, which is composed of
rings connected by slender ligaments. Within the first 10 wavemodes, the first band gap results from
dispersion induced by ligament resonance (indicated by dashed red lines in Figure 1) while a second,
larger gap coincides with the resonance of rings (indicated by dashed blue lines in Figure 1), which
can also yield negative group velocity.
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Figure 1 Band structure for a plane chiral lattice with coin-  Figure 2 Dispersion relation for a 1D acoustic meta-material
ciding longitudinal and shear-wave velocities. Red lines with a single characteristic internal resonance with damping.
indicate resonance of beam-like members while blue lines Absence of dissipation leads to localized wavemodes while
indicate resonance of rings. its presence induces negative and supersonic group velocity.

The presence of dissipation (indicated by ¢ in Figure 2) in AMs can induce negative as well as super-
sonic group velocities. As a result, the unexplored effect of dissipation is a promising research ave-
nue. A lack of dissipation, or its neglect in mathematical models, leads to a system’s response with a
marked, albeit very narrow, band gap at a frequency corresponding to resonance conditions of the
characteristic internal degrees of freedom (indicated by dashed red lines in Figure 2). At this frequen-
cy, the group velocity ¢, is undefined and strong localization occurs. The phase of internal resonators
is responsible for negative group velocity'’. A simple analogy with a linear oscillator leads to the
conclusion that dissipation alters the oscillator’s phase and by extension the group velocity in AMs. A
simple model shows that weak dissipation up to a critical value induces ¢, < 0. As this critical value
is breached, supersonic velocity can be obtained as the local slope of the dispersion relation becomes
positive (Figure 2).
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Abstract: The purpose of the present numerical study is to elucidate the change of
characteristics, of bulk and surface acoustic waves propagating, on the free surface of
the half-infinite system when we introduce two-dimensional (2D) periodic elastic
implantation.

Introduction

The propagation of elastic/acoustic waves phononic crystal (PC) has received much attentions in the
last twenty years. The existence of full band gaps, which have been demonstrated by a lot of
theoretical’ and experimental’ works, should have many potential applications. In the previous
studies, most of works are concentrated on the bulk waves propagation, only few papers are devote to
the surface wave propagating on the surface of the half-infinite system* or Lamb waves® propagating
in finite-thickness plate. In fact, surface acoustic wave and Lamb wave device are widely used as
detectors and sensors in practice. So it is worthwhile to give more studies on this subject. Several
numerical analytical methods, such as plane-wave-expansion method (PWE), the multi-scattering
theory(MST), and the finite different time-domain method (FDTD), have been developed to
investigate the physical properties of the phononic crystal material.

In the present study PWE procedure is used to obtain the general wave solution in the infinite system
firstly, and then the stress-free boundary condition on the surface is used, which lead to a stress-free-
boundary-condition determinant. For such determinant, a root searching procedure is usually required
to find its zeroes. The shortcoming of the numerical root searching procedure is that the desirable
roots usually cannot be selected out easily when the order of the determinant is relatively large

Plane-wave expansion method
In the composite material, in absence of external force, the equations of motions are:

82ui(r,t) 0 any (r,t)
& Lo )5 1 (M

p(r)
where u(r,t)=u(r)e®? is the position and harmonic time dependent displacement vector of components
u; (i=1,2,3) in the Cartesian coordinate system (Ox;xox; ). If we limit the wave propagation to the
(x10x,) transverse plane, a 2D Bloch wave vector k, (k,;k,,0) is considered. The Bloch theorem is
used for the displacement vector u(r) = Y. U,Soei(“ko)r. Where G=(G,,G,) is a reciprocal-lattice
vector. The physical characteristics (ciu, p) in the composite system denoted «a in a general way are
developed in 2D Fourier series in the reciprocal space a(r) = a4 in the cylinder A and a(r) = ag in
the matrix B then a(r) = Y; a;e'". Then equation (1) can be separated into the following three

equations:
2 E G-G' (kO+G') _ 2 Z G-G' . (kO+GV) .
® G'R U; T STk Ciu (ko TG) (kg +G"), Uy (i=12,3)

@)

In order to obtain the surface wave solution a wave vector k (k,, k», 1) is considered then the problem
is reduced to a generalized eigenvalue equation with respect to 12, which determines the spatial
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variation of the wave with the distance z from the surface. If we truncate the expansions of

equation(2) by choosing n reciprocal lattice vectors, and we put u(r) = Yz Age%e'(G+ko)™ we have

(’1266,61 — Q6,646 =0 3)
where Qg - is a 3nx3n matrix. Equation (3) gives 3n eigenvalue A?, then we put AL = X,&t; € is a unit
polarization vector.

We search the surface wave solutions for which the lattice displacement may decay exponentially into

the medium (z >0). Hence, all 4; s must have positive imaginary part. The surface wave should satisfy
the stress-free boundary conditions at the surface z=0:

CizmnOnUmlz=0 = 0 (i=1,2,3) 4)
They lead to 3n homogeneous linear equations for the relative weights X; of 3n wave amplitudes.

Numerical examples
An example of the numerical calculation, for the propagation of bulk acoustic waves, we consider
epoxy (elastically isotropic) is assumed for the background material(B) and two kinds of 2D lattices

. . e e s . . . A
with the cylinders(A) filled with (i) Si, (ii) Cu. A big difference between mass density quotients (%
drags a change in acoustic stop bands extension (Figure 1).
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Figure 1 Dispersion relations of bulk acoustic waves in tow-dimensional square lattice consisting of (i) Si, (ii) Cu in a
epoxy substrate(vI'm= is the transverse sound velocity in epoxy, and a is the lattice spacing)

n=9, £=0.567, 25— 197,29 _ 7568,
p(epo) p(epo)

Other examples are treated and significant plots relative to stress and displacement
distributions are achieved to recognised diverse bulk and surface wave mode.
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Abstract: To meet the demand of underwater acoustic absorbing material for wide band
strong acoustic absorption, we introduced network structure into locally resonant phononic
crystal and fabricated a new kind of metal-polymer composites. Experimental and theoretical
results showed that excellent underwater acoustic absorption capability and strong mechanical
strength could be obtained simultaneously.

Excellent underwater acoustic absorbing materials are urgently needed for their important applications
in both military and commercial uses, such as sonar evasion by stealthy coating, underwater acoustic
communication system'”. In the past decade, locally resonant phononic crystal (LRPC) has inspired
great interest because it can exhibit an obvious phononic band-gap in the acoustic spectrum with crys-
tal lattice constants two orders of magnitude smaller than the relevant sonic wavelength®”’. Recent
theoretical calculation has indicated that the maximum viscoelastic energy dissipation is generated at
locally resonant frequency when considering viscoelastic deformation in LRPC*'°. It means that the
LRPC can also be employed to expand the content of acoustic absorbing materials study. However,
contrary to the aim of producing a strong absorption just at ertain narrow frequency in LRPC, acoustic
absorbing material is usually need to be designed to have a strong absorbance in a wide range of fre-
quencies. To solve this conflict, some anomalous structures need to be introduced into LRPC. It
should be noticed that composite materials with interpenetrating network structures are usually found
to exhibit unexpected merit due to the cooperative interaction among their component materials, such
as bones and muscle in mammals and the trunks and limbs in plants''. We introduced interpenetrating
network structure into LRPC unit, developed a modern underwater acoustic absorbing material'>"?.

The most striking difference between the LRPC and the new material is different resonant unit struc-
tures. Resonant units in the LRPC have the same size and distribute discretely in the polymer matrix.
Those resonant units in the new material have different sizes and physically connected by the porous
metal and the filled polymers. It is reasonable to deduce that a broad size distribution and multiple
morphologies of resonant units are helpful for the realization of the wide band acoustic absorption. In
this paper, we report the strong underwater acoustic absorption of a new composite material'>'">. The
study is focused on the sound attenuation mechanism in this new material. It should be noticed that
these resonant units and interpenetrating network structure are different from the traditional structure
of anechoic materials.

Hard P
Soft PU

Aduminwm foam

Figure 1 Optical and SEM images of a typical sample.

Figure 1 shows the interpenetrating network structure and hard-soft-hard multilayer morphology in
the new material. The interpenetrating network structure is constructed in relatively large scale of
millimeter-sized building blocks in the new material to work effectively for sound wave absorption.

Figure 2 illustrates the changes of underwater sound absorption coefficients for the new material and
other materials as a function of frequency. Fig. 3 exhibits the engineering stress-engineering strain
curves of the new material and its component materials. The comparison of underwater acoustic
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tal result between the new material and its sepa-
rate components shows that the new material pos-
sesses both better sound absorption property and
higher mechanical strength than its components.
Figure 2 is that strong underwater acoustic ab-
sorbance with the absorbing coefficient over 0.9
can be achieved in a wide frequency range for the
new material, while sound absorbing coefficients
for any component materials have the values not
higher than 0.9. The underwater acoustic absorp-
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than that of traditional acoustic absorbing materi-
als from the measured spectrum. The strong

Figure 2 Underwater absorption coefficients for different acoustic absorption characteristic of the new ma-

materials.

terial is not originated from its component or sim-
ple linear superposition of the component materi-

als. It is reasonable to deduce that the combination of LRPC structure units and cooperative effect
from the interpenetrating network plays an important role in achieving strong wide band acoustic ab-

sorbing material.
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Figure 3 Compressive stress-strain curves of the new mate-

rial and its component materials.
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Transformation Acoustics Media with
Periodically Layered Structures

Zixian Liang, Jensen Li

Department of Physics and Materials Science, City University of Hong Kong, Tat Chee Avenue, Kowloon Tong,
Hong Kong
Jjensen.li@cityu.edu.hk

Abstract: Periodically layered structures have been used to construct acoustic superlenses and
hyperlenses as precursors for transformation acoustics. With the transformation approach, we can
now investigate the bandwidth and relationship between an acoustic hyperlens and superlens and
construct transformation media through bending periodically layered structures.

By drawing analogies between electromagnetic and acoustic waves, many recent developments in acous-
tic metamaterials and transformation acoustics have their roots in the corresponding electromagnetic

Here, we discuss the usage of periodically
layered materials with the transformation ap- y
proach. Such a scheme has the advantage that ”

L

[ = e S

s

-
fm -

waves theory. For example, an acoustic cylindrical cloak and an electromagnetic cylindrical cloak share
metamaterials with negative refractive indices, quite different strategies for making the acoustic metama-
terials are actually needed due to the different materials properties in the two contexts.

acoustic anisotropy can be generated easily ..Eh

well controlled manner. For an acoustic hy- =7

perlens, solid plates are stacked in the angular =

direction to form a cylindrical shell, Figure

solid plates are stacked along the horizontal

direction *”. By using the transformation ap- :

proach, we are then able to investigate the

- ~ @) (b)

method. Figure 1 shows the coordinate map- . g .

ping which transforms the hyperlens with Flgu;'e 1 "l:jransformlrig (e}ll) thelcyhnt;llrlcallilyperle'ns into (b) t}:;
angularly stacked brass plates into its rectan- transformed rectangular hyperlens through mapping x = R,
formed rectangular hyperlens still has periodic stacking along the horizontal direction but the material
parameters now change along the y-coordinate as well. In fact, the transformed rectangular hyperlens be-
comes a 2D superlens if we drop the y-dependence of the materials parameter by just employing the ma-
formed hyperlens and it is shown in Figure 2. The two “light” lines (white dashed lines) now represent the
one for air (k, = @/ c,,, , with higher slope) and the one at the exit of the lens k, =R, / R, (®@/c,;,) . The
large transfer amplitudes between the two light lines indicate the hyperlens transports the near field in-
there are several bands beyond the second light line, indicating the guiding modes circulating around the
hyperlens. While the superlens relies on these guiding modes at Fabry-Perot resoannces to transport the
near-field information for deep subwavelength resolution, the hyperlens have these guiding modes at the

the same coordinate transform in arriving their designs "*. However, similar to the situation in making
and the anisotropy guides sound energy in a
1(a), while for an acoustic superlens, planar | yr | *

y=R,
acoustic hyperlens using the transfer matrix :
gular (Cartesian) equivalence. The trans- andy = r’. R; =2.7cm, and R, = 21.8cm are set for calculations.
terial parameters at the bottom boundary. Now, we can calculate the transfer function across the trans-
formation efficiently and also converts them into far field at the exit of the hyperlens. At the same time,
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few particular frequencies indeed stay in near fields after exit of lens and they will quickly decay instead
of propagating. The transfer function calculation thus shows the working principle of both hyperlens and
superlens and explains how the hyperlens can work in broad frequency bandwidth with sub-wavelength
resolution.

Apart from guiding the sound waves along a fixed di-

rection of fluid perforation using the periodically lay- )
ered material, the same periodic material, after a simple &
geometrical transformation, can be used to construct 6500 45
transformation acoustical devices. In particular, we
bend the metamaterial using a certain mathematical
function. The resultant curved metamaterial can be
used to construct transformation acoustical devices by
cutting the metamaterial into particular shapes. As an
example, we demonstrate a design of acoustic carpet
cloak using the mentioned strategy. We bend planar | e
solid brass plates which are periodically stacked verti- 00 02 04 08 08 1D
cally within water using a squared cosine function. k_ (n/a)

Now, all the brass plates are having the same shape of Figure 2 Transfer amplitude (in logl0 scale) of
squared cosine function and the material is still periodic the hyperlens against different tangential wave

in the vertical direction. The material is then cut into a "umoer- The wave number is normalized to 7/a

R . where a is the periodicity of the hyperlens at inner
shape of the carpet cloak which is shown as thin black poundary.

lines for the curved brass plates in Figure 3. The carpet

cloak is working in a background fluid of water and the background fluid can percolate freely between the
curved brass plates. Now, instead of guiding the sound waves only along the fluid perforations, the peri-
odically layered structure can guide the sound energy in a
two dimensional manner so that the carpet cloak cancels
the scattering of the curved bump below the cloak if it is
situated on a hard surface. We have simulated a particular
situation where a Gausian beam is impinging on the cloak
at approximately 60 degrees. Although there is a small im-
pedance mismatch between the cloak and the background
water to have a little spurious reflection at the microstruc-
tured cloak boundary, the scattering of the bump is largely
Figure 3 Curved periodically layered metamaterials reduced and there is a reflected beam at the same angle as

employing brass plates and background water to guide if it ig just a flat hard surface.
sound waves in water as a carpet cloak

D00 -

y (Hz)

— o0

ENc

qu

5000 4=
= 0,75

Fre

45004

Therefore, we have investigated how to use periodically
layered structure to generate anisotropy and such anisotropy can be well designed and explained with the
transformation approach to guide sound waves, either at a single direction for subwavelength imaging or
in a two dimensional manner for transformation acoustical devices.
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Impedance Matching for Aqueous Inertial Metafluid De-
vices
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Washington, DC 20375

Abstract: Several interesting metafluid devices have been investigated for use at frequencies
in the low tens of kilohertz, including gradient index lenses, directional antennas and tuneable
scattering elements. For 3D or orthotropic devices whose operating frequencies are less than a
few 10°‘s of kHz additional and significant practical issues can arise for inertial metafluids:
dynamic impedance matching, mass and volume.

The application of transformational optics to acoustic metamaterials offers promising new acoustic
devices, ranging from tunable sound blocking with superior efficiency, to acoustical diodes. Metama-
terial designs typically require high anisotropy in either mass density or elastic moduli (or both),
which can be achieved through inertial variation of material properties or by using resonant scatterers,
though the latter is usually only functional within a narrow bandwidth. Many inertial approaches ob-
tain this anisotropy through the use of rigid scat- - _ _
terers and boundaries, which are easily achievable Unit Cell
in air. However, high relative mass densities are
restricted to about an order of magnitude in aqueous
environments, resulting in poorly approximated
rigidity. Similarly, few options exist for scatter-

ing constituents with high bulk modulus/low

mass density (both relative to water), as in Fig-

ure 1. Nevertheless, we have investigated sev-

Ideal
Material A

Ideal
Material B
Properties

—
o

Sound Speed

etamaterial B

eral interesting devices that are functional ip wa-  10” } metamaterial A " ,2;// : 7 P&lT :?gb
ter at frequencies of around a few tens of kilohertz, 2:11 =or 7 ez
including gradient index lenses, directional antennas Pa2=0.001, ' Caz=50
1-3 Caz= 200
and resonance-based vector sensors. - : n - .
107 107 10° 10 10

. . Density .
One can design and implement a gradient index Figure 1 Sample design seeking optimal Pendry parameters

1 f 1 ithout i d tchi using a “diatomic” lattice of cylindrical scattering elements.
ens, for exampie, without impedance matCiing  rpe fjjeq regions represent effective parameters achievable

at the front interface by relying on internal sub-  ysing already extreme material parameters 2 orders of magni-
wavelength scattering from high impedance con- tude larger than the background — they fail to cover the neces-

trast elements."* This has the unfortunate effect sary phase space.
of seriously degrading the ultimate perfor-
mance of the device by reflecting much of
the incident signal back away from the de-
vice. To address this shortcoming, we have
investigated a new class of phononic crystal
consisting of an interleaved set of two dis-
tinct types of scattering centers: One with a
mass and bulk modulus much higher than
the surrounding medium, the other lower.
Through a judicious choice of media and
size, a perfect impedance matching can be
made at the front interface that has the net
effect of substantially increasing the device
efficiency.

. T Figure 2 Design of sample apparatus and placement in NRLs
We explore metamaterial applications where Salt Water Tank Facility at the midway point in the tank. The

device functionality can be obtained without 10cm acoustic transducer used to ensonify the phononic crystal
is seen as the white sphere to the right of the apparatus.
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extreme material parameters, such as with directional antennas.”> We also investigate devices with
tunable impedance matching; our initial design consists of cylindrical scatterers each consisting of a
stainless steel tube wrapped with a single layer of copper wire (i.e., a solenoid) with a standard mag-
neto-rheological fluid consisting of Fe micro-particles suspended in a mineral oil base. Using the
“magic number” results of Torrent, ef al.* to achieve effective parameters of an equivalently larger
cylinder of equal circumference, seven of these tubes were then arranged in a hexagonal unit cell, as
seen in Figure 2.
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Locally resonant structures for low frequency surface
acoustic band gaps
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Abstract: We present in this paper a theoretically and experimentally study of the
propagation of surface acoustic waves in a two-dimensional array of cylindrical pil-
lars on the surface of a semi-infinite substrate. Low-frequency, markedly lower than
those expected from the Bragg mechanism, band gaps were demonstrated.

We investigate theoretically and experimentally the propagation of acoustic waves in a two-
dimensional array of cylindrical pillars on the surface of a semi-infinite substrate.

Through the computation of the band structure of the periodic array and of the transmission of waves
through a finite length array, we show that the phononic structure can support a number of surface
propagating modes in the non-radiative region of the substrate, or sound cone, as limited by the slow-
est bulk acoustic wave. The modal shape and the polarization of these guided modes are more com-
plex than those of classical surface waves propagating on a homogeneous surface. Significantly, an
in-plane polarized wave and a transverse wave with sagittal polarization appear that are not supported
by the free surface (ref:1).

In the band structure, guided modes define band gaps that appear
at frequencies markedly lower than those expected from the
2a0 Bragg mechanism. We identify them as originating from local
- —— resonances of the individual cylindrical pillars and show their
dependence with the geometrical parameters, in particular with
the height of the pillars. The frequency positions of these band
e gaps are invariant with the symmetry and thereby the period of
700 o0 the lattices, which is unexpected in band gap based on Bragg
300l LL] mechanism.
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The role of the period remains important for defining the non-
- o~ radiative region limited by the slowest bulk modes and influen-
cing the existence of new surface mode of the structures. The
band gap transmission of surface acoustic waves across a finite array of
&% pillars shows the signature of the locally resonant band gaps for
L surface modes and their dependence with the symmetry of the
ol L ! 4 source and its polarization. Numerical simulations are based on
e the efficient finite element method and considering pillars on a
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1900 Figure 1: Band structure of a phononic crystal composed of cylindrical silicon
© pillars on a silicon substrate, calculated along high symmetry directions of the
—— first irreducible Brillouin zone for: (a) square; (b) triangular; (¢) honeycomb.
1100 The lattice parameter is $a$ for triangular and square lattice and $\sqrt(3) a)$
band aap
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for the honeycomb lattice. The radius is $r/a=0.32$ and the relative height of the cylinders $h/a$ equals 0.6. The gray region
represents the sound cone of the substrate. The sound line limiting the sound cone is given by the smallest phase velocity in
the substrate for every propagation direction.
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Applications of Metafluids based on Phononic Crystals
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' Wave Phenomena Group, Universidad Polité cnica de Valencia, Valencia, Spain.

jsdehesa@upvne t.upv.es

Abstract: Acoustic metamaterials or metafluids based on the homogenization of periodic dis-
tributions of sound scatterers (phononic crystals) are reviewed. It will be shown that periodi-
cally microstructured solids effectively behave like fluidlike materials with dynamical mass
anisotropy. Also, it will be shown that the acoustic refractive index can be locally tailored in
order to get molding of the sound waves. Applications of these types of metafluids as acoustic
cloaks, gradient index refractive lenses, perfect absorbers and radial sonic crystal will be re-

ported.

It was demonstrated that a periodic distribution of solids rods in air behaves in the homogenization
limit like effective fluids in which the dynamical mass density follows a simple analytical expression

mainly dependent of the lattice filling ratio [1, 2].

It was shown later that mixing solids of different

material in the lattice increases the tailoring possibilities of the mass density and that the acoustic re-
fractive index can be locally adjusted to design, for example, gradient index sonic lenses [3]. Moreo-

10 15
* [=m]

Figure 1: Upper Panel: Picture of a GRIN lens.
Lower Panel: Sound amplification obtained.

ver, for the case of non-isotropic distribution of
scatterers (i.e., for lattices other than the square or
hexagonal) the sound propagation inside the ho-
mogeneous structure depends on the direction and
the effective mass density becomes a tensor [4], a
non-exiting property in fluids or gases found in
nature. So, these micro structured solids define a
class of acoustic metamaterials or metafluids
whose acoustic parameters, mass density and bulk
modulus, are both positive and can be easily ob-
tained by using effective medium theories (homo-
genization). Metafluids with anisotropic mass
density are the ingredients that might be possible
acoustic cloaks [5, 6] or radial wave crystals [7,
8].
Gradient index (GRIN) sonic lenses have been
fabricated by using the tailoring possibilities of
metafluids described above and their focusing
performance has been demonstrated for airborne
sound [9] and underwater [10]. Figure 1 shows a
photograph of GRIN lens together with the sound
amplification obtained. A sound amplification of
two was obtained by this lens in which the build-
ing units are aluminum rods. It has been demon-
strated that the position of the focal spot, x; fol-
lows the analytical formula obtained from ray
theory:

oy =d

o) \/1 — (W) () - 1]
J(d) w2 (5(d)
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GRIN lenses with larger sound amplification can be achieved by using scattering units having a mis-
match of impedance with the background substantially reduced. An approach to achieve this goal will
be here introduced.

The feasibility of tailoring the index gradient can be also employed to design perfect absorbers in
which the sound energy impinging to some area is guided to a region where its energy is totally dissi-
pated.

Finally, it will be reported how the homogenization theory is applied to obtain the effective parame-
ters of metafluids embedded in viscous media. The viscosity produces two main contributions to the
resulting metafluids. Firstly, the homogenization condition is achieved for larger wavelengths. An
secondly, the waves propagating inside the metafluid have longitudinal and transversal components
that basically depends on the lattice filling ratio. As an example, figure 2 represents a case studied by
our effective medium theory.

a0
Ty (b)
10 o . 1 / ol
2o : ; 2o t!u\ i)
10 - ‘ Al \ ‘
-0 "m-m -1o 10 ')

T T L)
-2 =10 L 10 H x'a
Figure 2. (a) Pressure map (amplitude) representing the scattering of a sound wave impinging a clus-
ter of rigid cylinder embedded in glycerin. (b) The corresponding map obtained for a cylinder made
of a metafluid whose parameters are obtained by a homogenization theory that takes into account the
viscosity of glycerin.
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Perforated acoustic metamaterials

Johan Christensen and F.J. Garcia de Abajo
Instituto de Optica - CSIC Serrano 121, 28006 Madrid, Spain
Johan.christensen@gmail.com

The discovery of the phenomenon of extraordinary optical transmission (EOT) through subwave-
length holes by Ebbesen and co-workers has become a milestone theme within the field of nanopho-
tonics and has sparked considerable fundamental but also technological interests [1]. Alongside the
discovery of EOT, metamaterials for EM radiation have also become a topic of intense research that
has lead to negative refraction, perfect lenses and perfect absorbers [2].

Acoustic metamaterials on the other hand have been introduced in 2000 by locally resonating spheres
[3] and has since then given rise to a vast amount of innovative metamaterial structures, e.g., see [4].
In this presentation we focus on perforated plates, which is governing the study of enhanced acoustic
transmission through subwavelength apertures [5] and in addition supports metamaterial typical phe-
nomena like perfect imaging [6], negative refraction [7] such as full attenuation of sound [8]. We will
discuss both theoretical and experimental results related to these items, e.g., such as the possibility of
sub-diffraction-limited imaging by means of a slow fluid slab as shown in Fig. 1, [6].

Source
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x/h

Fig. 1
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Abstract: We investigate theoretically the phononic band structure in a 2D array of cylindri-

cal pillars on the surface of a slab.

Simulations are based on the finite element method (FEM)

using tungsten pillars on silicon as the structure of interest. We show that the phononic struc-
ture supports band gaps and study the behavior of band structure with respect to lattice sym-

metry and geometrical parameters.

During the past decade, synthetic periodic acoustic structures (i.e., phononic crystals) have attracted
significant attention as they enable designers to control the elastic properties of the material. Specific
focus of researchers in this field has been on the search for phononic crystal structures that support
phononic band gaps (PnBGs). In particular, it has been shown that a honeycomb array of circular

holes in a silicon (Si) slab can support

sizable PnBGs'. However, this requires relatively large aspect

ratios that make their fabrication challenging for high frequencies. Recently, 2D structures consisting
of an array of cylindrical pillars on a plate have been introduced that display large PnBGs with more

relaxed fabrication requirements™”.

In this paper we investigate different
phononic crystal structures composed
of 2D array of tungsten (W) pillars on
a silicon plate with different lattice
structures, namely, triangular and hon-
eycomb lattices. We show that triangu-
lar lattice structures support multiple
wider PnBGs for a wide range of geo-
metrical parameters compared to
square lattice structures. On the other
hand, honeycomb array of pillars do
not support any wide PnBGs with
similar dimensions.

Figure la shows the band diagram for
a sample design of a honeycomb array
of holes in Si. The existence of a wide
band gap is evident from Fig. la. On
the other hand, as shown in Fig. 1b, a
triangular array of holes with similar
dimensions does not support PnBG.
On the contrary, Figs. 1c¢ and 1d show
that a honeycomb array of W pillars on
Si does not support any significant
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Figure 1 Band diagrams of (a,b) a honeycomb and a triangular array of
holes in Si, respectively, with #/a = 0.4, d/a = 0.87; band diagrams of
(c,d) a honeycomb and triangular array of W pillars on Si with r/a =
0.25, h/a = 0.15, d/a = 0.5. Here 1, a, and d represent the hole (or pillar)
radius, the lattice constant, and the slab thickness, respectively. In the
case of pillars, 4 represents the height of the pillar.

PnBG while its triangular counterpart provides a wide PnBG. In order to investigate this phenomenon,
we have studied the effects of the normalized slab thickness (d/a), and the normalized radius (#/a) and

height (4/a) of the pillars on the PnBG.
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Figures 2a and 2b show the gap . —

maps (the extent of the PnBG as | 2° | = =

a function of design parameters) | . 20 | = 20

for a honeycomb and a triangu- |£ 15 = g™

lar phononic crystal of W pillars |5, = 10}

on a Si slab, respectively, for a o sl

fixed pillar radius and slab | ' (b)l |

thickness. Fig. 2 suggests that a 01 015 02 025 03 035 04 045 05 001 015 02 025 03 035 04 045 05
h/a h/a

triangular phononic crystal has a

wider PnBG with band openings Figure 2 Existence of PnBG openings in (a) honeycomb and (b) triangular array of
(PnBG frequency extent divided W pillars (7/a = 0.40) on a Si slab (d/a = 0.5) for different values of //a.

by the PnBG center frequency) of up to 25%. It is also seen that the triangular lattice structure dis-
plays band opening at A#/a of as low as 0.1. Further assessment of dispersion diagram of this PnBG
proves that this band opening is due to the lattice periodicity, which results in the folding of the first
order mode of the structure in the dispersion diagram. Also, in this example, we can see the honey-
comb lattice starts to open a PnBG at #/a ~ 0.15 around f.a ~ 2700m/s. This behavior is also seen in
the triangular lattice only resulting in wider gaps. In addition, other gaps at similar frequencies (with
different widths) can be observed for both lattices. Considering the fact that the same band gaps are
supported in two structures with similar pillars and completely different lattice constants (the lattice
period of the honeycomb lattice is 70% larger than that of the triangular lattice with the same a) we
believe that the formation of these band gaps

are mainly caused by the strong coupling be- Lattice type o (lower edge) @ (upper edge)
tween locally resonant pillar structures through  Honeycomb (h/a = 0.45) 1.1 0.85

the silicon slab rather than the periodic pertur-
bation of the slab modes by the pillars.

Triangular (h/a = 0.45) 0.82 11.1
Triangular (A/a = 0.1) 0.23 0.34

In order to verify this claim, we calculate the
ratio of average total elastic energy density in
W pillars and Si slab (denoted as a). a’s much
lower than one indicate weak effect of the pillar resonances on the PnBG. As shown in Table 1, a for
similar behaving band edges in the two lattices are close to one or
higher; whereas, this parameter is much lower for band edges formed
exclusively in the triangular lattice at lower frequency.

Table 1 Ratio of average elastic energy density in W pillars
and Si slab (a) (#/a = 0.40 and d/a = 0.5)

Another way to confirm that wide gaps appearing in the triangular
lattice structure at higher pillar heights are due to the strong coupling
of the local resonance modes of the W pillars is by visually investi-
gating the mode shape at the band edges for such gaps. Figure 3
shows the band diagram of a triangular lattice with r/a = 0.40, d/a =
r Y L K r 0.5, and A/a = 0.45. We can see that first band gap is bound to almost
. ] ] a flat upper branch. Based on our discussion, we expect this branch
Figure 3 Band diagram of triangular . . .
. _ _ to correspond to the resonance mode of a W pillar. As shown in this
array of W pillars (7/a = 0.40, h/a = R ;
0.45) on Si slab (d/a = 0.50). Shown Tflgure, a significant amount of the mode energy for this branch at the

in the box: mode shape of the lattice high symmetry point Y is concentrated in the pillar.

unit cell at high symmetry point Y . . . . .
for upper edge of first band gap. To summarize, theoretical evidence was provided that a triangular

lattice of pillars on a Si slab is more likely to provide wide PnBGs in
comparison to honeycomb lattice. Further details on the properties of the PnBGs, the modes of the
structure, and the potential applications will also be presented.

f.a (10° m/s)
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Dissipative Effects in Acoustic Metamaterials

Michael J. Frazier, Mahmoud I. Hussein
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Abstract: We demonstrate the consequences of energy dissipation in acoustic metamaterials. A
nested mass-spring-dashpot system serves as our model. In the context of Bloch theory, we utilize
the familiar structural dynamics techniques of modal analysis and state-space transformation to
investigate the damped frequency band structure and its impact on effective properties.

In the context of acoustic wave propagation, a class of acoustic metamaterials (AMs) has the feature of
spatial periodicity whereby the repeating unit cell can be orders of magnitude smaller than the travelling
wavelength. This "acoustical atom" construction gives rise to effective, frequency-dependent properties
including negative mass and negative elastic modulus. Ingenuity may exploit these unnatural properties in
such novel applications as superlensing' and acoustic cloaking.” To date, however, theoretical studies of
AMs have not adequately incorporated the effects of energy dissipation (i.e., damping) on the band
structure and subsequently on the negative properties. The study of the effects of dissipation in AMs and
its potential impact on the expression of negative effective properties is therefore the main objective of
our present study.

To demonstrate the consequences of dissipative wave propagation in AMs, we
consider a nested 1D lumped parameter mass-spring-dashpot model similar to
that found in the literature.™® Infinite in extent, our metamaterial model is
constructed by appending copies of the unit cell of Fig. 1 ad infinitum along the
line of motion. Likewise, this construction applies to the equivalent lattice
architecture of Fig. 2, which we require to exhibit the same dynamic behaviour
as our original model. In both models, the constant a defines the lattice spatial

Figure 1. Acoustic
meta-material unit cell

periodicity. For the equivalent model, m, is the effective mass.

At present, we focus on the acoustic metamaterial model. To establish the
damped frequency band structure we reformulate a quadratic eigenvalue
problem representation’ and incorporate the Bloch modal analysis technique.®’
Consequently, for this extended abstract, we consider only Rayleigh-type
damping, in particular, stiffness-proportional damping. In addition, we consider
Figure 2. Equivalent constant damping parameters; however, the viscous dissipation force is

model unit cell frequency-dependent.
For the AM model, we derive the governing equations of motion, and assume a time-harmonic solution of
the following form for the time-dependent displacement u; of mass [:*’
ul(t) = l’\jlelt. (1)

In Eq. 1, U, denotes the complex wave amplitude. Naturally, for the undamped scenario, A = iw. For our

study, per the results of Ref. 7, 1 = — w(qw —Jq*w? — 4)/2 where
¢q is the damping intensity. 1 = my/my = 1/100
For the specific set of material properties provided in Table 1, the
dispersion curves following our formulation is shown in Fig. 3. The

wavenumber k = kg + ik; consists of a real component, kg (right side 5 = \/m,/k, = 149.07 rad/s
of figure), and an imaginary component, k; (left side of figure). The

damped natural frequency is wg = Im[A(w; q)]. In contrast to the Table 1. Material properties

Tk = kZ/kl = 3/100
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dramatic change seen in the optical branch in response to the changing damping intensity, the change in
the acoustical branch is relatively
modest.

We now turn our attention to the
dynamics of the equivalent model in 10kwer
Fig. 2. In order to exhibit the same R
dynamic behaviour as the lattice in
Fig. 1, the value m, must become 0sk
frequency-dependent. The equations
of motion are derived anew following

r-==----

qx 10"
—qg=0 Nodissipation
— q =24 Mild dissipation
— q =48 Strong dissipation

Wy/®
I

the approach in Ref. 7 where the Bloch 00, . 8 : : g : s !
wave solution is assumed. For the K- Ky dl
nested-mass lattice model, this avenue Figure 3. Dissipative frequency band structure

yields a homogeneous system of
equations with mass matrix M, stiffness matrix K(x), and damping matrix C(x) (recall, C(kx) = gK(k) is
our present interest). Specifically,

M = m, [1/01‘m (1)], K(x) = ky [2(1 - cos_lcla)/rk +1 —11] @)
For the equivalent lattice, the characteristic equation is algebraically manipulated to the following form:
—AZ% = %(1 — coska), 3)
where, for convenience, we have 4
defined the effective mass ratio 3l
m, = mg/(my + my). 5L }
By substituting Eq. 3 into K(x) in Eq. 1

2, we tie the dynamic behaviour of the £ o
equivalent model to that of the nested-

iy -10

mass model. Using the redefined . qx10°
. . -2+ : o

K(x)and Bloch modal analysis yields o = -0 Nodisipation

. . . . 3k - = q =24 Mild dissipation
two characteristic equations n I — 4, 1| ||} —a=48 Strongdissipation
A(my,; q). W? proceed to solve*: one Qf -4 o5 B - T
these equations (the choice is ©y/®
inconsequential) for m,. and make the Figure 4. Effective mass ratio for dissipative acoustic metamaterial

substitution — a)(qa) —Jq*w? — 4)/2

so that we have m,.(w;q). Thus, we are able to produce Fig. 4. Upon closer inspection of Fig. 4, for
each value of g, it is evident that the effective mass of the dissipative system is negative over the a region
approximating the band gap of Fig. 3.
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Multi-field Internally Resonating Metamaterials

Luca Airoldi!, Matteo Senesi! and Massimo Ruzzene!
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Abstract: Two examples of internally resonating metamaterials with multi-field coupling are
presented. A one-dimensional waveguide with a periodic array of shunted piezoelectric
patches features resonant characteristics associated with the shunting electrical impedance.
The second part presents the study of piezoelectric superlattices as an additional example of an
internally resonant metamaterial.

In this work wave propagation in periodic systems which comprise multi-field elements is analyzed.
The study is based on the general observation that the presence of elements capable of energy conver-
sion between two fields offers extensive opportunities for the achievement of unusual and novel wave
propagation characteristics. In this regard, multi-field coupling in periodic materials is an excellent
candidate for the design of novel metamaterials. One of the concepts illustrated involves the use of
piezoelectric materials for the conversion of elastic into electrical energy, and the use of shunting cir-
cuits to generate an equivalent resonant system in parallel to the mechanical waveguide. The resonant
characteristics of the shunts can be tuned by modifying the circuit electrical impedance, which sug-
gests the possibility for the system to achieve unusual mechanical properties at selected frequencies.
The second concept investigates acousto-electromagnetic coupling resulting from the periodic polari-
zation of a piezoelectric waveguide. In this case, the resonant behavior is associated with the genera-
tion and excitation of polaritons, which resonate at frequencies defined by the periodicity and physical
properties of the lattice. At these frequencies, wave motion is characterized by strong attenuation, and
maximum energy transfer between the acoustic and electromagnetic fields.

The analysis of the dispersion properties of the two waveguides underlines the common characteris-
tics associated with internally resonating properties, and suggests potential applications such as vibra-
tion attenuation and isolation, and the development of novel acousto-optical devices. Homogenized
theories for both types of waveguides are developed to derive expressions for their equivalent proper-
ties, which effectively illustrate their resonant characteristics, and show how they affect the propaga-
tion of waves.

The two types of multi-field waveguides presented in this work provide examples of systems where
wave attenuation occurs through an internal resonance mechanism. The resonant condition is charac-
terized by maximum coupling between the waveguide, acting as a primary system, and a resonating
secondary system. The condition of maximum coupling is identified by the matching of the dispersion
properties of the primary and secondary system. The dispersion relation for a secondary system com-
prising a set of periodically placed resonators generally appears as a flat curve, which corresponds to
spatially localized modes in the resonators themselves, as defined by a null group velocity. The inter-
section of this flat mode with the dispersion branch of the primary structure defines the condition of
maximum coupling between the two systems. When the primary and secondary systems belong to a
multi-field domain, their coupling requires a mechanism through which energy transfer occurs. The
presence of such mechanism leads to a new dispersion branch for the coupled system, which essen-
tially coincides with the branches for the primary system away from the intersection condition, and
undergoes a resonance at the coupling frequency. This behavior is illustrated in Figure 1 where the
dispersion branches of the uncoupled primary and secondary system are respectively represented as
dashed black and red dashed lines. The frequency of intersection of the two branches is the frequency
of internal resonance for the uncoupled resonating primary system. Coupling leads to the new disper-
sion branch (solid blue line) which mostly follows the dispersion branch of the primary system, and is
distorted by the resonant behavior at the frequency of internal resonance.
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Figure 1. Typical dispersion relations for a waveguide with internal resonators: uncoupled systems
(dashed lines), coupled system (solid blue line).

In the considered waveguides, the coupling mechanisms is provided by the piezoelectric effect. In the
case of the periodic piezoelectric shunted network, the secondary system is effectively characterized
by a flat dispersion mode corresponding to the resonant behavior of the shunting circuits, while for the
case of piezoelectric superlattices, the flat dispersion modes corresponds to an elastic mode at very
low wavelength. In this case, coupling is made possible by the folding of the branch caused by the
periodicity of the waveguide.

The work is organized in two parts covering the two concepts. Part 1 presents the study of one-
dimensional waveguides with periodic shunted piezo arrays. Numerical and experimental results illu-
strate their attenuation characteristics, and their tunable properties. Numerical investigations are per-
formed through the application of the Transfer Matrix method, which is briefly reviewed. Experimen-
tal investigations performed on a beam structure, confirm the numerical predictions and show the at-
tenuation characteristics of the waveguide. Part 2 is devoted to the study of piezoelectric superlattices.
Numerical studies of one-dimensional and two-dimensional configurations are performed through the
application of the Plane Wave Expansion method, which is presented in some detail. Multifield coupl-
ing and internal resonant behavior of piezoelectric superlattices are illustrated through a series of nu-
merical examples, and the evaluation of equivalent dielectric properties using a long wavelength ap-
proximation approach.
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Elastic waves in a three-dimensional hexagonal
close-packed granular crystal: observation of rotational
modes and nonlinear effects

A. Merkel', V. Tournat'*, V. Gusev?
ILAUM, 2LPEC, CNRS, Université du Maine, Le Mans, France.
aurelien.merkel.etu @univ-lemans.fr, vincent.tournat @univ-lemans.fr,
vitali.goussev @univ-lemans.fr

Abstract: Noncohesive granular phononic crystals show peculiar features related to
the elastic nonlinearities at the contacts and the rotational degrees of freedom of the
grains. Evidence of rotational mode propagation and non reciprocity for nonlinear
acoustic effects is found in a hexagonal close-packed crystal layer with a gravity-
induced elasticity gradient.

Noncohesive granular crystals are periodic arrangements of elastic spheres with
noncohesive contacts 12, Due to the intrinsic elastic nonlinearity of the interaction
between the beads, these media are found to exhibit an overall high nonlinearity?.
Moreover, the fact that the grains are spherical and weakly frustrated for rotation due
to the non cohesive character of the arrangement, provides appropriate conditions for
the observation of rotational modes of propagation and coupled rotational-transverse
modes?*9,

- 2 5 ;
Applied force Shear or longitudinal — Longitudinal transducer !
transducer R m% 0 I e T
— ‘12 o~ ¢ .
RT, — c o .
15, — 9 ° Shear transducer
fps & pa< |
5 ; .
9 Ry ‘© %_40 ! :
RT, X e : i
52 5 fL :fRT
I b R o :
.................. 1= 10 80, T - 200
R R R R R e S
.o. o. N ! THz\ o o
1 9-16 layers BT =
- 05 LA E % '-.b.Sheartransducer

@ 2 40 '

AAAAAAAAAAAAAAAAA TRy c= ‘ )
° [ .
0 ! | [ % Longitudinal lra:nsducer
2 800 100 200 300
Shear transducer Stainless steel beads Wavenumber

Frequency (kHz
2 mm in diameter q y (kHz)

Figure 1: (left) Schematics of the experimental setup. (center) Normalized dispersion
curves in the z direction. (right) Reference and transmitted amplitude through the granular
layer for shear and longitudinal detection.

The theory developed in Ref. 2, taking into account friction and the rotational degrees
of freedom, shows that there should exist in the z direction, longitudinal modes (LA
and LO), transverse-rotational modes (T'R; and T R,), rotational-transverse (R1; and
RT5) and pure rotational modes (R; and Ry), see Fig. 1 (center). When shear and
longitudinal waves are excited from one side of the granular crystal layer, a pass-
band up to f; (predicted here for an applied static force of 780 V) is observed for
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Figure 2: (left) Spectrogram of a wide-frequency-band pulse transmitted through the
layer. (right) Demodulated wave amplitude for bottom-to-top and top-to-bottom paths of
propagation.

longitudinal waves (detection with the longitudinal transducer, Fig. 1 (right)). With shear
detection, a pass-band up to frr (cut-off frequency for rotational-transverse modes) is
observed, showing that the higher frequency modes associated to rotation of the beads
propagate. Complementary experimental results will be discussed, such as the static
pressure dependence of the cut-off frequencies.

In Fig. 2 (left), the theoretical group delays for the detectable modes (L, TR,
RT', shown as lines) are compared to the energy front arrival time of the transmitted
energy and are in qualitative agreement for both longitudinal and rotational-transverse
modes, confirming the role of the rotational degree of freedom. Non reciprocity for
nonlinear effects is finally reported in Fig. 2 (right). Wave packets are generated by a
transducer and then are nonlinearly self-demodulated in the medium®. This frequency-
down conversion does not exhibit the same efficiency for propagative or evanescent
pump waves and is direction dependent. This phenomenon is explained by the existence
of a vertical gradient of medium properties, induced by gravity, both for the wave
attenuation and the nonlinearity of the medium. We believe that our experiments provide
the first experimental evidence of the dependence of nonlinear acoustic phenomena on
propagation direction in spatially inhomogeneous granular media.

This work is supported by ANR grant STABINGRAM.
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Out-of-plane acoustic modes in monolayer phononic
granular membranes
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Abstract: Waves in hexagonal monolayer granular membranes are studied theoret-
ically. The predicted propagation modes involve an out-of-plane displacement and
two rotations with axes in the membrane plane. Shear and bending rigidities at the
contact are considered, as well as coupling with a substrate. Dispersion relations and
band gaps are presented and discussed for various contact properties.

Recently, ordered monolayer nanoparticle arrays have been successfully produced by
self-assemblage during a drying process', and can be stretched across micrometer size
holes to provide freely suspended monolayer membranes®?. Such granular membranes,
with peculiar elastic and optical properties could lead to a wide range of sensor applica-
tions. Here, we report a theoretical work on the vibrational properties of such granular
membranes. The specificities of these granular systems compared to classical membranes
come from the particle finite dimensions and their finite rotational inertia (rotational de-
gree of freedom) which lead to elastic interactions through non-central forces. In par-
ticular, it provides in addition to shear and longitudinal acoustic modes, the existence of
rotational (or so-called micro-rotational) modes*~.

/2

B

—7/2
—m/3

a T/3  « (o)

Figure 1: a) Geometrical arrangement of the beads in the elementary cell of the hexagonal
membrane crystal and definition of the Brillouin zone and coordinate axes. b) Iso-surface
plots of the lowest eigenvalue Q = w?/(4¢/m) of the dynamical matrix (left), the middle
eigenvalue (center) and the largest eigenvalue (right) (o = k,/4 and 5 = \/§/<;y /4). ¢)
Dispersion relations and associated symmetries of the modes.

In order to model out-of-plane mode propagation in monolayer granular membranes,
the equations of motion for the displacement w of the center of the central particle 0, and
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the equations for the rotations ¢ and v (defined in Fig. 1(a)) are written in the form

miip = —&[(0uy + duy) + (dus + dug) + (dug + dus)], (1)
]gbo = ?fR [(5U1 — (SU4) — ((5163 - (5U6)] y (2)
[77'/;0 = gf [(5u1 — 5'&4) + ((5“3 — (SU@)] + Rf [6“2 — (S’UJ5] s (3)

where m is the mass of the particle, ¢ is the contact shear rigidity and, for the particular
case of homogeneous spheres, the momentum of inertia is [ = %mRQ. The terms du;
denote elongations of the spring at the contact between the central and i —particle, that is,
the relative displacement between 0 and 7—particle at the contact point.

After plane wave substitution, the dynamic matrix is obtained whose eigenvalues
provide the dispersion relations plotted in Fig. 1(c) in the case where only shear rigidity
between spheres is taken into account. Pure rotational modes are predicted in both z and
y propagation directions, as well as a zero frequency mode along the path OM.

Fig. 2 shows an example of the modified dispersion relations when bending rigidity
at the contacts is introduced.

Figure 2: Dispersion relations obtained
— — when shear and bending rigidities at the

15 —_— contacts are taken into account. Here a

) / . . . . . . .
\\ bending rigidity of 0.7 times the shear rigid-

/ . .
Q1 N\ ] ity is used. An absolute band gap appears
/ starting from a bending to shear rigidity ra-
0.5 / ] tio of 8/15. The zero frequency mode of
ol \/ | Fig. 1 when bending is neglected is not pre-
K o M K  dicted anymore.

Furthermore, the influence of the interaction with a rigid substrate has been taken into
account. It is expected that these results will be useful for describing the phonon transport
in two-dimensional nano-crystals, and vibration properties of micrometer scale granular
membranes potentially used as sensors in the near future.

This work is supported by ANR grant STABINGRAM.
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2D Wave Propagation in Periodically Layered Composite
Structures with Damages
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Abstract: Plane SH-wave propagation in periodically layered elastic composites with a single
strip-like crack and an array of cracks (periodic or stochastic) is investigated using the transfer
matrix method and the boundary integral equation method. The focus of this analysis is on the
wave transmission and reflection, band gaps, localization and resonance phenomena due to
crack-like damages.

Wave propagation in periodic composite structures is usually accompanied by localization phenomena
and band-gaps, which are observed in photonic and phononic crystals'. Elastic waveguides are sus-
ceptible to damages like cracks during the manufacturing or in service. In particular, the delamination
at imperfect interfaces between the constituents, interior cracks in the individual layers can occur.
Such interface or interior damages could change the dynamic properties of the periodic composites
and correspondingly cause noticeable alterations in band gaps and wave transmission spectra etc. To
simplify the analysis, imperfect interfaces are usually simulated by a periodic/stochastic distribution
of interface cracks or by spring boundary conditions®™*, where the latter in a limiting case corresponds
to a crack. Several analytical and numerical approaches have been developed so far for wave propaga-
tion analysis in periodic structures* including the transfer matrix method employed in the present

SINGLE CRACK work. Wave propagation
— 7T and diffraction by a crack in
*  multilayered composite

structures can be efficiently
PERIODIC ARRAY OF CRACKS . . .
2 2| investigated by using
s integral representations and
Green's functions in con-
junction with the integral-
transform technique’.

SPRING BOUNDARY CONDITIONS

In this paper, we consider

Figure 1 Geometry of the problem and mathematical model of a multi-layered compos- time-harmonic plane wave
ite between two identical half-planes with a damaged zone (a single crack, a periodic propagation with circular

array of cracks, and a spring model). frequency @ in a layered

waveguide composed of two half-planes with a set of N elastic layers and one damaged layer in the
stack. The Cartesian coordinate system x=(x,z) associated with the damaged zone is introduced: the
Ox axis and the damaged interface are assumed to be parallel to the interfaces between the layers. The
i-th layer occupying the domain |x|<oo, a;;<z<a; of the thickness d;=a;-a;; has the shear modulus p,
and the mass density p;. The damage is situated in the M-th layer at a distance d from the interface
z=ay.;. The following three damage types are considered here: a single strip-like crack of length 2/, a
periodic array of cracks of length 2/ with a crack-distance s, and distributed damages modeled by
spring boundary conditions® (see Figure 1). The problem for a single crack and for an array of cracks
is solved by using a boundary integral equation method for the unknown crack-opening-displacement
(COD), while the application of the spring boundary conditions allows us to use the T-matrix method
with an approximate estimation of the spring stiffness”.

Numerical examples will be presented to show the resonant and non-resonant regimes of the wave
motion in the periodically layered composites weakened by a single strip-like crack or a periodic array
of cracks and wave localization in the vicinity of the damages. Wave motion with large amplitudes for
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some parameter combinations is found through the analysis of the COD, and it is shown that such re-
sonant regimes are quite different within band gaps and pass bands. Dynamic stress intensity factors
(SIFs), average energy density flow, energy transmission coefficient k"~ and average COD normalized
by the amplitude of the incident wave field v, are also investigated to gain a better understanding of
the wave propagation processes. If cracks are present in the layered composites, then the local max-
ima and minima of the COD and the SIFs are related to the maxima of the energy amount transferred
through the layered composites, to be more precise, the extremal values of these quantities occur at
the same frequencies in the pass bands. On the other hand, the amplitude of the wave motion at fre-
quencies within the band gaps decreases rapidly in the direction of wave propagation, whereas the
presence of cracks may cause noticeably larger amplitudes of the wave motion in their vicinity, i.e.,
Transmission coefficient ~ Normalized averaged COD wave localization. Stress and displace-
eeee— ment fields of largest amplitudes are ob-
served at resonance frequencies.

wh

Without loss of generality we assume 32
layers in a waveguide and a unit-cell
composed of 2 layers (Plumbum/Epoxy),
and the damaged layer is in the middle of
the stack of layers M=15. A single crack
does not influence the band gaps due to
the attenuation of the scattered wave field,
while it changes, of course, wave pattern
in the vicinity of the crack. Within the
pass bands two kinds of resonances with
intensified wave motion in the vicinity of
the crack are observed.

0.5d)

wd/c,

2 band gap

Cracks in the middle (4

. 1 band gap

An illustration example is given in Figure
2, where the transmission coefficient
k'(wl) and the normalized average of
COD v,(w,l) for a normally incident SH-
wave are presented. Obviously, the pres-
ence of a damaged zone can only extend
the band gaps, while for a periodic array
of cracks two types of resonances are also
observed. A “weak” resonance is ob-
served in the pass bands, and it corres-
, , : , ponds to relatively high amplitudes. A
vd, ! ld; ! “strong” resonance is noted within the

Figure 2 The transmission coefficient k' (@,) (a,c) and the normalized bang £aps, which is CharaCtCI'lZed“by darl’<,
average COD v,(w,l) (b,d) for a periodic array of cracks with s=3 and zones in Figs. 2(b) and 2(d). The S_tror_lg
situated in the middle of the 15-th layer(a,b) and at the interface be- Tesonances are induced by the localization
tween the 15-th and 16-th layer (c,d). Band gaps are marked. of the wave motion near the damages.

d)

2 band gap

Interface cracks (d

1 band gap

|

|l
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Tailoring Stress Waves in 2-D Highly Nonlinear Granular
Crystals: Simulations and Experiments
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Abstract: We study the propagation of elastic stress waves in two-dimensional highly nonlin-
ear granular crystals composed of square packings of spheres with and without cylindrical in-
truders, via experiments and numerical simulations. By varying the intruder material, we show
the ability to alter the propagating wave front characteristics. Experiments agree well with dis-
crete particle simulations.

Granular crystals are materials composed of ordered arrangements of particles in contact with each
other, characterized by a highly nonlinear dynamic response. The transient dynamic response of one-
dimensional highly nonlinear (uncompressed) granular crystals has been studied extensively'?, how-
ever few reports have explored wave propagation in two-dimensional systems’. The present work in-
vestigates the propagation of stress waves, or acoustic waves, in highly nonlinear two-dimensional
granular crystals composed of a squared array of steel spheres and interstitial cylindrical intruders
(Figure 1). Specifically, we analyze the influence of underlying particle composition on the wave
front shape. We report that it is possible to substantially alter the shape of the wave front traveling
through the system after impulsive loading by methodically varying the intruder material. These find-
ings could lead to the development of new shock protecting materials and acoustic filters.

Numerical simulations were performed using a discrete particle
model, in which each sphere or cylinder is modeled as a point mass
connected by nonlinear springs. Hertzian potential® is used to model
the sphere-sphere and sphere-wall interactions and a similar poten-
tial’ is used to model the sphere-cylinder force displacement rela-
tion. Dissipative terms, such as friction, were not included in the
simulations. Material properties chosen for the simulations are given
in Table 1.

Experiments were performed on self-standing crystals assembled
Figure 1 Schematic diagram of the within a confining box made of delrin-lined walls (Figure 1). The
experimental setup. array of particles included a 20 by 20 array of large steel spheres

(19.05 mm diameter) with small interstitial intruders (7.89 mm diameter and 19.05 mm height). A
striker-sphere identical to the particles composing the array was used to generate stress waves be-
tween two central particles in the array. The striker velocity was recorded with an optical velocimeter
just before impact, and the recorded value was used as input in the numerical simulations. Several
custom-fabricated sensor particles, instrumented with calibrated miniature tri-axial accelerometers,
were positioned in selected locations in the array. The recorded accelerations were then compared
with the acceleration of the center of mass of each particle obtained from the numerical simulations.

Experiments were performed on the
Mass density  Young’s Modu- Poisson’s square packing of spheres with and

Material kg/m® lus (GP Rati : .

atena (kg/m’) us (GPa) 1o without the presence of the cylindri-

Stainless Steel (type 316) 3000 193 0.30 cal intruders, and were shown to be
Aluminium 2740 69 0.33 in good agreement with the numeri-

cal simulations (see Figure 2, com-

paring experimental and simulation
Table 1 Material properties used in numerical simulations. results for an array without intrud-

Teflon (PTFE) 1200 0.5 0.46
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Figure 2 The left figure shows locations of sensor particles in the experimental setup (V, = 0.29 m/s). The right figure
compares experimental results (top right) with the simulation results (bottom right) for each of the sensor locations.

ers). In the absence of cylindrical intruders, the crystal was shown to support the propagation of soli-
tary waves with comparable properties to the solitary waves previously observed in one-dimensional

1,2
systems .

Numerical simulations showed the ability to significantly alter the stress wave front by introducing
indruder particles of variable materials. A crystal composed of a squared array of particles without
intruders supports the formation and propagation of highly nonlinear solitary waves along the two
central chains (in line with the impact direction) and along the side of the crystal (following a quasi
one-dimensional behavior, see Figure 3a). However, when cylindrical intruders were included the
shape of the wavefront was observed to vary. When Teflon cylinders were used as intruders (Figure
3b) the wave front remained highly directional, similar to the case where intruders are absent, but the

(a)
Particle Velocity (m/s)
! 0.2
03
. 0.15
E o2 ™
g . 0.1
0 0.05
0.1 02 03 0
x (m)
(©)
Particle Velocity (m/s)
|
03" 0.1
S
> 0.05
0.1

[
' 0.1 02 03
x (m)

Figure 3 Numerical results showing the wave front shape in terms of particle
velocity magnitude at simulation time 0.35 ms after the striker impact (V, = 0.6
m/s) for test configurations composed of steel spheres in a square packing with
(a) no intruders (b) PTFE intruders (¢) aluminium intruders and (d) steel intrud-

€rs.
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initial pulse begins to spread and
shed energy in trailing pulses.
The use of aluminium intruders
allowed  spreading of the
wavefront into a triangular
pattern (Figure 3c). Finally, when
stainless steel intruders were
used, we observed a nearly
circular wavefront (Figure 3d)
with particle velocities distributed
over a larger area of the crystal.
The ability to control the stress
wave properties in these granular
cystals may allow for the
development of new wave-
tailoring materials which could be
used, for example, as protective
layers capable of redirecting and
trapping impact energy.
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Active Control of Band Gaps by Periodically Distributed
Piezo-shunts

S. B. Chen, J. H. Wen, G. Wang, D. L. Yu, X. S. Wen
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Abstract: Periodic arrays of inductive or negative capacitive shunted piezoelectric patches are
employed to control the band gaps of phononic beams. An epoxy beam with periodically sur-
face-bonded piezoelectric patches is designed. The band gaps, when each piezo-patch is con-
nected to a single inductive or negative capacitive circuit, are investigated in detail.

In the last decades, extensive efforts have been exerted to analyse the propagation of elastic or acous-
tic waves in periodic composite materials called phononic crystals'>. A lot of work is particularly fo-
cused on the characteristics of so-called phononic band gaps, in which elastic wave propagation is
completely blocked. These are referred to as stop bands or band gaps. The development of smart ma-
terials used to design intelligent phononic crystals whose spectral width and band gap location can be

actively tuned has received considerable attention*.

Periodic arrays of

z 2 inductive or nega-
T ] PZT ] ] | tive capacitive
X Y i
! shunted piezoelec-
) - 5 - B - B - b S 7 = tric atche}:; are em
n-1 | n I n+l cross-section P

ployed to control
the band gaps of
phononic beams.
An epoxy beam
with  periodically

surface-bonded pie-
zoelectric patches is
——e) L designed, as shown
in Figure 1. Each

piezoelectric patch
(b) © is connected to a
single, independent
inductive or nega-
tive capacitive cir-

Figure 1 Phononic beam with negative capacitive or inductive piezo-shunts; (a) Schematic dia- .
gram of the configuration; (b) Negative capacitive shunting circuit. (¢) Inductive shunting circuit. CU1t.

The location and the
extent of induced band gaps depend on the mismatch in impedance genera-ted by each patch. The
total impedance mismatch is deter-mined by the added mass and stiffness of each patch as well as the
shunting electrical impedance. Therefore, the band gaps of the shunted phononic beam can be actively
tuned by properly selecting the parameters of shunting circuits.

The shunting inductance combining with the intrinsic capacitance of piezoelectric patch constitutes an
oscillator, which interacts with the matrix beam through electromechanical coupling effect. In analogy
to locally resonant structures with mechanical vibrators, the beam with periodic inductive-shunts can
form a locally resonant gap in it as well, which is closely related to the eigenfrequency of the resonant
shunts. The eigenfrequency of the inductive shunting circuit can be expressed as

1

/= oajic o
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where C, is the inherent capacitance of piezoelectric patches. However, the locally resonant gap
induced by inductive shunts is not completely identical with the conventional locally resonant gap
induced by mechanical vibrators in that the eigenfrequency of former type is out of the band gap,
while the latter is in.

Different from the inductive shunts, the negative capacitive shunts are used to tune the Bragg gaps of
the beam, because there is no local resonance in the shunting circuits. Nevertheless, the negative
capacitive shunts can effectively increase the electromechanical coupling factor of the piezo-patches
and modify the equivalent modulus of the elements bonded with piezo-patches in the beam, which can
be given by

L hlG0)
P ohs(C,—C)-dy 4,

S

2

where SlE] is the piezoelectric material’s compliance coefficient at constant electric field intensity. ds;

is the piezoelectric constant that couples the mechanical and electrical properties of the piezoelectric
material. 4, 1s the area of electrodes. 4, is the thickness of piezoelectric patch. Contrary to
inductive shunts which are passive circuits, the negative capacitive shunts are active circuits that have
external energy input, so the proposed approach will be afflicted by instability problems'"'?. To avert
the system being destabilized by negative capacitive shunts, the stable conditions of the shunting
system are investigated in detail.

Control of the band gaps of phononic beam with piezo-shunts is demonstrated numerically,
employing transfer matrix method with periodic boundary conditions and the Bolch theorem. The
variations of band gaps with different shunting parameters are discussed in the paper, subsequently.
The result reveals that inductive shunts can induce local resonances in the beam and form locally
resonant gaps around the eigenfrequency, but negative capacitive shunts can tune the Bragg gaps
readily and effectively. The theoretical results are verified with commercial finite element software by
calculating transmission properties of finite periods. Because negative capacitive shunted phononic
beam are a non-conservative system with external energy input, the stability conditions are
investigated in this paper. The result reveals that the stability can be judged readily by the value of
equivalent modulus of the elements bonded with piezo-patches. Though negative modulus will occur
in both inductive and negative capacitive shunting systems, the inductive shunting system is a
conservative system which is stable, because its negative modulus is a dynamic value and frequency
dependent, while the negative capacitive shunting system will become unstable, if the equivalent
modulus becomes negative, which is a static value and frequency independent.
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The Role of Array Symmetry in the Transmission of
Ultrasound through Periodically Perforated Plates
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Abstract: We present angle-resolved experimental results on the role of array symmetry in
the transmission features of periodically perforated plates. A very rich interplay between
Fabry-Perot single-hole resonances, coherent scattering and plate vibration is found. By
comparing several spatial hole arrangements, the effects of the geometry are disentangled
from the contribution of plate vibrations.

The study of periodic structures interacting with sound can be tracked back to the end of the 19th
century with the work of Rayleigh!, who studied the reflection coefficient of a one dimensional
grating. Later, in 1953, Brillouin® attempted a unification of the concepts involved in the behavior of
electromagnetic and mechanical waves in periodic media. More recently, the propagation of
electromagnetic waves through metallic membranes perforated with subwavelength periodic hole
arrays has received considerable attention. Experiments® have showed that at certain frequencies
strongly correlated with the array period, light transmission per hole is higher than predicted for non-
interacting holes theory®*. These ideas, originally developed in the context of electromagnetic waves,
have been transferred to acoustic waves™® and this phenomenon is now known as Extraordinary
Acoustic Transmission (EAT), although it has been recently demonstrated® that for the acoustic case
there is not as extraordinary as in optics. Fabry-Perot resonances in the holes produce the main
contribution to the full transmission peaks.

Our experimental setup is based on the well-known ultrasonic immersion technique. The plate is
placed between the ultrasonic transducers (around 250 kHz) in a water tank. Measurements of
transient signal are averaged over 100 runs. The plate is then rotated to obtain the dependence on the
parallel-to-the-plate wave-vector (see Fig. 1). The transmission spectrum is normalized with the
spectrum measured without the plate. The plate thickness is 2 mm and more than 1500 holes of 3 mm
in diameter were drilled in aluminum and brass
plates having different array geometries such as
square, rectangular, triangular, and pseudo random.
Transmission dispersion for these different array
arrangements are shown in Fig. 2. The sound line
does not correspond to the line where the data ends
because our experimental setup cannot be used to
measure plate rotation angles above 60° In
agreement with previous results®® | a very rich
interplay between hole resonances, coherent
interference, and plate modes is observed in Fig. 2
t (a), (b), and (d). However, when the translational

symmetry is broken by drilling the holes in a
Figure 1 Scheme of the geometry for the transmission Pseudo-random manner (Fig. 2(¢)), the transmission
of ultrasound through perforated plates. An incident dispersion becomes smoother. This allow us to
wave having wave-vector k, arrives at the plate of jdentify the contribution of the perforated plate
thickness ¢, which is perforated with holes of diameter d vibration, which can be seen as a minimum

and period a. The parallel to the plate component of the di leak £ d
incident wave-vector k|| is varied by rotating the plate corresponding to a leaky surface mode.

with respect to the source.
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Figure 2 Transmitted sound power measured at ultrasonic frequencies for perforated plates of thickness =2 mm
immersed in water and different array geometries. The insets show the reciprocal space of the hole arrays and their
corresponding orientation relative to the first Brillouin zone. (a) Square array of period a=5 mm drilled in an Al plate.
(b) Triangular array of period =5 mm drilled in an Al plate. (¢) Pseudo-random array having an average period a=5
mm, also drilled in an Al plate. (d) Rectangular array of periods a,=4 mm, a,=6 mm drilled in a brass plate.

Additionally, full transmission is quenched to 1/2 in the absence of coherent interference.
Translational symmetry is also the key factor for the appearance of the observed dips which vary
depending on the geometry. These minima arise from the hybridization of Wood anomalies'' (i.e.
lattice modes) with plate modes. Pure Wood anomaly minima can be observed if the impedance
mismatch between the holey plate and the surrounding fluid is large enough to assume that the plate is
perfectly rigid and the sound cannot penetrate it. The crossing between the Wood anomaly and the
surface mode can be clearly seen for the three symmetric arrays. This crossing is particularly
interesting because it involves the surface mode, the Wood anomaly minimum, and the transmission
peak, all of them hybridized. Thus, the array symmetry plays a key role in the transmission features of
perforated plates. The existence of full transmission peaks and Wood anomaly minima, both
depending on coherent interference among holes, can be only guaranteed by the translational

symmetry of the array.
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Phonons on Complex Networks

Guimei Zhu'? and Baowen Li'?

" NUS Graduate School for Integrative Sciences and Engineering, Singapore 117456, Singapore,
? Department of Physics, National University of Singapore, Singapore 117542, Singapore,
20801859@nus.edu.sg, phylibw@nus.edu.sg

Abstract: We map the nodes and edges of complex network to oscillators and couplings
between them. We thus can study the multi-scale structures of networks through the properties
of eigenmodes of laplacian matrix — the phonons on complex networks. The phonons from low
to high frequencies are used as probes of the structural characteristics from macro- to micro-
scales. This characteristic can be used as a structural measure of complex networks. These
findings may have potential applications in real networks, such as heat conduction on
nanotube/nanowire networks and biological networks.

Introduction

Vibrational dynamics has been widely used to study thermodynamic properties of various structures in
solid-state physics and/or other disciplines. Since the structure is considered as a primary factor
responsible for physical properties, reaching a reliable comparison of the structure patterns at different
scales in a quantitative way is of primary importance for us to know the underlying structure how the
dynamic transport processes of mass, energy, signal and/or information from micro- to macro-
structural scales. The effect of network structures on electronic and thermal properties has been one of
the most active topics in recent years' .

Methods

In this paper, we map the nodes and the edges to oscillators and couplings between them. The
vibration modes (phonons) are used as probes of the structural patterns. One phonon with a specific
frequency is sensitive only to the structural patterns matching in size with its frequency. By using all
the vibration phonons from low to high frequencies we can detect the pattern properties from macro-
to micro- scales.

The topological structure of a network can be described by an adjacency matrix A. The elements 4,

are 1 and 0 if the nodes i and j are connected and disconnected, respectively. We map the nodes to
oscillators and the edges to harmonic couplings between the connected nodes. Denoting the
displacements of the oscillators with (y;y»....y~) the equations governing the dynamical process of the

N
network reads, uy, = kz A, ( Y=Y ), N is the network size, # the mass of each oscillator and k&
s=1
the coupling strength. For simplicity, letk/ g =1.AssumingY = X&',
Y =[y,¥55¥y ] X =[x,,X,,..X, ],the equations can be rewritten as, @2X =GX,G the
coupling matrix, also named Laplacian Matrix, which reads,

. (M
G, :{ Ay =k, ({—{)zkigij —A;.
- Ay, (Z;’&J)

The eigenvalues of G are nonnegative and can be ranked as, 0=4, <A,---<A4,. Assuming the

network is in a thermal bath with a definite temperature, a simple computation leads to the cross-
correlations between the fluctuations of the phonons,

<yi 'y.i> o (G_l),-,- = i(/l,_,} -Xer:)l_j,

m=2

2
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It follows that the contribution of an individual phonon is, G (m)oc (/I:n' X, XTI )i],.The phonons

with small values of A, , the corresponding motions are collective and global, and can measure the

characteristics of macro-scale patterns. The phonons with large values of A,,on the other hand, de-

scribe uncorrelated motions occurring in different micro-scale regions, which are sensitive to micro-
scale patterns. Hence, the phonons can detect the structural patterns from macro- to micro-scales.

Results:

Figure 1 demonstrates that a phonon with a specific frequency is sensitive only to the structural pat-
terns matching in size with its frequency.

Figure 1 phonons on networks can be used as probes of structur-

AN AN NP RARAVTAR, © al patterns at different scales. (a) A circular network is con-

° structed by connecting each nodes with its nearest four neigh-

bors. The sizes is N=100. On this regular network, the phonons

are periodic waves. The wavelength is measured in unite of the

lattice size. (b) A densely connected deformation is constructed

in the segment 40-60 by connecting each node in this region with

'KNV\.'- a0 its six nearest neighbors (instead of the originally four nearest

; d - neighbors). Phonons with comparatively large wavelenghths

LA WMA’ WWW 2 keep unchanged or deform slightly, while phonons matching

Y Y A A Y e Y Av eV avat =

6 1'D 2’0 3‘0 4’0 5‘0 6’0 7’0 8’0 9‘0 160 110
Node index

Vibration amplitude
)

with the deformation(e.g., 11'00) become localized in the defor-

mation region

We have applied the method to the Santa Fe Institute collaboration network’. We first normalize the
components of the phonons, namely, X; = X,/max(X,)|, i=1,2,---,N. Then a threshold 7’
can be used to identify the nodes involved in the phonons, respectively. The nodes with large values
of component X, ( >7° ) are regarded as the nodes involved in the corresponding phonons. For each
phonon, the components of the nodes involved in it are distinguishably large compared with that of
the others. Hence, the 7° -based results are robustness. In the present work, we choose the 7° =0.1.
The detail results are shown in Fig 2 (details can be seen from Ref *).

Figure 2 A part of largest component of the Santa Fe Institute colla-
boration network. There are totally 76 nodes. The phonons

2,76, 175 and 17 4 can detect the three hubs 40, 7 and 67, marked
with red color. The phonon. 173 involves nodes 17 ~ 25 (green

nodes), while the phonon 172 covers the nodes 26 ~29 and 34 also
(green and cyan). The three clusters 41 ~47 (blue), 1 ~ 6 (magenta),
and 48 ~ 53 (violet), correspond to the phonons 170, 169 and /168 s

respectively.
Conclusions

To summarize, we have used the phonon to detect the structural patterns at different scales in model
network and Santa Fe institute collaboration network. Because the phonons are sensitive only to the
structural patterns matching in size with their wavelengths, the phonon from high to low frequencies
can capture the pattern characteristics in a coarse-grain way.
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Abstract: The method of topology optimization is applied to wave propagation problems with
nonlinearities. In the general case the iterative design procedure should be based on transient si-
mulation of the wave propagation, but in the special case of non-instantaneous nonlinearities a
steady-state optimization formulation can be applied. The latter case is exemplified by the design
of a 1D optical diode.

Topology optimization has within the last decade been used successfully to design bandgap materials and
devices. A gradient-based material distribution method is used to design photonic crystals with max-
imized bandgaps' and later a similar method was applied to design phononic crystals® and finite structures
and devices with bandgap properties™.

In this work we aim to extend the use of gradient-based material distribution methods to deal with wave
devices that display nonlinear behavior. As is well known, the presence of nonlinearities can significantly
alter the behavior of bandgap materials and structures, but can also be used to create devices with novel
functionality that cannot be accomplished with a pure linear behavior.

In the general case the presence of nonlinearities generates higher order harmonics in the response and
transient simulations are thus needed for the analysis of the device performance.

Steady-state model with a non-instantaneous nonlinearity

However, in certain cases it may be relevant to study a steady-state model of the nonlinear wave propaga-
tion problem. Such a model may arise if we consider a non-instantaneous nonlinearity such as e.g. in non-
linear optics with a dielectric permittivity that depends on the time-averaged intensity of the electric field.

By treating the nonlinear wave propagation problem in a steady-state framework we can reduce the com-
putational requirements considerably. The general nonlinear model is written as follows

V- (A)Vu) + Bwk?>u =10 (D

in which 4 and B are two material coefficients that depend on the local field intensity and k is the wave-
number.

Equation (1) can conveniently be solved using a standard finite element method combined with a complex
incremental Newton-Raphson procedure®. In addition design sensitivity analysis can be performed for the
finite element model using the adjoint method®.

Example: one-dimensional optical diode

As an application example we demonstrate the design of an optical diode’. Ideally, the diode allows for
undisturbed transmission in one direction whereas the propagation in the opposite direction is hindered.
As objective for the optimization we choose to maximize the difference in transmission in the two oppos-
ing directions and thereby create a diode-like performance of the device. The optimization problem is
illustrated in Figure 1(a).

In the device we aim to distribute two materials, a linear dielectric material with the relative permittivity
g~=1 and a nonlinear material with relative permittivity e=g(1+yle|*), in which ¢ is the linear permittivity
of the material, |e[* is the intensity of the electric field and y is a nonlinear parameter. The permittivity in
each finite element in the discretized model is governed by a single continuous design variable. The opti-
mized set of design variables is found with an iterative gradient-based procedure using the method of
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moving asymptotes®.

Figure 1(b) shows a specific optimized design obtained for e=1.1 and y=0.1. Plotted in the figure are the
values of the continuous design variable for each finite element with the value O corresponding to the
linear material and the value 1 corresponding to the nonlinear material. It is seen that the optimized design
consists of alternating sections of nonlinear and linear dielectric material. Figure 1(c) shows the magni-
tude of the effective permittivity for waves propagating in opposing directions, indicating the large differ-
ence in material properties which is obtained.

As a result of the material distribution a difference in transmission in the two opposing propagation direc-
tion of about 10 percent is noted. However, larger differences can be obtained if the structure is longer
compared to the wavelength.

The results for the 1D diode was supplemented with an optimization study for a 2D waveguide that dis-
plays a transmission that is a highly nonlinear function of the input intensity’. Currently, the diode exam-
ple is being re-investigated using a transient formulation including an investigation of design of an optical
switch. Additionally, the transient problem is being implemented for mechanics problems as well.
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Figure 1 Example of an optimized 1D nonlinear wave device. (a) Design problem: the difference in transmission of incoming
waves from opposing directions is maximized by distribution a linear dielectric material &, and a nonlinear dielectric material
€, (b) the resulting design illustrated by the elementwise optimized values of the design variable (0 is linear and 1 is nonlin-
ear), (c) the effective material permittivity in the structure when the wave propgates towards right (red line) and towards left
(blue line).
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EFIT Simulation of Ultrasonic Wave Propagation in
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Abstract: The Elastodynamic Finite Integration Technique (EFIT) is used to simulate ultrasonic
wave propagation in complex microfluidic structures comprising fluidic channels, phononic
crystal structures and piezoelectric transducers. An EFIT computational math is combined with
MATLAB coding. The viability of the approach is demonstrated.

The precise spatial and temporal control afforded by microfluidic devices make them uniquely suited to
solve many challenging problems in sample treatment and analysis at micro and nano scales. Dealing with
the dynamics and engineering of fluids confined on the micrometer scale microfluidics involves the large
number of different basic phenomena and a combination of a broad variety of effects and means including
ultrasound, which has shown to be a viable technique for some microfluidic tasks like microparticles
manipulation, stirring, mixing and streaming of microvolumes [1] as well as characterization. Phononic
crystal devices may significantly expand the use of ultrasound in microfluidic systems, since they offer a
wide range of functionalities [2, 3], which can be beneficially utilized to improve microfluidic system
operation and enable new applications.

However, in order to integrate this new class of acoustically active and reactive devices into existing
liquid manipulation units, an analysis of the total acoustic field is required. There is an apparent need for a
better understanding of interactions between ultrasonic waves and complex structures comprising both
active and reactive components. We consider an EFIT, which relies on the direct discretization of the
Newton-Cauchy’s equation of motion and the equation of deformation rate, and where all field quantities
are function of position and time, as a proper math ground for an efficient simulation tools which can
solve this problem.

The EFIT starts with the elastodynamic governing equations in integral form and simulates the ultrasonic
wave field without any approximations. Using unique discretization of the basic field equations on a
staggered grid the method permits to implement a pertinent code for widely arbitrary inhomogeneous
composites [4]. In general, the FIT also permits a unified treatment of the acoustic, electromagnetic,
elastodynamic and piezoelectric cases [5]. In all these instances, the underlying governing equations in
integral form are discretized on the same a dual grid complex in space and time, which yields the so-
called discrete grid equations. Another advantage of the FIT approach is that the resulting discrete matrix
equations represent a consistent one-to-one translation of the underlying field equations. The use of
discrete topological operators ensures important vector analytical properties in the discrete grid space.

The FIT implicitly insures that the numerical results are free of late-time instabilities and artificial
sources. On account of the complexity of multiple acoustically active and reactive units including PZT
devices integrated into a single structure we consider this unified approach as the most appropriate to the
problem, in particular, taking into account simplicity of the FIT, which allows an easy and efficient
implementation on various computer architectures.
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A regularly perforated wall between two parallel and adjacent fluidic channels has been used as the first
test sample to evaluate applicability of the method. This model represents one of possible setups of
phononic crystal sensor integrated into a microfluidic system. The EFIT-code and other relevant routines
are implemented with MATLAB which provides a user interface and different output opportunities that
help to analyze and visualize the simulation results. The possibility of parallel computing to afford bigger
and/or more detailed models has also been realized.

A good agreement between the first EFIT results and similar simulations using COMSOL Multiphysics™
and FTDT has been demonstrated. Basic simulations we have performed show all the kind of interactions
between propagating wave and the structure, which are typical for an acoustic-structure interaction,
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Figure 1 Spatial distribution of Ts; field in the diffraction of plane wave at subwavelength regime. Perforation periodicity a=1
mm, the wavelength A=a, and the size of the perforation b=a/2.

including those which are not available in semi-analytic methods. Some are illustrated on the Fig.1. This
presents a time-domain snapshot of a time-harmonic acoustic plane wave impinging on an infinite and
regularly perforated quasi-1D plate. This particular setup, specifically, diffraction of emanating from the
wall of fluidic channel plane wave and impinging on regularly perforated intermediate wall at the
subwavelength regime, relates to one of possible sensing applications. Namely, we consider presented
here effects of mode conversion as well as effects which are coupled with the resonant propagation
through the plate as good candidates that may afford a distinctive measurand feature.
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Abstract: The physical properties of 2D finite periodic arrays are explored using acoustic
beams with finite spatial width. Multiple Scattering Theory and the Plane Wave Expansion
Method are used to study the differences between the approximation of infinite periodic me-
dium and the finite case. In the most experimental cases the physical properties of the system
are constrained by both the size of the sample and the width of the acoustic beam.

A Sonic Crystal is a periodic arrangement of cylindrical inclusions embedded in a homogeneous host
material. The host material may be solid, the term Phononic Crystal is used in this case. For many
applications usually these scatterers can be considered as infinitely rigid and the propagation inside
them is not possible. Sonic Crystals can be designed in order to guide the acoustic energy in an appro-
priate way to present particular effects like focalization, auto-collimation or filtering.

The propagation of acoustic waves in a 2D
periodic media can be described from its dis-
persion relation and the iso-frequency con-
tours. Band gaps and propagation curves de- - A)

scribe the propagation features for a specific L \/’
direction in an infinite crystal. However, the "
1.5¢

sonic crystal is composed by a finite number
1.27 3
0.9

of scatterers and thus, its finite size must be
06

taken into account. The theoretical approach

for a 2D finite period array is more compli-

cated. If the beam is wide enough to be com-

parable to the size of the crystal at the front

interface, the edge effects may become im- i , :

portant and they cannot be neglected. It is the rooX M r

same case at opposite case: extremely narrow Hormakead savamsiber {alcn)

beams (comparable to the period of the crys-

tal) do not propagate though the crystal as

plane waves in a periodic medium. In the

field acoustics, little attention has been paid to Figure 1 (A) Acoustic Band Structure of a Sonic Crystal with

investigate how the finitude of the beam and square periodici.ty (r=1m, a:0.4§45), Beam propagation trhough

the size of the sample may affect wave propa- tlie crystal for different bfam widths (B) s=0.5, (C) s=2, and (D)
. . s=1000 (plane wave) at f=170Hz

gation through and outside the crystal.

037

Normalized Frequency (m a/2n c)

Multiple Scattering Theory' (MST) is used to solve the scattering problem of a finite width beam pro-
duced by the array of scatterers. A distribution of 5x5 infinite straight cylinders with radius a=0.4545
and separated r=1 (normalized units), parallel to the z-axis are located at (R;, 8;) of diameters D; with
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i=1, 2, ..., N. to form a regular square array perpendicular to the x-y plane. The total pressure in the
point (x,y) is
2 & ,
P(x,y)=e"e? +3 > A.H (ki)e™ (0

=] s=—

where A4, are determined by the solution of the system of equations obtained by MST, r, and 6, are the
polar coordinates of the measuring point respect to the /—th scatterer and o determines the width of the
beam.

The transmission properties of the crystal are evaluated using MST. Figure 1A shows the band struc-
ture of the SC obtained using the plane wave expansion®. For a frequency lying in the Band Gap Fig-
ures 1B,1C and 1D show the transmission of beams with different sizes impinging at the left side of
the crystal. The attenuation is optimized if the width of the beam is similar to the size of the sample.

(A)

(B) (©)

8 10 12 14 16 18
x/a

Figure 2. (A) Iso-frequency contours of the Bloch modes for the same SC as in Figure 1. The curves correspond to
f=270Hz (second and third bands, in red in Figure 1A). Blue and green lines represent the projection on the curves of
the spatial components of a wide and narrow beam respectively. Beam propagation behind the crystal for (B) a narrow
beam (s=0.5) and (C) a plane wave (s =1000).

For wider beams (Figure 1D), the diffraction effect at the edges becomes important. The propagation
of waves around the sample increases the total sound field behind the crystal. In the case of very nar-
row beams (Figure 1B), the propagation through the crystal is like in a homogeneous medium. In this
case, the beam is not impinging the scatterers, and despite the frequency corresponds to the bandgap,
it propagates through the crystal with a very low attenuation.

Special phenomena like focalization induced by propagation in a periodic medium may be significant-
ly altered if the size of the beam is considered. For very narrow beams (Figure 2B) the Sonic Crystal
in the second and third bands splits into three beams. Besides, for a beam as wide as the sample (Fig-
ure 2C) the focalization is produced some periods behind the crystal.
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Abstract: The effect of periodic arrays of feedback shunted piezoelectric patches in vibration
attenuation of flexible beams is analyzed theoretically and experimentally. Broadband
vibration attenuations are observed no mater in or out of the band gaps. The proposed concept
is validated experimentally on a suspended epoxy beam.

The present work involves a feedback shunting strategy in the phononic crystals (PCs) composed of
periodic array of shunted PZT patches and a flexible beam for the broadband attenuation of vibration.
The effect of periodic arrays of feedback shunted piezoelectric (PZT) patches in vibration attenuation
of flexible beams is analyzed theoretically and experimentally. Each pair of surface-bonded
piezoelectric patches is linked with a uniform and isolated feedback circuit. The voltage generated by
one piezoelectric patch of the pair is amplified and applied to the other. Numerical model based on the
transfer matrix methodology are developed to predict the transmission of vibration and the frequency
ranges of band gaps in the proposed periodic smart structure. Broadband vibration attenuations are
observed no mater in or out of the band gaps. The proposed concept is validated on a suspended
epoxy beam driven by a shaker. Experimental results are presented in terms of vibration transmissions
recorded using two accelerometers placed on both sides of the beam.

As illustrated in Fig. 1, pairs of PZT

patches are periodically stuck to the M@&,‘ Cross Section
surface of a beam to construct a 1D PC. A . PZT | Az
Each pair of PZT patches are placed g -

with opposite polarizing directions = a @
uniform shunting circuit. The beam’s R R

along the z-axis and linked with a

I

= = . >

segments with the PZT patch are

denoted as I, while the others are

Figure 1 Beam with arrays of PZT patches and feedback shunting circuits.

denoted as II. Each shunting circuit is composed a operational amplifier (opamp) and two resistors R,
and R,. The voltage signal from one PZT patch is amplified and adds on the other. We call it the

feedback shunts.
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Figure 2 illustrates the calculated attenuation constants of 1D PCs containing different shunting
circuits. The dashed lines in Fig. 3 represent the results corresponding to the feedback shunting circuit
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in this paper. For comparison, results corresponding to the resistance (R,) shunting circuit and short
circuit are also calculated and illustrated as solid and dotted lines in Fig. 2, respectively. Compared
with other shunting circuits, the feedback one can evidently increase the attenuations at almost all
frequencies no matter in or out of band gaps. In detail, original band gaps are widened and the
corresponding attenuations are strengthened. Moreover, the attenuations out of band gaps that caused
by damping are also enlarged dramatically by the feedback shunting circuits.

To validate the theoretical results, vibration experiments were performed on a 1D PC composed of an
epoxy beam and periodic arrays of PZT-5H patches. The total length of the beam was 0.64 meters,
where a periodic structure with 8 periods is constructed.

Figure 3  illustrated the 1

0
measured transmission of the g of
1D PC. The overall view of the =10}
experimental results is shown in S 5} \ ()
. . Ry u
Fig. 3(a), while other subfigures 'E 3,1 — |
. . @ — short circuits
(b)-(d) are zoomed in view of 5 400 —— 8 feedback circuits| i
: thi 3 = —— 5 feedback circuits i
Fig. 3(a) within different _50L L . 3 o et i
frequency ranges. For 0 1000 2000 _ 3000 4000 5000 6000
comparison, the transmission of requency (Hz)

the 1D PC with short cut
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Figure 3 Measured transmission of the 1D phononic crystal with feedback
shunting circuits. The thick solid lines, dashed line and dotted line represent the
results corresponding to the cases when 8, 5 and 2 PZT patches near the
exciting point are connected with the feedback shunting circuits, respectively.
The thin solid lines represent the result when all electrodes of the PZT patches
are shorted and are used for comparison.
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Phase-controlling properties in phononic crystals

N. Swinteck 1, S. Bringuier 1, J.-F. Robillard 2, J.0. Vasseur 2, A.C. Hladky Zand P.A. Deymier !
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Abstract: We deliver a complete phase-space analysis of two well-studied PC systems to reveal
the mechanisms behind phase-manipulation of propagating elastic waves in these composite
structures. A triangular-array of steel cylinders embedded in a host matrix of methanol and a
square-array of Polyvinylchloride cylinders embedded in a host matrix of air show band structures
and equi-frequency contours (EFCs) with very different features, yet phase-control is possible in
both systems. We find that phase-control depends on (1) whether or not the wave and group
velocity vectors in the PC are collinear and (2) whether or not the excited Bloch waves in the PC
have the same phase velocity. The results gathered in this study can be used to draw general
conclusions about the reality of phase-control in many other types of PCs.

Phononic crystals (PCs) are composite materials comprised of periodic arrays of elastic inclusions
embedded in an elastic matrix. The majority of research in the field of phononics has been aimed at
understanding how the scattering of elastic waves impacts the spectral and wave-vector properties of the
crystal. Past efforts have shown PCs with numerous, useful properties including transmission band gaps,
local wave-guiding modes, filtering and multiplexing capabilities, and unique refractive behavior [1-4].
Several functional acoustic devices have resulted from exploitation of these exceptional properties.
Progress in the field of phononics is directly coupled to the development of new acoustic based
technologies, and for this, it is important for researchers to adventure beyond the contemporary
functionalities of today’s PCs.

An avenue that has been overlooked in the field of phononics is the impact PCs have on the relative phase
of propagating elastic waves. The concept of phase-control between incident waves in any PC can be
realized through thorough analysis of its band structure and equifrequency contours (EFCs). One
condition must firstly be satisfied for the possibility of phase-control: all incident elastic waves that are
transmitted through the PC must have an associated Bloch wave with a non-zero degree of refraction. If
the degree of refraction for all incident waves is zero, then the projection of each wave vector in the PC
onto the direction consistent with the group velocity vector is the same and a phase-shift cannot possibly
result. The EFC corresponding to this very unique scenario is a perfect square either centered on or off the
gamma point. With the knowledge that positive or negative refraction must occur, there are two general
schemes amongst PC EFCs that outline the possibility for phase-control. One scheme is where the phase
velocity of all excited Bloch modes is identical—a circular EFC centered on the Gamma point has such a
property because the magnitude of all wave vectors in the PC is the same. A relative phase-shift between
propagating waves in this type of PC comes from waves of the same phase velocity traveling different
distances through the crystal. The second scheme applies to most PC EFC structures. In the case where
wave vectors in the PC are non-collinear with group velocity vectors (phase velocities of Bloch waves are
different) and each excited Bloch wave has a unique degree of refraction, a relative phase shift occurs

164



Phononics 2011 Track 3: Periodic Structures

Phononics 2011: First International Conference on Phononic Crystals, Metamaterials and Optomechanics
Santa Fe, New Mexico, USA, May 29-June 2, 2011
PHONONICS-2011-0069

between propagating waves. Each wave vector in the PC projects differently onto its associated path of
propagation (group velocity vector) and the phase velocity of the excited mode is different along this
path, giving a slightly different quantification for phase shift as compared to scheme one. Interestingly,
since these two scenarios apply to most types of PC EFCs, phase-control can be realized with a large
number of different PCs. Changing the incident angles of the elastic waves entering the PC, varying the
PC length, and altering the initial relative phase between input signals, are some means of controlling the
output signal of the PC device. Such knowledge can possibly enhance the performance of current acoustic
based technologies utilizing PCs and lead to completely novel concepts of future phononic devices.

We investigate the phase-properties of two PCs to link EFC features with the phase-relationship between
propagating elastic waves. Our first PC is a triangular lattice of steel cylinders embedded in a host matrix
of methanol, all in water. The diameter of the inclusions is 1.02 mm and the lattice spacing is 1.27 mm.
Our second PC is a square lattice of Polyvinylchloride (PVC) cylinders embedded in a host matrix of air,
all in a surrounding environment of air. The diameter of the inclusions is 25.8 mm and the lattice spacing
is 27 mm. The first PC, at an operating frequency of 530 — 570 kHz, has a circular EFC centered on the
Gamma point whereby the wave and group velocity vector are collinear and the phase-velocity of all
excited Bloch modes is identical. The second PC, at an operating frequency of 13.5 kHz, has a square-like
EFC centered off the Gamma point. Here, the wave and group velocity vectors are non-collinear and each
excited Bloch mode has a unique phase velocity associated with it. Figure 1 shows the relative phase-shift
between several pairs of incident acoustic waves for the PC consisting of a triangular lattice of steel
cylinders embedded in a host matrix of methanol (550 kHz). Figure 2 shows the relative phase-shift
between several pairs of incident acoustic waves for the PC consisting of a square lattice of PVC
cylinders embedded in a host matrix of air (13.5 kHz). By utilizing the phase-information contained in
Figure 2 and including an additional assessment for the phase-shift incurred on the exit side of the PVC-
Air PC, we demonstrate complete control over the relative phase of two acoustic inputs by modulating
their initial relative phase by n and 2r radians. Figures 3a and 3¢ show finite-difference-time-domain
simulations (plots of instantaneous pressure) of two acoustic beams entering the PVC-Air PC. Figure 3a
shows a crystal of length 621mm and Figure 3c shows a crystal of length 1242 mm. The time average of
instantaneous pressure taken over one cycle (reported as average pressure) is shown in Figures 3b and 3d.
Average pressure readings are taken along cuts where the acoustic beams intersect (black lines in Figures
3a and 3c). If the beams are in-phase, the average pressure reading will yield a maximum. If the beams
are out of phase, the average pressure cut will show a minimum. Figure 3b shows that with a crystal of
length 621mm, we observe a change in relative phase of n—the input average pressure cut shows a
minimum, while the output average pressure cut shows a maximum. Figure 3d shows that with a crystal
of length 1242mm, we observe a change in relative phase of 2n— the input average pressure cut shows a
minimum and the output average pressure cut shows a minimum. This demonstrates a phase modulation
of @ and 2= radians based solely on changing the PC length. Similar control can be achieved by altering
the angles and keeping the PC length constant. This is one example, of many, where precise phase-control
exists between acoustic beam pairs.
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New Directions in the Analysis of Nano-Scale Phononic
and Nonlinear Metamaterial Systems

Michael J. Leamy'
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michael.leamy@me.gatech.edu

Abstract: This talk will focus on two directions being pursued by the author and his co-
workers in the areas of (i) multi-scale modeling of phonon spectra and dispersion in reduced
dimensional nano-scale systems (e.g., carbon nanotubes), and (ii) analysis of phononic wave
propagation in nonlinear metamaterials using asymptotic techniques.

The first part of this talk will address a multi-scale modelling approach being pursued by the author
for predicting phonon spectra and dispersion in reduced dimensional materials, such as graphene
sheets, nanotubes, and nanotoroids. For reduced-dimension nanophononic systems with large unit
cells (e.g., ‘supercells’ housing defects or unit cells capturing non-ideal geometries such as embodied
by ‘wavy’ nanotubes), manifold-based finite element modelling is advantageous for several reasons,
to include large reduction in degrees of freedom, applicability to complex geometries, and the pres-
ence of a natural curvilinear basis for describing wave vector components. Reduced-dimension mate-
rials are quite unlike full-dimensional materials in that they are neither space-filling nor simply-
connected, and thus require manifolds for representation. For example, a carbon nanotube unit cell
must fully wrap around the circumference in order to truly repeat, which results in two ends of the
unit cell sharing the same atoms. This complex geometry can be described efficiently using an intrin-
sic set of basis vectors whose (reduced) dimension equals the dimension of the manifolds describing
the system. Continuum modeling on manifolds generates the necessary basis vectors, while signifi-
cantly reducing the degrees of freedom.

3
Graphene Sheet 20.7 GHz

Figure 1 (a) Continuum computation approach used to study reduced-dimension materials. Intrinsic basis vectors G’ and the
use of representative area elements to sample interatomic potential energy allow the phonon spectra to be accurately pre-
dicted. (b) Typical acoustic mode of vibration predicted using the continuum approach.

A recently-developed multi-scale continuum approach' forms the basis for reduced-order modeling of
the reduced-dimension nanophononic systems (see Fig. 1a for an example nanotoroid) discussed dur-
ing the talk. This approach employs intrinsic basis vectors defined on a reduced-dimension surface
(manifold) of the nanostructured material. Changes in interatomic potential energy arising from lattice
vibrations are equated to changes in continuum strain energy, allowing non-quantum atomistic beha-
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vior to be captured using continuum techniques. The energy change is sampled using representative
area elements. A subsequent finite element discretization results in a significant decrease in the de-
formation degrees of freedom present, while at the same time accurately capturing the acoustic range
of the phonon spectra. Figure 1b displays a typical acoustic mode of vibration predicted using this
procedure. Applying Bloch analysis, dispersion relationships have also been obtained and will be dis-
cussed during the talk. In particular, the author will discuss the accuracy of the obtained acoustic and
optic branches, and will discuss in general what can be expected from any multi-scale approach.

The second part of this talk will address asymptotic techniques being developed by the author and his
co-workers for analyzing wave propagation in nonlinear periodic metamaterials. Gigahertz communi-
cation devices, such as mobile phones, use phononic-based systems for their low-power filtering char-
acteristics. Many sensing devices based on resonators, acoustic logic ports, and surface acoustic
wave-based filters rely on the unique band gap characteris-
tics of phononic crystals, an important class of periodic
metamaterials. The majority of recent research on wave
propagation in periodic metamaterials has been devoted to
linear media, with little attention paid to characterize, ana- 2
lyze and exploit the effects of nonlinearities for wave

propagation management and control. As devices miniatur- o

ize further, nonlinear behavior becomes the norm and not o _

the exception, as witnessed in part by the complex poten- iy ——haZzs Zo0 Ao ||
tials used to describe small-scale interactions. The effects o SR TEE - 0 e

nonlinearities exert on dispersion characteristics, band- P e ]

gaps, and directionality have not been the focus of a con-

certed research effort, and as a result are not well- Figure 2 Amplitude-dependence of diatomic
understood. Most importantly, nonlinearities should be ex- ¢hain’s dispersion behavior.

plored as means to achieve novel functionalities which po-

tentially enrich the design space of periodic media.

The considerations above have led us to investigate discrete (and continuous systems following dis-
cretization) of the following form,

. L NL
Mii, +Ku, + F (uj—l,N’uj+],l)+gE (E/au‘j—l,N’u‘jH,l):O’ (1)
where the displacement vector u = [u,, u;, u,5..... u; ,]" contains the displacements of the masses of

the j” unit cell, the unit cell mass and stiffness matrices are denoted by M e R"*" and K € RV, and
F e RV contains linear restoring forces associated with masses neighboring the unit cell while

F M e RV contains all nonlinear restoring forces. As such, (1) governs an open set of nonlinear dif-

ference equations and therefore requires a solution procedure unlike that traditionally used in weakly
nonlinear systems. However, ideas similar in spirit to the Lindstedt-Poincaré and multiple scales per-
turbation techniques have been developed by the author and co-workers to solve for amplitude-
dependent dispersion relations corrected up to second order™’.

Figure 2 plots the dispersion trend for the two wave modes predicted by the perturbation analysis of a
cubically-hardening chain. The trends pictured have been verified via comparison with numerically
simulated diatomic chains®. The figure demonstrates that an increase in wave amplitude shifts both
dispersion branches upwards, effectively moving (or tuning) the band gap location. We have also pre-
dicted similar dispersion shifts when multiple waves interact’. Possible devices exploiting this ampli-
tude-dependent dispersion behavior will be discussed during the talk.
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An Effective Medium Model for Sonic Crystals with

Composite Resonant Elements
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Abstract: Using a self-consistent method, analytical expressions are derived for the parame-
ters of an effective medium of composite scattering elements in air. The scatterers consist of
concentrically arranged thin elastic shells and 4-slit cylinders. Predictions and data confirm
that the use of coupled resonators results in a substantial insertion loss peak related to the
modified resonance of the shell.

Periodic arrays of resonant scatterers such as thin elastic shells ' or split ring resonators *“can support
low frequency band gaps in addition to those associated with array periodicity '. With finite periodic
arrays they correspond to frequency intervals of low transmission and lead to an improved attenuation
below the first of the Bragg’s band gaps. To describe low frequency behaviour, an effective medium
model has been developed for an array of ¢ concentrically arranged hollow rigid cylinderswith multi-
ple slits (N-slit rigid cylinder) and thin elastic shells (Fig.1).

The composite scatterer is a system of coupled reso-
nators and gives rise to multiple resonances. The cor-
responding analytical model employs polar angle
dependent boundary conditions on the surface of N-
slit cylinder. The solution inside the slits assumes
plane waves. The simplified low frequency descrip-
tion of the composite scatterer relies on the replace-
ment of the N-slit cylinder by an equivalent fluid
layer. The concentric arrangement results in reso-
nances associated with both circular and annular
cavities. An axisymmetric resonance of the shell is
preserved but shifted to the lower frequency range by
Figure 1. Cross-section of composite element consist-  the presence of the cavity. This is similar to the effect

ing of a concentric arrangement of an outer 4-slit rigid  ghgerved in mass-spring system with multiple de-
cylinder and an inner elastic cylindrical shell.
grees of freedom.

Using a self-consistent approach *, e analytical expressions are derived for the characteristic imped-
ance and the wavenumber of an effective medium comprised of composite scatterers in air. The ap-
proximation is applicable when wavelengths in both air and effective medium exceed the size of a
single scatterer. The model takes into account viscoelastic losses in the shells. The effective medium
model predictions are compared with the solutions for infinite doubly periodic arrays and insertion
loss data for finite arrays of composite scatterers. In laboratory experiments 2m long and 0.25mm
thick Latex cylinders with outer diameter of 43mm and 55mm outer diameter slitted PVC pipes were
used. Concentric arrangements of pairs of Latex and 4-slit PVC cylinders were formed as shown in
Figure 1.The cylinders were arranged in a periodic (square) array with lattice constant of 8cm. The
Bragg frequency for the array is around 2kHz. It is demonstrated that the model predicts negative real
part of the effective compressibility around the modified axisymmetric shell resonance (Fig.2) at
1.1kHz.
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As shown in Fig. 3, for an array of

4 j ' 21 composite scatterers the effective
medium model correctly predicts the
3r iy frequency of the corresponding inser-
tion loss peak, but overestimates its
2r 1 value.

1jh Plane waves were assumed and the

array was modelled as infinitely wide
slab. One of the reasons for dis-

or iy agreement is the limited validity of
the plane wave approximation; the
1r 1 second is the inapplicability of the

long wave approximation around the
resonant frequency. A better agree-
ment is obtained between the effec-
tive medium model and multiple
scattering theory predictions for lar-
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Figure 2. Real part of normalised effective density (T —) and effective
compressibility (___) as a function of frequency.

ger arrays with receiver placed fur-
ther away from the array. Charac-
teristic impedance and wavenum-
ber are deduced from laboratory
data and predictions of the multiple
scattering theory using methods
developed in paper > and compared
with those predicted by the effec-
tive medium model.
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Control of Vibrational Energy in

Nonlinear Granular Crystals
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Abstract: We describe recent work on nonlinear granular crystals. We explore phenomena re-
lated to vibrational energy localization, re-distribution, and rectification enabled by the spatial
discreteness, disorder, and nonlinearity of granular crystals. In addition, we note how an un-
derstanding of dynamic phenomena in granular crystals can enable the design of novel engi-
neering devices.

The ability of periodic structures to affect wave propagation — through the existence of phenomena
such as band gaps — has been studied across a wide array of fields. This includes the propagation of
light in photonic crystals and elastic/acoustic waves in phononic crystals'. The scalability of such
concepts has been shown, at the intersection of these two fields, in the development of optomechani-
cal crystals®, which produce phononic waves as a result of photonic excitation. However, the majority
of these studies have focused on the linear dynamical behaviour of these systems. Although studying
the linear response is an important first step, it is more often the exception than the rule in naturally
occurring systems. Nonlinear systems, albeit more difficult to study, are more general, and offer the
possibility of new phenomena and functionality.

Granular crystals are systems composed of a tightly packed array of elastically interacting particles.
With the Hertzian contact that governs the interaction between the particles, granular crystals are both
spatially discrete (dispersive) and nonlinear systems. Granular crystals have drawn recent interest due
to the tunability of their dynamic vibrational response (with the application of a static load) to encom-
pass linear, weakly nonlinear, and strongly nonlinear regimes; the simplicity of their construction; and
their applicability to engineering devices’. The study of granular crystals has seen the emergence of
coherent structures such as solitary waves’, intrinsic and extrinsic nonlinear localized modes™’, and
other nonlinear phenomena such as tunable frequency band gaps®, bifurcations®, and chaos’.

Here we show a specific example of a nonlinear coherent structure, a discrete breather (DB), which
can be found in granular crystals. DBs have been a central theme for numerous theoretical studies
while the past several years they have been observed in a myriad of physical systems ranging from
biological to microengineered and condensed matter systems covering all the length scales ®. In Fig.
1, we show an experimental observation of a DB, generated in an 80 particle diatomic granular crys-
tal. This example shows how the interplay of nonlinearity and discreteness/periodicity leads to the
localization of vibrational energy to a narrow spatial regime, at a specific frequency. The underlying
physical mechanism, as described in*, that leads to the development of an intrinsically localized mode,
is the modulational instability of the lower optical cutoff mode of the diatomic granular crystal. A sys-
tematic study of the existence and stability of these nonlinear localized vibrations in a diatomic granu-
lar crystal can be found in’.

In contrast with traditional types of localization in disordered media, the discrete breathers are “intrin-
sic” as they do not require the presence of any defects, and can occur in perfectly periodic chains.
However, the inclusion of an extrinsic disorder in granular crystals, in combination with their nonlin-
ear response, leads to other interesting phenomena such as nonlinear defect modes and symmetry
breaking bifurations®. Such modes allow the response of the system to be tunable, not only with the
application of static load, but with a change in the amplitude of the propagating wave; another exam-
ple of increased functionality resulting from nonlinearity. Furthermore, in the presence of a defect and
a driver at one end of the chain, hopf bifurcations can lead to the appearance of quasiperiodic and
chaotic vibrations in granular crystal systems’. Such instabilities and bifurcations, resulting from, and
in combination with nonlinearity, enables the re-distribution of energy amongst other frequencies of
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the system — a characteristic previously unavailable to linear systems. Taking advantage of such phe-
nomena, we have proposed a tunable rectifier of vibrational energy’. Such a system could have impor-
tance in a wide array of applications, including: biomedical imaging technologies, vibrational and
thermal energy logic systems, and energy harvesting devices.
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Figure 1: Experimental observation of a DB, in an 80 particle granular crystal, at f,=8.31 kHz. (a),(b) Force at particle 2 and
14, respectively. (c),(d) Power spectral density (PSD) for the highlighted time regions in (a),(c) of the same color. Square
[circular] markers denote the DB [driving] frequency and PSD amplitude. (e) The ratio of the PSD amplitude at the discrete
breather frequency divided by the PSD amplitude of the driving frequency as a function of sensor location. The vertical
dashed line in (b) and (d) denotes the lower cutoff frequency of the optical band, and the vertical dashed lines in (a) and (c)
denote the time region for the PSD calculation.

Mirroring the evolution of the study of photonic crystals, we aim to extend the study of the emerging
field of phononics into the realm of nonlinearity. Nonlinearity has the potential to break the restric-
tions imposed by linearity, and enable the design of new devices. This includes mechanisms for con-
trolling the spatial distribution of vibrational energy, and for the conversion of energy to other fre-
quency waveforms. In granular crystals, we have found a useful test-bed and model for such an inves-
tigation. Accordingly, we have also developed the theoretical, numerical, and experimental tools for
furthering the understanding of nonlinear phononic phenomena, and developing novel applications.
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Second harmonics, instabilities and hole solitons in 1D
phononic granular chains
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Abstract: The propagation of nonlinear compressional waves in a 1D compressed granular
chain driven at one end by a harmonic excitation is theoretically studied. The chain is de-
scribed by a FPU lattice model with quadratic nonlinearity. We predict and describe different
nonlinear phenomena, as the generation of second harmonics, modulational instabilities and

the existence of hole (or dark) solitons.

We consider the propagation of a harmonic signal applied to one end of a homogeneous 1D chain of
spherical beads in contact, each with a mass m and a radius R, as shown in Fig. 1. Under the effect of

an external constant force £ [Fig.1] the chain is compressed, and the distance between centers is re-

duced by an amount § resulting in @ = 2R-9¢. Denoting by u, the displacement of the n-th bead from

its equilibrium position, and assuming that the beads
repel upon Hertz-type potential V(5) x5, with
OOCO-OOk Tamimmni

6=0,-(u,—u, ) being the bead-bead overlap, the dy-
2R-3,

namics of the chain is described by a system of coupled
ordinary differential equations for the displacements,
which for §, >>lu, —u,_, | can be written as a quadratic

FPU equation, as [1]

Figure 1 1D chain of spherical beads in contact
compressed by an external constant force.

d’u, 1 £
t=—(u, -2u +u _ )—-—(u
dt2 4 ( n+l n n—l) 8 (
where € =u, /23, is the nonlinearity parameter. We consider a driven lattice, subjected to the bounda-
ry condition u,(t)=sin(t), being € the driving frequency. Neglecting nonlinearity, we obtain the

dispersion relation of the chain, €2 = |sin(k / 2)| defining the cutoff frequency Q=1.

&)

- 2un + un—l )(un+l - un—l )

n+l

o1 A successive approximations method is used to find the analytical

expressions for the amplitudes of the static displacement field, and of
the fundamental and second harmonics propagating through the lat-
71 tice. We distinguish two regimes, depending on whether the second
harmonic is a propagating (0<Q<1/2) or evanescent (1/2<Q<I1)
mode. The results for the propagative case are shown in Fig. 2, where
we depict the amplitude of the different modes. Note the mode beat-
ing induced by the lattice dispersion. In both cases, it is found that
second harmonic is present, and influences the propagation character-
istics of the fundamental mode. The comparison of the analytical re-

A A

0
01 .

2" harmonic

0.05 [~

1%t harmonic

L6 . . . .
2 L <] sults (full lines) and numerical results (dots) is shown in Fig. 2.
S L
g _
g 08 Figure 2. Amplitudes of the different modes (static, fundamental and second
041~ 7 harmonic) in the case €é=0.1 and Q=0.4 (propagative case) along the chain, for
Chan 2'0 * 4'0 * ()Io * 8'0 — the first 100 beads. Note the linear growth of the static mode, and the beatings

n (bead position) of fundamental and second harmonics.
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The successive approximations method allows predicting the amplitudes of the different modes prop-
agating in the chain, but is not appropriate to study other dynamical effects induced by the nonlineari-
ty, like instabilities or envelope solitons. In other to study these phenomena, a technique based in a
multiple scales expansion method together with the so-called quasi-discreteness approximation [2] is
used instead. Considering both slow temporal and spatial scales, the following equation for the enve-
lope A of the fundamental wave can be obtained:

2
A _ip0A
ot ox

n

+iQ|A[" A, 2

2
where P=lai2
2 ok

is the dispersion coefficient, Q = iQ(l - 392)82 the nonlinearity coefficient and we

have defined the retarded time 7 =7-x,/v, where x, identifies the bead position and v, the group

velocity. Equation (2) is the well-known Nonlinear Schrédinger (NLS) equation. The NLS equation
provides a canonical description for the envelope dynamics of a quasi-monochromatic plane wave
(the carrying wave) propagating in a weakly nonlinear dispersive medium when dissipative processes
are negligible [3]. From Eq. (2) it follows that the uniform solution is always modulationally unstable
when PQ > 0, provided some threshold amplitude is reached. This is known as the Benjamin-Feir in-
stability and results in a long-wavelength modulation of the propagating signal, which eventually
breaks into a sequence of pulses or bright solitons. Since in Eq. (2) P is always positive, the analysis
predicts that constant amplitude solutions (plane waves) can be wunstable when

Q<Q =1/ J3=0.577. On the contrary, when > . and solutions are stable, the chain supports

propagative localized solutions known as dark (or grey) hole solitons. They have the analytical ex-
pression

A=A0\/1-d2sech2(x"L”)e"9 3)

which is an exact solution of Eq. (2). The existence and stability of such solutions has been demon-
strated numerically, and the results are shown in Fig. 3 for €=0.3 and Q2=0.8. The temporal behaviour
of bead labelled as N=50 is shown at the right. The left picture compares the numerical solution with
the analytical profile given by Eq. (3), shown in continuous line. The agreement is excellent, demon-
strating the existence of the predicted hole solitons. While bright solitons in granular chains have been
deeply studied, this is the first prediction of hole solitons in such discrete systems.

Figure 3. Hole soliton obtained for
the case €=0.3 and Q2=0.8. The tem-
poral behaviour of bead labelled as
N=50 is shown.

The work was financially supported by the MICINN of the Spanish Government, under FIS2008-
06024-C03-03, and by ANR projects “grANulLar”, NT05-3 41989, and “Stabingram”.
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Abstract: Evanescent modes in complete sonic crystals (SC) and SC with point defects are
both theoretically and experimentally reported in this paper. Finite element method and an ex-
tension of the plane wave expansion with supercell approximation to solve the invers problem
k(w) is used to predict the evanescent modes. Experimental data and numerical results are in
good agreement with the predictions.

Propagating waves inside a periodic medium represent a set of solutions to the wave equation that
satisfy the translational symmetry and they are characterized by the transmission bands obtained using
the Bloch’s theorem and Fourier expansion of the periodic physical properties. Then the acoustic
wave equation can be transformed in an eigenvalue problem and solved using for example the plane
wave expanssion (PWE) method. The eigenfrequencies w(k) for each Bloch’s vector £, inside the irre-
ducible part of the first Brillouin zone constitute the bands structure. One of the most important prop-
erties revealed by these bands is the so-called band gaps (BGs): frequency ranges where waves do not
propagate through the periodic system. The existence of these BGs leads to the emergence of several
interesting physical properties, such as the localized modes within the BG when a point defect is in-
troduced in the structure.

When the translational symmetry is broken, evanescent modes characterized by a complex wave
number k&, can emerge in these systems. In contrast to infinite periodic media, in the case of the finite
ones, the modes inside the BG present evanescent behaviour, growing the decay rate of the mode as
the frequency reaches the center of the BG. In Figure 1 we can analyze the evanescent behaviour of a
mode inside the BG of a finite
Sonic Crystal (SC) made of rigid
0.08M —e—Experimental 5x5 r Y v Y Y ! cylinders with radius »=0./ m ar-

0.035

?E;?:;$ZI53“ ﬁisoo? -@15@0 4 ranged in square periodicity

0.025/ \ T £ a=022 m, at the frequency 920
S g 1000/ - |1ooo g  Hz The absolute? value of the pres-
e AN 5500_ ‘ 3 sure in the points between two
B0015 = £

'/\500 - rows of the SC has been numeri-
g / ] cally calculated, using finite ele-
qnw 40 30_Ii?(k;° I L | ments method (FEM). The numer-

ical predictions and experimental

0.005 -
: ePooese, T — —— results are plotted in Figure 1 with
® 02 03 04 05 06 07 08 09 1 11 12 black continuous line and con-
X (m) nected open red circles respective-

ly. It is possible to observe the de-

Figure 1 Acoustic pressure inside a 5x5 SC with square array with lattice cay of the mode with the distance
constant a=22 cm for a frequency inside the BG of 920 Hz. Black continuous g]] along the SC. With these expe-
line (connected red open circles) represents the absolute values of the nu- rimental results, the decay of the
merical (experimental) pressure inside the SC between two rows of scatter- P

ers. Red dashed line represents the fitting of the exponential like decay of the evanescent mode inside the BG can
measured acoustic field inside the SC. The inset represents the measurement be fitted. In order to fit an exponen-
points inside the SC and both the complex and real band structures. tial decay ae”™ the points with max-

imum values have been chosen.
The values of the parameters in the fit are a=0.05597+0.0103 Pa, and b=Im(k)=-5.60+1.45 m"’, and
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the result is plotted in Figure 1 in red dashed line. In the inset of Figure 1, we show the complex band
structure calculated using the extended plane wave expansion (EPWE) in order to solve the inverse
problem k(w) being k possibly complex. The value of the imaginary part of the first harmonic of the
wave vector is marked in the complex band structure with a red square. One can see that Im(k)=-5.6
m™ at frequency 920 Hz in a complete SC.

One particularly interesting aspect of SC is the possibility to create point defects that confine acoustic
waves in localized modes. Because of the locally breaking periodicity of the structure, defect modes
can be created within the BG. These defect modes are strongly localized around the point defect’:
once the wave is inside the defect, it is trapped because the borders of the defect act as perfect mirrors
for waves with frequencies in the BG. To analyze the propagation of waves inside periodic structures
with defects, authors have traditionally used PWE with supercell approximation. In this work, we de-
velop the supercell approximation to the EPWE. This methodology enables us to obtain the relation
k(w) for N defect modes in a periodic medium.

Figure 2A shows the complex band structures for the /X direction and real band structures for an SC
with a point defect. In our case, we use only one direction of incidence to analyze the complex band
structure because the localized mode appears at the same frequency for all the incidence directions.
The supercell used for the calculations is shown in the inset of Figure 2A.

Analyzing the real band structures (propagating properties) we can observe that the localized mode
appears at 920 Hz (green dashed line). For frequencies in the BG, the borders of the point defect act as
perfect mirrors and produce the localized mode in this cavity. Figure 2B presents the numerical results
of the acoustic field inside a point defect in a SC in complete good agreement with the experimental
data. Figure 2C represents the measurements of the localized mode in a cavity obtained for the first
time.

In Figure 2A, the complex bands give information about the evanescent behaviour of the localized
mode. We observe that a complex band obtained by EPWE becomes a purely real for the localized
mode (green dashed line). The value exactly coincides with the one obtained by PWE with supercell
approximation. The border of the cavity is located at approximately x=0.6 m as it can be observed in
Figure 2B. Figure 2D presents both numerical (blue line) and experimental (blue open squares) val-
ues of the acoustic field from the end of the cavity to the end of a SC, showing the evanescent beha-
viour of the localized mode outside the cavity.

The propagation of waves
inside periodic structures
consists on both propagat-
ing and evanescent modes.
This work could well be-
come fundamental for the
[ ) correct understanding of
450 ‘«"‘“ Y - ooy i the design of narrow filters

‘ i T and waveguides based on
periodic media with point
defects.

(A) sy /A
1200 8228 /
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x(m) References
Figure 2 Evanescent behaviour of a localized mode in a point defect. (A) Complex (Blue ' Y.C. Hsue, A.J. Freeman and
lines) and Real (black lines) bands structures for a SC made of rigid scatterers with a B.Y. Gu. Phys. Rev. B, 72,
point defect. Square periodicity a=0.22 m and radius »=0./ m. (B) Numerical prediction 195118, (2005).
of the acoustic field inside the point defect at the localization frequency, 920 Hz. (C) ° V. Laude, Y. Achaoui, S. Ben-
Experimental measurement of the localized field inside the point defect. (D) Analysis of chabane and A. Khelif. Phys. Rev.
the evanescent behaviour of the localized mode. Blue continuous line (Open blue B, 80,092301, (2009).
squares) represents the numerical predictions (experimental data) of the acoustic field in ® 1D. Joannopoulos, R. D.
the path between two rows of cylinders containing the point defect marked with a broad Meade, and J.N. Winn, Molding
orange dashed line. Red dashed line shows the fitting of the exponential like decay of the the Flow of Light, Princeton Uni-
localized mode. versity Press, USA (1995).
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Abstract: The design of devices based on phononic crystals seems a hot topic nowadays.
However, there are some effects that have to be into account for the development of their
technology, as for instance the existence of a close surface that could interfere with their
acoustic properties. We present here an analytical model to analyze this interaction based on
the Multiple Scattering Theory in good agreement with experimental data.

The acoustic interaction between both the scattered field produced by a phononic crystal (PC) and the
reflected field from a line source in a finite impedance surface is reported in this work. This interfer-
ence pattern is analyzed using an analytical model, based on the multiple scattering theory'?, called by
us Image Multiple Scattering Theory (IMST). The analytical predictions have been compared with
experimental data showing good agreement. We have considered throughout this work a line source
and the case of cylindrical scatterers in air. Although the most interesting situation is likely to involve
periodic arrays of cylinders with their axes perpendicular to the surface, this would require solution of
a 3D problem. Therefore we have considered the tractable 2D problem involving a periodic array of
cylinders with their axes parallel to the surface.

This analytical method developed in this work modifies the classical Multiple Scattering Theory using
the method of images in order to add the reflected field on the finite impedance surface. According to
this methodology, two sources have been considered: the real source located in the real space and an
image source located in the image space. Moreover, the image of the real array is also considered to
solve the problem. In Figure 1 (left panel), we represent the real case for a square array of cylinders
with lattice constant a,
and radius 7. In Figure
1 (right panel) we show
the scheme of images:
one can observe the
real space XY with the
real array of scatterers
and the real source O,
and the image space
(XY’) with the image
array of scatterers and
the image source O’.

To add the effect of the
surface in our analyti-
cal scattering model,
we have characterized

Figure 1 Left panel: Array of scatterers in the real case. Right panel: scheme of the method
of images for the array of the left panel.
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it by means of the reflection coefficient R(ro,7c; v) of the surface. If R(rp,7c; v)=1 we are in the case
of acoustically hard ground but, generally speaking, R(ro,r¢c,; v) will be a function that will depend on
the positions of both the source and the receiver and on the frequency. Specifically R(7o,7¢; v) can be
characterized by the finite impedance of the surface. In this work, the finite impedance surface is rep-
resented by a two parameter impedance model*:

Z ound = HCO(O.434\/%(1+1')+9.751’%) (1)

Taking into account these considerations, the total acoustic field obtained using the IMST is:

M 0
P(F)=H,(kr)+ R(%, s [DH, () + [ [ 47" (" Ger, )e™ + R(7o s [DH] (kr, )™ ) - (2)
m=1 1]

Where M is the total number of the scatterers in the real space. The analytical Insertion Loss (IL)
spectra for an array of cylinders placed over a soft plane are studied. The characteristics of the consid-
ered system are: 2/ rigid cylinders with »=0.055 m arranged in a square array with ¢=0.069 m and
with the bottom row placed near to a finite impedance surface with o, = 4000 Pa s/m” and a, = 105
m’. The line source is placed at point O = (0, 0.235) m. The distance between the source and the array
is d=0.755 m. In Figure 2 we can observe the comparison between measured and calculated the IL in
three points, with coordinates at (A) (1.203, 0.117) m, (B) (1.203, 0.235) m and (C) (1.203, 0.352) m.
The agreement between analytical predictions and experimental data are fairly good.
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Figure 2 Measured and predicted Insertion Loss spectra for the three points indicated in the text.
This model can be applied in several technological applications of PC as for instance in the case of the
design of acoustic barriers based on arrays of scatterers, where the effect of the excess attenuation
produced by the reflected wave by the ground has a great influence on the acoustical properties of the
PC.
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Abstract: Lattice materials with a periodic microstructure are suitable for multifunctional
structures with high specific stiffness, favourable acoustic and thermal properties. Their me-
chanical response under static and dynamic loads is considered from a unified structural me-
chanics perspective combining Bloch wave theory with Finite Element Method.

Lattice materials possess a spatially repetitive unit cell geometry on the length scales of a few millimetres .

Typical applications include sandwich beams, panels and space trusses®. It has been observed that the
unit cell geometry has a profound influence upon their macroscopic mechanical response? under static and
dynamic loading conditions’. Optimal design of lattice microstructures for wave bearing properties such as
bandgaps have been studied®. Ideas from solid state physics® have been combined with structural mechanics
principles %! and applied to periodic structural systems for aerospace applications. This interdisciplinary
approach has lead to significant insights, most notably the exposition of Anderson localisation phenomena

in macro scale periodic structures'?>. More recent studies’-'>!# approach lattice and phononic materials in

the spirit of earlier pioneering works in periodic structure theory '!1,

Response/Phenomenon Loading Type Deformation Type Remarks

Passband’ Dynamic Spatially extended Linear, infinite, perfect lattice material

Stopband (Bandgap)’ Dynamic Spatially localised Linear, infinite, perfect lattice material

Saint Venant effects ' Static Spatially localised Linear, finite, perfect lattice material with a
boundary or interface

Rayleigh waves '° Dynamic Spatially localised Linear, finite, perfect lattice material with a
boundary or interface

Anderson Localisation '? Dynamic Spatially localised Linear, imperfect lattice material

Discrete Breathers "' Dynamic Spatially localised Nonlinear, perfect lattice material in the weak

coupling limit

Table 1 A classification of mechanical response of lattice materials. Here a perfect lattice material contains no defects such as
cracks, whereas an imperfect lattice material does. Symmetries present in the perfect lattice are perturbed or destroyed in the
imperfect lattice.

A unified structural mechanics perspective on mechanical response of lattice materials viewed as a periodic
network of beams will be presented. Two distinct regimes of mechanical response are identified: in spa-
tially extended response regime the entire lattice can sustain deformation; deformation can be confined to
a spatially localised region due to defects, interfaces, and nonlinearity. A wide range of phenomena can be
incorporated within this perspective as shown in Table 1.

Eigenvalue problems using Bloch theory will serve to unify the spatially localised and spatially extended
deformation phenomena in Table 1 for linear systems. A quadratic eigenvalue problem proposed in an ear-
lier work 13 to study elastic boundary layers will be revisited and generalised to include surface waves of
Rayleigh type. Numerical results will be provided for one-dimensional linear nonlinear systems. Interaction
between the defects and nonlinearity will be highlghted.
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Figure 1 Dispersion curves for a hexagonal lattice exhibiting bandgaps and curve veering (left)”; Elastic boundary layers of Saint
Venant type in a Kagome lattice subjected to stretching and shear deformations (right) '*: 5 denotes relative density.
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Abstract: A two dimensional binary locally resonant phononic crystal (PCs) has been fabri-
cated and thoroughly analyzed. A lumped-mass method has been proposed as an efficient tool
to calculate the band structure of PCs. The concept of PCs is introduced into the design of
beam and plate structures, and the acoustic materials to improve their vibration and sound per-
formance.

The propagation of acoustic/elastic waves in periodic composite materials known as phononic crystals
(PCs) has received considerable attention in recent years. The emphasis is placed on the existence of
band gaps within which acoustic/elastic waves are all forbidden. Moreover, when point defects or li-
near/planar defects are introduced into perfect PCs, acoustic/elastic waves within band gaps will be
restricted to the point defects or can only propagate along the linear/planar defects. Such unique prop-
erties of PCs are of great interest in the field of confinement, waveguiding and filtering, as well as the
area of noise and vibration isolation.

Since the year 2001, funded by the State Key Development Program for Basic Research of China and
the National Science Foundation of China, we started research work on PCs and their applications in
the area of sound and vibration control. Our research interests focused on the band gap formation
mechanisms, band gap calculation methods and potential applications in vibration and noise reduc-
tion.

1. Band gap formation mechanism

A crucial foundational problem involved in the investigations of PCs is to gain a clear understanding
of the band gap formation mechanisms. Two kinds of mechanisms have been developed: Bragg re-
flection mechanism and locally resonant (LR) mechanism. Resonance gaps formed by the LR mecha-
nism can be tuned to a very low frequency range with a far smaller lattice constant than that governed
by the Bragg condition.

A thorough study has been carried out on the Bragg reflection mechanism and we have revealed the
resonance modes near the edges of the first absolute band gap in a two-dimensional (2D) PC with a
matrix of epoxy, which lead to a wide band gap. The resonance of the upper band edge is induced by
Bragg scattering, and the resonance is mainly concentrated in the matrix. The lower edge resonance is
induced by the joint effects of the Bragg and Mie scattering and presents a rotary resonance mode.
The gap induced by the rigid-body resonance coalesces with the Bragg gap, so a wider gap comes into
being.

The previous LR PCs are all ternary systems, which consist of a cubic array of coated spheres im-
mersed in epoxy or of a lattice of coated cylinders in epoxy (the coatings are thin films of soft rubber).
In contrast, we fabricate a 2D binary LR PC composed of periodic soft rubber cylinders immersed in
epoxy host. A comprehensive study has been performed. Numerical simulations predict that subfre-
quency gaps also appear because of the high contrast of mass density and elastic constant of the soft
rubber. The LR mechanism in forming the subfrequency gaps is thoroughly analyzed.

Generally, the Bragg reflection mechanism and the locally resonant mechanism focus on the effects of
the periodic structure and the single unit cell respectively. We have developed a model including
these two factors simultaneously. Through analysing the elastic wave modes in 2D PCs by MST, the
uncoupling effects between the differently ordered cylindrical wave components have been identified
at the edge of the band gaps. For the uncoupled modes of the lowest gap, a simple analytic expression
is presented, which comprises the Mie scattering of a single unit cell and the effects of the periodic
structure simultaneously. A comprehensive physical insight into the formation mechanism of the band
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gaps is provided, no matter the band is derived of Bragg reflection or local resonance. In addition, a
clear physical understanding of the formation of full band gaps is also proposed.

2. Band gap calculation methods

Several theoretical methods have already been developed for the calculation of band structures of
PCs. Mostly, the calculations are based on the plane-wave expansion (PWE) method, in which the
wave equations are solved in Fourier space. Nevertheless, PCs involving media with a large contrast
in their elastic/density properties are not easy to treat with PWE because a large number of plane
waves are required to obtain reliable band structures. Other methods such as the variational method
and the finite difference time domain algorithms overcome the convergence problem in a certain ex-
tent. The multiple scattering theory (MST) has advantages in convergence. However, it can only han-
dle specific arrays of spheres (3D) or cylinders (2D) up to now and complicated mathematical deduc-
tions are always required.

A lumped-mass method that works in the direct space based on the discretization of continuous sys-
tems has been proposed by us as a new way to compute the band structure of PCs. We conclude that
the lumped-mass method converges faster and its convergence is insensitive to the sharp variation of
elastic constants on the interfaces inside the PCs. Especially, the latter advantage is unique in com-
parison with other studies on the improvement of plane-wave expansion methods. Another unique
feature of the new method is that it needs not deduce the structure factors for every inerratic shape
thus it can be used to deal with PCs with any unit shapes directly.

3. Applications in vibration and noise reduction

The investigations on PC materials/structures are driven partly by their potential applications such as
wave filters, vibrationless environments for high-precision systems, transducer design, etc. By intro-
ducing the idea of PCs into the design of engineering structures, such as beams and plates, band gaps
can be achieved to control the transmission of vibrations. Vibration band gaps in these structures,
based on either the Bragg reflection mechanism or the locally resonant mechanism, have been found
theoretically and experimentally. Furthermore, the characteristics of directional propagation of elastic
waves in 2D PCs within specific pass band frequencies has be studied and utilized to control the di-
rection of the vibration transmission. These studies provide new ideas for the application of PCs in the
field of structural vibration control.

The idea of localized resonance in PCs is introduced to improve the low-frequency acoustic absorp-
tion of viscoelasitc materials. Both the theoretical results and the experimental measurements show
the phenomenon of low-frequency absorption. The outputs of our work may be useful for tailoring the
acoustic absorption properties and are expected to have applications in underwater acoustic absorption
materials.
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Using classical FEM to predict the dynamical response of
periodic devices in acoustic and vibration applications
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Abstract: The task of predicting the dynamical response and tailoring wave propagation fil-
ters for practical frequency ranges is here presented. Finite element steady-state analysis is
performed on periodic devices of finite length considering periodic distribution of materials,
addition of masses to a tube and periodic curvatures. Validation obtained with prototypes, one
for attenuation of axial vibration and other for sound propagation, is also mentioned.

Four periodic devices were studied for passive control of elastic wave propagation. Analytical, numer-
ical and experimental results were obtained to verify and validate the models used. In the first exam-
. ple, it is considered the case of the dynami-

r -

o e — e S cal characterization of the axial harmonic
e O L O I~ ¢  response (U) at one end of a multi-laminated
A it periodic bar. The bar is excited by an axial

b stioill - B 8.8 ke, harmonic force (F) at the other end (see Fig.

Le 1). Design of such devices can be found in

literature, see for e.g. in Hussein et al.'. In
order to have the device working within a
frequency range of interest, it was recom-
mended to use a periodic sequence of cells
built from steel and cork agglomerate. The

- qu-ﬁcv M2

Figure 1 At the top, distribution of two material components ==
along the rod. At the bottom, predicted (FEA) and experimen-

tal.responses. ' ’ . ' WL!’JJJ L' I 'J| | l | | I
main purpose of this material choice was to play with the A k;qb‘i | AN
high contrast in the wave propagation speeds. This is done -« - ! A {
to maximize vibration attenuation regions present where ) |

predictable stop-bands regions are known to exist for the T .

case of infinite periodic structures. Experimental results =
confirmed the predicted attenuation regions (for details
see, Policarpo et al.").

The second and third examples are from a similar Figure 2 At the top, straight hollow tubes with
periodically repeated diameter or curvature. At

attenuation problem for the flexural vibrations at one end 1. pottom: harmonic responses from the peri-
of a hollow shaft excited by a transversal force at the other odic tubes and from a straight hollow tube of
end. A straight tube with periodically repeated piecewise constant diameter (for the same weight, length
constant diameter (also seen as added masses) is presented and internal diameter).

in the second problem. For the third case, the tube is defined as a sequence of periodically-repeated
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curvatures (see Fig. 2). Although authors found this parametrization interesting for some pratical
applications, it was not found in scientific literature. The corresponding frequency response graphics
illustrate practical improvements of their response in comparison to the equivalent straight hollow
tube of the same length, weight and internal diameter. For the sake of simplicity, the FE models were
limited to the elastic bar (i.e., link or rod elements) and to Euler-Bernoulli beams, but in principle the
algorithms used can be applied to shells and solids as well.

As a last example, sound transmission through a periodically spaced array of steel cylinders (Fig. 3)
was also studied for comparison between analytical, numerical and experimental results (obtained in
an anechoic chamber). It required the building of two classical FE models and a prototype. First, a
Fluid-Structure Interaction (FSI) modeled by a finite element technique is used to analyze the case of
a wave propagating in the air through a periodic distribution of cylinders perpendicular to the direc-
tion of the wave propagation. Second, the FSI is deactivated, resulting in a model with only an acous-
tic fluid with fixed holes instead of the cylinders. The experiments confirmed that the prototype exhi-
bits strong sound attenuation bands at the frequencies predicted in literature (Sanchez-Pérez et al. ?).
The effect is considerably well reproduced by means of numerical simulations (in this case, for the
frequency range of 1250 up to 1750 kHz). Experimental results with the prototype in an anechoic
chamber confirmed the predicted attenuation.

In conclusion, the use of
classical finite elements
with harmonic (steady-state)
analysis allowed to correct-
ly predict the behavior of
these simple devices. Al-
though frequencies were not
very low, the frequency
ranges were considered of
interest for engineering ap-

Figure 3 Left: A photo of the experimental device built from a periodically spaced phcatlons. The resqlts
array of metallic cylinder elements in air. Right: A plot of the air pressure distribution showed a good correlation
predicted from the harmonic FE analysis considering a plane wave at the entry and with the predictions of the

anechoic boundary condition at the exit. corresponding Bloch wave

analysis, as long as the
number of finite elements used per wavelength is adequate. Simple finite element meshes were used.
Experimental tests performed at axial vibration devices and at the set of parallel cylinders shown good
correlation with the numerical predictions. It is expected that these contributions can make it easier
for engineers to understand and to use the advantages of the actual phononics knowledge.
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Dynamical effective properties of elastic multilayers
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Abstract: Based on the state-vector formalism, a material with the Willis type of constitutive
relations is recovered as the model of an homogeneous dispersive effective medium that emu-
lates periodic multilayered or graded materials. The effective material constants are defined
through the actual physical parameters in the form, which is not, in principle, restricted to low
frequency and which can reveal both the dispersion and the stopbands. Some examples for the
out-of-plane case are provided.

The state-vector formalism and the wave number matrix K

The state-vector formalism is well-suited for describing elastic waves in anisotropic 1D-
heterogeneous media with density p(y) and stiffness tensor c,;, (y). Consider quasi-plane modes
with the phase factor expi(k:ma: — wt) , where w is the frequency and &, the wavenumber in an arbi-
trarily chosen direction X orthogonal to Y . Taking the Fourier transforms of the equilibrium

(0, = pu;) and stress—strain (o, = ¢,,€,) equations in all variables except y leads to an ordinary
differential system for the state vector m(y) = (u(y) inoc (y))
d » ) » kN, N, N, =N] = —(mn) ' (nm)
—mn(y)=Qy)n(y), Qy)=i N o, Ny =—mn)! (1)
dy N, —pwT kN N, = (mm) — (mn) (nn)~* (nm)

where m and n denote the unit vectors parallel to X and Y, and (nn); = ncn, (nmdy; =
N,Cmy = (MNy;, (mm)y = myc,,m, . Given the initial condltlon at some gy, (= 0), the solution to
system (1) is n(y) = M(y, ’n (0) where M(y,0) is the 6 x 6 matricant evaluated by the product of
the matrix exponentials of the homogeneous layers or more generally by the Peano series in case of a
graded material’.

Now let p, ¢, and hence Q depend on y periodically with a period 7' . In this case the central role
is played by the matricant M(T O) over the unit cell [0,7"] which is called the monodromy matrix.
For instance, M (7,0) =[T/"" e U for a piecewise homogeneous (layered) medium. The wavenumber
matrix K is introduced by denotmg M(T,0) = exp (iKT') whence iK = +In M(T,0). For relatively
low frequency, it can be evaluated as iK = (Q) + X°°_ iK™ where (-) denotes the average over a pe-
riod and K" are the matrix coefficients of the Magnus expansion of matrix logarithm (K is thereby
defined in the first Brillouin zone that corresponds to the zeroth Riemann sheet of Inz with a cut
argz = =£m).

Dynamic homogenization and constitutive equations

Formally, exp (iKy) is a solution to equation (1) with the actual matrix of coefficients Q(y) replaced
by the constant matrix iK. This motivates the concept of an effective homogeneous medium, whose
material model admits the wave equation in the form (1) with a constant system matrix Q, = iK.

Dynamic properties are realized by takmg Q.; = iK beyond the zero-order term (Q) that describes
the quasi-static limit only. It turns out” that the dispersive density matrix p“" and elastic tensor cgif{ )
of the effective medium must be complemented by a stress-impulse coupling that leads to the motion
and constitutive equations in the Willis form:

. — Lleff) A
Uij,i - pj H Uij czjekl ekl =+ Szﬂ u7 H Squell =+ pqe r o (2)

(1

where p is the vector of momentum density, and S, = S5, is the Willis coupling tensor’. The effec-

tive material constants ¢} (w), S, (w) and p\"(w) can be expressed via the actual material proper-

ties ¢, (v) and p(y).

ijr
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Examples for the case of SH waves in a periodically bilayered medium
We illustrate the general formulation by considering SH waves propagating in a periodic structure of
isotropic unit cells. In this case, the out-of-plane effective constitutive relations are as follows:

oy = Py 4 Py, 0y = Duy + APus + S0, y = Syuus 4+ p i

3

If the unit cell consists of two homogeneous isotropic layers, then the effective material parameters
involved in (3) can be found beyond the low-frequency range in an exact form of transcendental func-
tions of unrestricted w and k,, see Ref. 2. Figure 1 shows these effective parameters computed for
the normal propagation (k, = 0) through the periodic stack of layers j = 1,2 of equal thickness
(d; =%)with p, =1, ¢, =1 and p, =2, ¢, =2, where ¢, = /i, / p; is the shear wave speed. The
vamshlng of both ¢! ) and D at the band edge at w = w, ~ 2.6 is expected on the basis of the fact
that Q. o is smgu‘l‘ar at the band edge and scales as (w —w,)""/* near it’. The square root decay of
both ¢/ and p“" is apparent in figure 1.

As an example of the type of boundary problem that can be solved using the effective medium equa-
tions, consider reflection—transmission of SH waves at a bonded interface y = 0 between the half-
space of the periodically stratified medium (y > 0) and a uniform half-space (y < 0) of isotropic
material with p, and ¢, = /1, /p, - An SH wave is incident from the uniform half-space with
propagation direction at angle 6 from the interface normal. The total solution is taken as u(z,y)
=™ (™ + Re™) for y<0 and wu(zy)=Te" e " for y>0, with (kr,ku)

w /¢, (sinf,cos@). Taking into account the continuity conditions for displacement and traction at
y = 0 yields the reflection and transmission coefficients R and 7' in the standard form R =
(Zﬁ — Z+)/(Z7 + Z+) and T =227 /(Z7 + Z+), where Z_ = p,c,cosf is the impedance in the
uniform half-space and Z, = w™' (K I 4k — w8 43) is the impedance for the effective medium
equivalent to the periodic half-space. It is noteworthy that the effective impedance Z, is identical to
the impedance of the actual periodic material because they both imply a ratio of components of the
outgoing eigenvector that is common for M (7,0) and K. Thus the above solution for the reflection
and transmission coefficients, which is expressed via the effective material parameters, is an exact
result. Figure 2 shows its calculation for the case of normal incidence.

4- 2.0r
1.8
1.6
1.4

0 05 10 15 20 25 30 3.5 0 05 10 15 20 25 30 35
@ @

Figure 1 The effective material constants of Eq. (2) at
k, = 0 (elastic in blue, inertial in black) for the periodi-
cally bilayered medium (see its parameters in the text). The
vertical wavenumber is added (in red). The frequency range
includes the first band edge which is at the frequency where
Re K = 7 first occurs. Only the real parts of the quantities
indicated are plotted (for w in the stopband the imaginary
“P " p“” and K are non-zero but not shown).

a2
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Figure 2 The magnitude of the reflection and transmission

coefficients |R (w>| and |7 (w>| for normal incidence
(0=0 or k =0) from a uniform half-space with
p, =1, ¢, =1 ona periodically bilayered structure which

was used in figure 1. As expected, |R| < 1 with total reflec-
tion in the stopband.
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Abstract: The distinction between materials and structures has blurred. The development of
phononic metamaterials based upon novel structural systems is considered in this work. In
particular, a Negative-Poisson Ratio (NPR) structure is used as the foundation for developing
phononic metamaterials comprising a ‘structural’ framework of stiff material and a more

compliant material that can dissipate energy.

The distinction between materials and structures, has, in the past decade, become blurry. In a recent
publication' that received some publicity, the discovery of ice crystals on the moons of Saturn and
Neptune exhibit negative linear compressibility, also known as Negative-Poisson Ratio (NPR) re-
sponse and negative thermal expansion. The underlying molecular structure shown resembles me-
chanism-like topologies. In the context of phononics, dispersive behavior exhibited by materials®*
motivated the development of structurally-based systems with the ability to mitigate energy propaga-

tion through structures®”.

Inspired by the progess in phononic metamaterials and the applications of NPR materials®, we recent-
ly began investigating the development of phononic metamaterials based upon novel structural sys-
tems. In particular, a Negative-Poisson Ratio (NPR) structure is used as the foundation for developing
phononic metamaterials comprising a ‘structural’ framework of stiff material and a more compliant
material that can dissipate energy. The goal of this work is to model, analyze and design NPR struc-
tures at different length scales with an aim towards creating structurally-based materials, which can be

manufactured practically at the sub-millimeter scale.

Figures 1 and 2 depict two baseline structural topologies that exhibit significantly different effective
Poisson ratios. The configuration of Figure 1 has an effective Poisson ratio of -0.8 while that of Figure
2 is -7.5. The loading direction is considered as vertical with the effective response measured lateral-
ly. Figure 3 shows one of the baseline topologies, including the void space filled with a soft, polymer

fill.
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Figure 3 NPR structural configuration
with polymer fill

The dynamic response of the NPR-based material/structural concepts is computed using a unit cell
analysis for both the void and polymer filled architectures. The effective performance of these con-
cepts is assessed for energy attenuation across frequency bases, with consideration of different cell
sizes associated with a structural-sized unit cell and with a unit cell size on the millimeter or smaller
scale.
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Longitudinal Vibration Band Gaps in Rods with Periodically
Attached Multi-Degree-of-Freedom Vibration Absorbers

Yong Xiao, Jihong Wen, Xisen Wen

Institute of Mechatronical Engineering, and Key Laboratory of Photonic and Phononic Crystals of Ministry of Edu-
cation, National University of Defense Technology, Changsha 410073, China
xiaoyong.nudt@gmail.com

Abstract: Band gap behavior in rods with periodically mounted multi-degree-of-freedom resona-
tors (vibration absorbers) is concerned. Explicit expressions are derived for the calculation of
complex band structures. The effects of absorber parameters on the band gap properties are stu-
died. The band gap formation mechanisms of the system are explained by analytical models with
explicit formulations.

Band gap characteristics of uniform rods with periodically attached multi-degree-of-freedom (MDOF)
resonators (or call “vibration absorbers” in the context of mechanical engineering) are investigated. The
system considered is sketched in Figure 1.

kK ky
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Figure 1 An infinite uniform rod with periodically attached MDOF vibration absorbers.

Using the well-known transfer matrix method, explicit formulation is derived for the calculation of com-
plex band structures of the system

cosh(+4) = cos(BL) +(D/2)sin(SL) (1

where g is the so-called propagation constant [1, 2], £ is the wavenumber for the longitudinal waves in

the rods, D is the non-dimensional dynamic stiffness of the absorber. Generally, the band gap behaviour
can be well represented by the attenuation constant, Re(z) , which can be mathematically described by a

multivariable function as

Re(u) = f(E, 4, p, L,,my, k,,m,, k,,m,,...) :Re{acosh[cos(ﬂL)+(l_)/2) sin(ﬂL)]} 2)

It is demonstrated that both Bragg-type and resonance-type band gaps co-exist in the system. Multiple
desired resonance gaps can be achieved due to the multiple natural frequencies of the MDOF absorbers.
This is different from the case of single-degree-of-freedom (SDOF) absorber attachments, which pro-
duces only one tunable resonance band gap.

The effects of absorber parameters on the band gap behaviour are studied by employing the so-called “at-
tenuation constant surface (ACF)”, as first introduced in Ref.[3]. For example, the parametric influence
analysis for locally resonant rods with 2DOF absorbers can be performed by employing the following bi-
variable function
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Re(u) = f(@,k) | cii o by ®

For convenience, the spring stiffness can be nondimensionalized as K, =k, /(EA/L), and a nondimen-
sional frequency can be defined as Q = SL/ 7 . Two numerical examples of ACF defined by Equation (3)

are shown in Figure 2. In the first example, the resonance frequencies of the absorber, i.e. €, and €2, , are

both tuned to well below the first Bragg condition, thus two low frequency resonance gaps around these
frequencies can be achieved. In the second example, the first absorber frequency is set below the first

Bragg condition, while the second one it tuned to be equal to the Bragg condition (i.e.,€2, =1). It can be

(a) ‘ ‘ )
0.4

0.35

0.3

0.25

0.5 0.2 0.25 03 035 04 02 04 06 08 1
Q Q

Figure 2 Attenuation constant surfaces of locally resonant rods with 2DOF absorbers. (a) © =0.2, Q =04 ; (b)

Q =0.5, Q, =1. The mass ratio of the absorbers is fixed to be y = 0.5 .

seen band gap coupling phenomenon occurs in this case, giving rise to a super-wide coupled band gap.
Such a unique property can be utilized in the broadband control of wave propagation in rods. According
to the ACS plots depicted in Figure 2, the width of the band gaps can be adjusted by varying the design-

ing parameter &, .

Finally, in order to explain the band gap behaviour of the system, both rigorous derivations and physical
models are provided to understand the band gap formation mechanisms. Exact expressions are obtained to
predict all the band edge frequencies as well as the band gap coupling conditions directly, without the
calculation of band gaps.

References

'DJ. Mead, J. Sound Vib, 27. 236-260 (1973).

D Mead, J. Sound Vib, 319. 282-304 (2009).

3y, Xiao, B.R. Mace, J. Wen, and X. Wen, Phys. Lett. A, 375, 1485-1491 (2011).

189



Track 3: Periodic Structures Phononics 2011

Phononics 2011: First International Conference on Phononic Crystals, Metamaterials and Optomechanics
Santa Fe, New Mexico, USA, May 29-June 2, 2011
PHONONICS-2011-0166
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Abstract: Intensity-dependent dispersion relationships of nonlinear phononic and photonic
layered systems are produced. Analysis techniques common in optics are applied to phononic
systems, and a recently introduced perturbation approach for discrete phononic systems is ap-
plied to optical systems after a finite element discretization. The results are validated with
numerical simulation and show that both approaches may be beneficial for system analysis.

Structures with periodically varying geometry and material properties are known to exhibit advanta-
geous wave propagation properties such as negative refractive indices, frequency band gaps and spa-
tial beaming. Periodic layering of materials with differing mass and stiffness properties produces pho-
nonic crystals, which tailor elastic and acoustic wave propagation. The optical analogue of phononic
crystals is the photonic crystal which is typically formed by periodic layering of materials with alter-
nating permittivity.

Phononic and photonic crystals are typically considered to operate in regimes where a linear constitu-
tive relationship (e.g., stress-strain) provides an adequate representation. For high intensity wave
propagation, however, weak nonlinearities can affect performance. For example, a cubic nonlinearity
gives rise to frequency shifting and thus a shift in band gap location. In the study of nonlinear optics,
a cubic term has been treated using a quasi-linear constitutive relationship with intensity dependent
properties. This nonlinearity is known as the Kerr nonlinearity and gives rise to a refractive index
proportional to intensity. This technique is explored herein for generating nonlinear dispersion rela-
tionships for the elastic case. In addition, a perturbation method developed previously for discrete
elastic systems, used in conjunction with a finite element discretization, is proposed as an alternative
dispersion analysis tool in both photonic and phononic systems.

One of the simplest phononic or photonic crystals is a one-dimensional bilayered material, consisting
of alternating material layers with contrasting properties. This type of structure exhibits many of the
interesting properties of more complex photonic or phononic crystals such as non-trivial dispersion
and band gaps. Phononic and photonic systems with linear constitutive relationships are governed by
the same one-dimensional wave equation. The nonlinear constitutive laws typically employed for
phononic and photonic systems result in different nonlinear terms in the fully nonlinear wave equa-
tions.

When nonlinearities are excluded from the analysis, an analytical dispersion relation may be obtained
succinctly using the transfer matrix method. The transfer matrix method is also applicable to the non-
linear bilayered rod when quasi-linear intensity-dependent material properties replace the full nonli-
near model. In this work, the bilayered material system is first discretized using a Galerkin weighted-
residuals approach. The discretized system is then analyzed with (1) a linear stress-strain relationship,
(2) a quasi-linear stress-strain relationship and the transfer matrix approach, and (3) a perturbation
analysis of the fully nonlinear governing equations. The perturbation approach results in fundamental-
ly different band gap structure in some cases and predicts a frequency shift which is less than that es-
timated by the quasi-linear transfer matrix approach.
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Figure 1. Dispersion band structure for (a) Phononic layered material, and (b) Photonic layered material
at relatively large nonlinearities. Dispersion curves are drawn for systems with linear material properties
(light-gray dashed), quasi-linear material properties applied using the transfer matrix method (solid dark
gray), and fully nonlinear material properties analyzed using finite element discretization and perturbation
analysis (solid black). Black markers indicate the results of transient finite element simulations.

Numerical simulations using the fully nonlinear finite element equations are included for validation of
the predicted dispersion curves. Numerical simulations are performed using the discretized model
over a domain large enough to be considered infinite. The resulting space-time data is analyzed using
a two-dimensional discrete Fourier transform to obtain wavenumber/frequency data points. The re-
sults show good agreement with the perturbation approach, and indicate that it may provide a simple
and accurate framework for the design and optimization of nonlinear phononic and photonic band

gaps.
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Characterization of Band Gap Resonances
in Finite Periodic Structures
Andrew S. Tomchek, Edgar A. Flores, Liao Liu, Bruce L. Davis, Mahmoud I. Hussein

Department of Aerospace Engineering Sciences, University of Colorado at Boulder, CO 80309, USA
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Abstract: While resonant propagation modes are non-existent within band gaps in infinite pe-
riodic structures, it is possible for anomalous band-gap resonances to appear in finite periodic
structures as a result of the periodicity truncation. We establish two criteria for the characteri-
zation of band-gap resonances and propose an approach for their elimination. By considering
flexural periodic beams, we show that as the number of unit-cells is increased the vibration re-
sponse corresponding to band-gap resonances (1) does not shift in frequency, and (2) drops in
amplitude. Both these outcomes are not exhibited by regular pass-band resonances, nor by
resonances in finite homogenous beams when the length is changed. Our conclusions stem
from predictions based on Timoshenko beam theory coupled with matching experimental ob-
servations.

We consider a periodic beam structure composed of alternating layers of Aluminum (Al) and the
polymer ABS. First we utilize Bloch theory, and following a Bloch FE formulation'” we compute the
band structure of an infinite periodic structure. This calculation shows that three relatively large band
gaps exist between 0 and 9 kHz, as shown in Fig. 1 (top). In order to study the finite-size effects, we
seek an FRF for the same periodic structure with a finite number of unit-cells. Fig. 1 (bottom) shows
this result obtained theoretically (solid line) and experimentally (dashed line) for a 5S-unit-cell beam in
which the “input” force excitation and the “output” displacement evaluation are at the extreme ends of
the structure. We observe that a clear anomalous resonance peak exists well inside the second band
gap. We refer to this as a band-gap resonance. To distinguish between this type of resonance and
regular pass-band resonances, we increase the number of unit-cells in the finite structure and note the
effects on all the resonances within our covered frequency range of 0-9 KHz. The results are shown in
Fig. 2, from both theory and experiment. First we observe in Fig, 2 (top) that the frequency of the
band-gap resonance does not shift as the number of unit-cells is incremented from 5 to 6, while in
contrast the frequencies of all the regular pass-band resonances experience clear shifts. Second we
observe in Fig. 2 (bottom) that the amplitude of the band gap resonance drops significantly as the
number of unit-cells in increased from 5 to 15, while the amplitudes of all the regular pass-band reso-
nances do not experience any noticeable drops. These two traits can be used as criteria for the charac-
terization of band-gap resonances.

We next examine the sensitivity of the frequency values corresponding to band-gap resonances to
smooth variations in the unit-cell geometric configuration. In the baseline configuration considered
above, the length-fraction of ABS in the unit-cell is asgs/a = 0.2, where aaps denotes the length of the

ABS polymer layer. This length-fraction is now varied over that full range 0 < a,s/a <1, which at

one extreme (aaps/a = 0) represents a homogenous Al beam, and at the other extreme (aaps/a = 1)
represents a beam composed of only ABS polymer. Fig. 3 shows the resonances (solid thin lines) of a
5 unit-cell structure as a function of aaps/a. Experimental results corresponding to an ABS length-
fraction of 0.1, 0.15, 0.2, 0.25 and 0.3 are shown as discrete data points (dots). Superimposed in the
figure, are the boundaries of all band gaps (solid thick lines) as determined from the application of
Bloch theory to corresponding infinite periodic structures. The band-gap resonances, characterized by
the two criteria mentioned above, appear inside the band-gap boundaries. It can be seen that the band-
gap resonances are noticeably more sensitive to varying the unit-cell layer dimensions than the regular
pass-band resonances. Once they exit the band gaps however, these unique resonances become less
sensitive to varying asgs/a, and their sensitivity becomes similar to that of the regular resonances. Fur-
thermore, once outside the band gaps these resonances no longer appear to satisfy the first criterion
outlined above, thus losing their uniqueness and transforming to regular pass-band resonances them-
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selves. To investigate the effect of unit-cell length (and hence total length of a finite periodic struc-
ture) on band-gap resonances, we varied @ while keeping asgs/a = 0.2. The results, which are shown
in the inset of Fig. 3, indicate that the relative location of a band-gap resonance within a band gap is
independent of the unit-cell (or full structure) size. We conclude that varying the topology of the unit

cell can be used as an approach for eliminating band gap resonances that arise due to periodicity
truncation.
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Figure 1. Frequency band diagram of the infinite
version of the periodic beam structure (top), and
FRF results for the finite periodic beam structure
(bottom). In the top sub-figure, the solid line repre-
sents propagation modes, and the dashed line repre-
sents attenuation modes. The band gaps corre-
sponding to the frequency band structure are
shaded in grey in both sub-figures.
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Figure 2. FRF comparison for finite periodic beam
structure with different number of unit-cells. The
results show that band-gap resonances do not shift
in frequency (top) and drop in amplitude (bottom)
as the number of unit cells is increased.
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Figure 3. Resonance frequency (thin solid

lines, theory; dots, experiment) versus ABS

Frequency (kHz)

length-fraction for 5-unit-cell finite periodic
beam structures. Inset: Resonance frequency
(thin solid lines, theory; dots, experiment)
versus unit-cell length, a, for a 5-unit-cell
periodic beam structure. The thick solid lines
in both the main figure and the inset represent
the boundaries of the band gaps for corre-
sponding infinite periodic structures.
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Band-gap Acoustic States in 1D and 2D Single Layer Gra-
phene Sheet Systems

Fabrizio Scarpa', Massimo Ruzzene’
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Abstract: We evaluate the pass-stop band characteristics of mechanical wave propagating in
periodic nanostructures made with nanoribbons or graphene sheets with non-reconstructed de-
fects..

In this work we study the acoustic wave propagation and band-gap characteristics in 1D and 2D single
layer graphene sheets with periodic boundary conditions. The 1D graphene systems are represented
by graphene nanoribbons with periodic clamped conditions (bridges). The calculation of the wave
dispersion characteristics is performed using an atomistic-FE method where the equivalent properties
of the C-C bonds [1,2], considered as structural beams, are
computed through the minimisation of the Hamiltonian of
the system for a specific set of wave propagation constants
[3]. The graphene sheets are assembled using the classical
FE techniques relative to truss structures, while the pass-
stop band characteristics calculated using methods devel-
oped by the Authors for periodic 1D and 2D beam assem-
blies. The periodic graphene nanoribbons show specific
wave dispersion properties depending on the edges (zigzag
or armchair) along which the acoustic waves are propagat-
0 : ‘ : : ing. From a mechanical perspective, the edges of the finite

0 0.2 0.4 0.6 0.8 1 . . . .
k/n graphene nanoribbons induce a global mechanical special
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Figure 1. Wave dispersion characteristics fora  Orthotropy of the nanostructures, justifying the assumption
zigzag (8.,0) nanoribbon in minimised (continu-  that any beam-like wave dispersions could be represented
ous) and non-minimised configuration. using different Young’s moduli along the various direc-
tions. We explore also the possibility of nanophononics
patterns [4] using periodic non-reconstructed vacancies
(NRVs), or assemble graphene sheets with cross-
rectangular geometry. The periodic nanostructures provide
phase constant surface characteristics, which can used to
design novel generation of photonics devices with high
GHz bands.

Figure 2 2nd modeshape for the propaga-
tion constant kx (0,7) in 1D wave propaga-
tion of a nanoribbon.
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Figure 4. Unit element with double NRV for a 2D pe- Figure. 5. Periodic unit of assembled (10,0) and (4,0)
riodic array of graphene sheets graphene sheets.
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Phononics: a new science and technology in processing in-
formation and controlling heat flow by phonons

Baowen Li'”
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Abstract: Heat due to lattice vibration — phonons- is usually regarded as harmful for information
processing. However, studies in recent years have changed this mindset. In this paper, I will
demonstrate via numerical simulation, theoretical analysis and experiments that, phonons, can be
manipulated like electrons. They can be used to carry and process information. Basic phononic devices
such as thermal diode, thermal transistor, thermal logic gate and thermal memory can be worked via
nonlinear lattice and/or low dimensional nanostructures such as nanowire, nanotube, graphen
nanoribbon etc. .

Heat conduction and electric conduction are two fundamental energy transport phenomena in nature,
however, they have never been treated equally. The micro electronics, which is based on the
inventions of electronic transistor and other relevant devices that control electric flow, has led to an
impressive technological development that has changed many aspects of our life. Unfortunately,
similar technology in direct controlling heat flow has still not been mastered by human being even
though many-attempts have been made. Since in nature, original signals presented by heat are much
more prevalent than those by electricity, the application of the latter one can be even more extensive.

Thus one would like to know: is “phononics”, the counterpart of the electronics, that provides useful
functions by controlling and managing heat current, only a dream?

It is indeed much more difficult to artificially control the flow of heat in a solid, than to control the
flow of electrons. The main reason is, unlike electrons, the carriers of heat -- phonons -- are not real
particles with definite properties, but rather bundles of energy that have no mass and charge and are
therefore unaffected by electromagnetic field. However, compared with the short, several-decade long
history of our control over electronic flow, nature has been managing the flow of heat for billions of
years, especially inside living bodies, just look at how exact the body temperature is controlled?

This fact not only raises an interesting question to us: how is it possible, but also provides us much
confidence that it must be possible even if with completely different mechanism. Thanks to the rapid
developments that have taken place in the recent years, we may finally be about to turn phononics
from a dream into reality. In particular, researchers have recently built varies of heat flow control
devices, e.g., thermal diodes and transistors etc, opening the door to functional thermal materials that
control the flow of heat at the microscopic level. Moreover, by combining thermal transistors, all
thermal logic gates and thermal memory are proposed which allow us to process information
with phonons. Here we will demonstrate several basic phononic elements: thermal diode, thermal
transistor, thermal logic gate and thermal memory.

A

Figure 1. Thermal diode. By coupling two materials or “segments”

with different resonant frequencies together, a thermal current can be
stopped at or let through the interface depending on the temperatures
of the segments (top). The right segment is an array of coupled nonli-

negative temperature drop T, < Ty et amperie dop T, * Ty near oscillators. The vibration frequency (red in bottom panel) de-
Z 5 en sgmont e pends on the vibrational amplitude — thus depends on the temperature.
g The right segment is an array of harmonic oscillator, thus its frequen-
// i i cy does not change with temperature (blue in bottom panel). There-
7% { 7 ! fore, in the case of T >Tg, there is current, whereas when T <Tjy,
2 1 ' there is no current. (Picture taken from Wang and Li [1])
frequency frequency

Thermal diode: Thermal diode can rectify thermal current. In this device, when we apply temperature
gradient in one direction, there is heat current flow through the system, however, when the
temperature gradient is reversed the heat low is blocked. The physical principle of the diode is
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illustrated in Fig 1. More details can be found in Ref.[1]. This basic phononic device has been
demonstrated experimentally by using asymmetric nanotubes [2]

Thermal transistor: Like an electronic transistor, a thermal transistor consists of two segments, the
source and the drain, as well as a third segment -the gate- through which the input signal is transferred
(top). Crucially, negative differential thermal resistance (NDTR) is possible between the source and
drain segments, which allows a heat current to be amplified. The transistor has two functions: switch
and amplifier. The schematic picture is given in Fig. 2. More details can be found in Ref.[3]

Ts o ‘ Figure 2: Thermal transistor
W:~—0ow —.H
= %

=

source E Calculations reveal that when the gate temperature (7) rises, both
- the drain current (Jp) and the source current (Js) increase by a factor
= of almost 100. In particular, the gate current Jg = Js — Jp is zero
when 7~ 0.03 and 7 = 0.14. Because the source current is so very
different at the two temperatures, we can turn the transistor “off” by
making 7 = 0.03 and switch it “on” by making 7g = 0.14. By mak-
ing the thermal resistance between the output (O) and the gate very
small, the temperature of the output (7p) is always close to 7. This
switch function means that a thermal transistor can also be used to
carry out thermal logic operations such as NOT, AND and OR.
(Picture taken from Wang and Li [1].)

Hieat et (x 10 a ey i)

Qo0 o.05 Q.10 0.15
Tg (arbitrary units)

Thermal Logic gate: Thermal transistor provides not only the functions of thermal switch and ther-
mal modulator which will greatly improve our ability to control heat flow, but also the essential func-
tions of signal repeater and NOT gate: digitization and reversion. Based on the successful theoretical
realization of thermal transistor, models of all thermal logic gates that can perform all logic operations
have thus been presented recently [4]. We show the signal repeater (left panel), NOT gate (middle
panel) and AND/OR Gate (right panel) in Figure 3. Details are given in [4].

v Thermal AND and OR gates

gy T[T R Llie (a) T. D temperature @ . °
Thermal repeater Thermal NOT gate divider inputt = 0;
a O ! d. siT
Pt - e ceneae E - autput e T =
o o o nput = -0 BT, plug inlo & repeater
@ = input2 = =
plug into 8 repeater &)
8uT
g T 9% | (Y Prgemal AND gate =—————a———g—gr—v—r
o % R e e oo %s
' voltage dividar . il AND-Gats
- .

(€} Tharmat OR gate v
Toma™ T 2003

il OR gate

Figure 3. Thermal logic gates. Thermal Repeater (left panel), NOT gate (middle panel), AND/OR Gate (right panel)

Thermal Memory. Memory is an indispensable element for computer besides logic gates. Based on
our thermal transistor model, we have demonstrated numerically the principle of thermal memory.
Details can be found in Ref.[5]. Most recently, we have demonstrated it experimentally [6].

In summary, we have briefly shown phononic devices such as thermal diode, thermal transistor,
thermal logic gate and thermal memory. Some of them have already been demonstrated
experimentally. Phononics opens door for controlling and managing thermal current.
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Divide and Conquer Quantum Mechanical Methods for
Phononic Applications
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Abstract: Density functional theory is a highly efficient computational framework that de-
scribes structural properties of materials such as phonon frequencies and densities of states. In
this talk, we suggest how the divide and conquer scheme may be well suited to determine
phononic response in materials with supermolecular scale features.

Density functional theory is a highly efficient computational framework that describes structural
properties of materials such as phonon frequencies and densities of states. Applications of DFT dem-
onstrate the theory’s reliability for calculating bond lengths and phonon frequencies. One of the great-
est challenges to applying DFT to general problems is the increasing computational cost required
when treating larger systems. Ideally, the cost would increase linearly with the number of atoms in-
volved, but current workhorse implementations typically increase greater than quadratically. The di-
vide and conquer scheme that was first proposed many years ago has seen a recent resurgence in the
study of energetic materials and provides route towards linear scaling calculations of atomic forces
and phonon frequencies. In this talk, we suggest how the divide and conquer scheme may be well
suited to determine phononic response in materials with supermolecular scale features. We illustrate
this with some examples using a computational tool newly developed at Sandia. Sandia National La-
boratories is a multi-program laboratory operated by Sandia Corporation, a wholly owned subsidiary
of the Lockheed Martin company, for the U.S. Department of Energy's National Nuclear Security
Administration under contract DEAC04-94AL85000.
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Predicting Phonon Properties Using
the Spectral Energy Density
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Abstract: The spectral energy density technique for predicting phonon dispersion relations
and relaxation times is presented. This technique, which uses atomic velocities obtained from
a molecular dynamics simulation, incorporates the full anharmonicity of the atomic interac-
tions. Results for a Lennard-Jones face centered cubic crystal are provided.

The usefulness of analytical models of thermal transport has been hampered by the necessary approx-
imations and assumptions (e.g., a Debye solid, ignoring optical phonons), permitting only qualitative
or semi-quantitative predictions." When used with the Green-Kubo or direct methods, molecular dy-
namics (MD) simulations can predict thermal conductivity.”* Because the analysis in these two me-
thods is performed at the system level, however, no information about the phonons is obtained. The
phonon properties needed to calculate thermal conductivity (group velocities, relaxation times) can be
predicted using MD simulation and normal mode analysis, but this method requires a priori know-
ledge of the phonon frequencies and polarization vectors and is time-intensive.>” Phonon frequencies
and relaxation times can be obtained from harmonic and anharmonic lattice dynamics (LD) calcula-
tions, but these are theoretically and computationally complex and only valid at low temperatures.”™®

The spectral energy density (SED) presents a straightforward alternative by which phonon frequencies
and relaxation times can be obtained using only atomic velocities from an MD simulation as input.”"’
Here, we present the SED and describe how it can be used to obtain phonon frequencies and relaxa-
tion times, which can then be used to predict thermal conductivity. We calculate the SED using results
from MD simulations of a test system of Lennard-Jones argon and compare the predicted phonon
properties to predictions made using (i) anharmonic LD calculations and (ii) normal mode analysis
performed on the results of the MD simulations.

The spectral energy density, @, is derived by projecting the velocities of the atoms in a crystal onto
the normal modes of vibration. It is given by’

-
=

b (1)

B, w) =

1.;.'-57- Erngmb |J"JGEJW T"’m{”x,yzi b; t} E:Xp[ih: - r(nx,yxi ﬂ} - th]dt

4T Rz y2

where v(n,,,.,b;t) is the a-direction velocity of atom b (with mass m;,) in unit cell #n,, ., r(7,,,0) is the
equilibrium position of unit cell n,,., B is the number of atoms in the unit cell, N7 is the total number
of unit cells, ¢ is time, T, is the length of the simulation, k is wave vector, and  is frequency.

The frequency dependence of the SED for a face-centered cubic Lennard-Jones argon crystal at a tem-
perature of 20 K at selected wave vectors along the [100] direction is shown in Figs. 1(b), 1(c), and
1(d). There is a clear correlation between the locations of the frequency peaks and frequencies
calculated using harmonic lattice dynamics calculations, which are shown in the [100] dispersion
curves plotted in Fig. 1(a). For each phonon mode, the range of frequencies accessed by the atoms is
related to the anharmonicity of the interatomic potential and the corresponding rate of multi-phonon
scattering processes. For fixed wave vector, the frequency spread is the Lorentzian function''

${w,w) = 1

+ [27(w — w )], )
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where [ is the peak height, o, is the peak location (i.e.,
the phonon frequency), and t is the relaxation time.
Thus, by fitting Eq. (2) to each peak in the SED, it is
possible to obtain the phonon frequencies and relaxa-
tion times. The frequencies plotted versus wave vector
give the phonon dispersion curves. The phonon group
velocity is the slope of the dispersion curve.

A selection of the relaxation times extracted from the
SED plots shown in Fig. 1 are provided in Table 1.
The table also includes predictions made using the
normal-mode decomposition MD method and anhar-
monic LD calculations. The normal-mode decomposi-
tion predictions are made using the same simulations
as those used for the SED. The agreement between
the SED method and the normal-mode decomposition
method is generally good, as in both methods, the sys-
tem energy is being mapped from direct space and
time to reciprocal space and frequency. The agree-
ment with the anharmonic LD predictions is not as
good. This result may be due to the low temperature
approximations inherent in LD techniques. The nor-
mal-mode decomposition method will lose accuracy at
higher temperatures because quasi-harmonic phonon
frequencies and polarization vectors are used to per-
form the energy mapping. The SED method, howev-
er, does not suffer from this limitation and should be
applicable at higher temperatures as long as the weak-
ly-interacting phonon interpretation is valid.
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Figure 1 (a) LJ argon [100] dispersion based on a
four-atom conventional unit cell representation.
(b), (¢) and (d): Spectral energy density at select
points in the [100] direction at a temperature of 20
K. The modes indicated with open circles on the
dispersion curves can be seen as peaks in the SED.

Frequency Spectral Energy Normal Mode Anharmonic
x| (1/ps) Density Decomposition Lattice Dynamics
0 8.17 6.02 5.15 12.7
0 12.0 1.10 1.36 1.45
n/a 3.07 5.45 7.43 6.74
m/a 11.4 1.19 1.29 1.57
2n/a 5.81 3.32 4.28 6.68
2n/a 10.0 2.47 2.58 4.19

Table 1 Lennard Jones argon [100] relaxation times at 20 K in ps predicted by three different methods.
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Heat dissipation in silicon and quartz nanoridges
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Abstract: We have investigated experimentally the effect of confinement of thermal acoustic
phonons in 100 nm large ridges of silicon and quartz. We quantify the deviation to Fourier and
ballistic predictions as a function of two characteristic numbers, the constriction Knudsen
number describing the transmission of the phonons and a dimensionless number based on the
nanoridges volume/surface ratio.

We have investigated experimentally the effect of lateral confinement of thermal acoustic phonons in
nanoridges of silicon and of quartz as a function of the temperature. Electrical methods are used to generate
phonons in 100nm large nanostructures and to probe the nanostructure temperature in the same time, what al-
lows tracking the heat flux generated and its possible deviation to Fourier diffusive heat conduction. It is now
well-established that Fourier’s law of heat diffusion in solids breaks down when device sizes reaches the nano-
meter-scale'. Detailed studies of the characteristic lengths where the law has to be replaced or modified are re-
quired as these lengths might depend on the considered device geometries. We have fabricated special devices
made of nanostructured ridges on top of planar substrate as represented on Figure 1. The top of a ridge is a wire
made either of metal or of doped silicon that acts as a heater and as a thermometer in the same time. The lower
part that supports the wire is made of an etched part of the wafer substrate of silicon or quartz. This type of
structure enables to generate phonons in the ridge and to measure the heat flux flowing to the substrate.

100 nm
-+

1100, 200 nm
0.2-1 me —

\

Figure 1 Schematic of the nanostructures

Different electrical methods such as the 3® method” are used to heat the wire. The goal is then to measure a
wire-voltage component (dc or ac) proportional to the wire temperature. A model enables then to link the wire
temperature to the heat flux transmitted to the substrate. In addition to the localized heat source effect due to the
sub-mean free path size of the source’, we have investigated experimentally the consequences of the fact that
the source cannot be considered as a proper heat bath at equilibrium.
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Figure 2 Electrical accesses and ridge before mask removal

We have quantified the effect as a function of the two characteristic numbers that can be associated with the
problem, namely the constriction Knudsen number describing the transmission of the phonons and the nano-
structure Knudsen number characterizing the nonequilibrium of the source. We compare our results with those
of a recent theoretical paper® based on the ballistic-diffusive equations. The determination of the mean free paths
of phonons as a function of the frequency remains a key point due to the consequences for heat transport and
thermal management'.

We observe a strong decrease of the thermal conductance through the ridge in comparison to a prediction based
on the Fourier diffusive as expected. But, more strikingly, we also observe a decrease in comparison to the bal-
listic prediction. We aim at ascribing part of this decrease to an effect of phonon confinement in the ridge.
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Temperature and Size Dependence of Thermal Conductiv-
ity in Single Crystal ZnO Nanowires
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Abstract: We report on measurements of thermal conductivity (k) of single crystal zinc oxide
(ZnO) nanowires. The thermal conductivity firstly increases and then decreases with tempera-
ture as T (a in the range of 1.42 — 1.49). Thermal conductivity is also found to be increased
linearly with the cross-section area (~d?) of nanowires in studied diameter range.

Introduction

Zinc oxide (ZnO) is a wide and direct band gap (3.5 eV at room temperature) oxide semiconductor. It
has attracted a lot of research interest because of its optoelectronic and electronic properties' *. ZnO
nanowires owning unique physical properties have been demonstrated to be promising for various
applications such as piezoelectronic power generators, field effect transistors, piezoelectric sensors,
etc. Since most applications are related to high-power electronic and optoelectronic device, it is neces-
sary to understand the thermal behaviour of ZnO nanowires. In this work, we have studied tempera-
ture and size dependence of thermal conductivity of single crystal ZnO nanowires in order to under-
stand phonon transport mechanism behind thermal behaviour in 1-dimensional lattice structures.

Measurement method

Single crystal ZnO nanowires used in this study were syn-
thesized via vapor transport process in a sealed horizontal
tube. The micro-thermal measurement (MTM) devices was
fabricated and measurement method was described simi-
larly with those of others previously™*. MTM devices con-
sist of two suspended SiN, membranes with Pt loops. One
membrane serves as a heater to create temperature gradient
and the other serves as a sensor to measure the temperature
change. A nano-manipulator in SEM chamber was then
used to pick up and place single ZnO nanowire onto the
MTM device. The Pt/C composite pads were then depos-
ited on two ends of nanowires using focus electron beam to  Figure 1 SEM image of ZnO nanowire sam-
reduce thermal contact resistance as well as to stick Ple on micro-thermal measurement device.

. . . Scale bar: 10pm
nanowires to the membranes. Fig. 1 shows scanning elec-
tron microscope (SEM) image of the MTM device with single ZnO nanowire. In this study, we have
prepared and measured thermal conductivity of five ZnO nanowire samples with diameter of 70; 84;
120; 166; and 209 nm. For each sample, the measurement was performed in vacuum chamber with
temperature varies from 77K to 400K which is controlled by cryostat.

Results and Discussion

Fig.2 shows the measured thermal conductivity (k) as a function of temperature for ZnO nanowires.
For all samples, when the temperature increases k increases to maximum value (at turnover tempera-
ture between 120 and 150K) and then decreases. k at room temperature for 70; 84; 120; 166; and 209
nm diameter nanowires is 7.04; 7.52; 9.06 11.78 and 14.41 W/m.K, respectively, which is one order
of magnitude lower than that of bulk ZnO. To understand thermal transport in ZnO nanowires, we
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consider all phonon scattering processes
which induce thermal resistance in single
crystal nanowires. The phonon relaxation
time corresponding to various scattering
mechanisms is employed to describe thermal
transport. The total inverse phonon relaxation
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Figure 2 Temperature dependence of thermal conductivity
of ZnO nanowires with different diameters. Inset: log-log
scale in temperature range 200K — 400K.

time, which is followed Matheissen’s rule,
equals to the sum of the inverse relaxation
time corresponding to boundary scattering,
phonon — phonon scattering (including nor-
mal three-phonon processes and Umklapp
processes), and impurity/isotope scattering’

(1)

The behaviour of the observed thermal con-
ductivity with temperature can be explained
qualitatively as follows: at low temperature
phonon mean free path is larger. Phonon will
be scattered with the boundary before collid-

-1 -1 -1 -1
T =T tT, T

ing with other phonons. The boundary scattering predominates and the thermal conductivity increases
with temperature. When the temperature increases, it is easier to create higher frequency phonons
which are scattered efficiently by impurities, hence the isotope scattering rapidly becomes dominant.
Consequently, the thermal conductivity reaches a maximum and then declines. As the temperature
further increases, normal three-phonon scattering and umklapp scattering become important and
dominate over the isotope scattering. As the result, thermal conductivity of nanowires further de-
creases with increasing temperature. The temperature dependence of thermal conductivity of ZnO
nanowires between 200 and 400K is plotted logarithmically in the inset of Fig.2. We observed that,
after the maximum at low temperature, thermal conductivity decreases following the power law T™.

For all five ZnO nanowires, the measurement
results give a factor a in the range of 1.42 to
1.49 which is close to that of Callaway’s model
for lattice thermal conductivity taking into ac-
count the boundary scattering® (o = 1.5).

The size dependence of thermal conductivity of
ZnO nanowires were show in Fig. 3, in which «
is plotted as function of d°. In the measured di-
ameter range, thermal conductivity increases
with increasing of cross-section area. This effect
is obviously understood because of less phonon
boundary scattering for larger nanowires and
hence will reach to saturation when diameter of
nanowire goes to certain value (bulk limit). In-
terestingly, k increases almost linearly with
cross-section area in studied diameter range,
especially at room temperature (300K).

References

30+
— =
< -
£ 25-
= .
?20_ @
=
T 15 . )
o ) P
9 i ,,l’;i/,_,l,,,,
(U | ,,,/,,,,,,
: ” e
£ e
~ 5 | | I I

0 1x10* 2x10* 3x10* o

Figure 3 Diameter dependence of thermal conductivity of
ZnO nanowires at 80K and 300K. Dash-dot lines are to
guide eyes.

' Z. K. Tang, G. K. L. Wong, and P. Yu, Appl. Phys. Lett. 72, 3270-3272 (1998).

2 A. Tsukazaki, A. Ohtomo, T. Onuma, M. Ohtani, T. Makino, M. Sumiya, K. Ohtani, S. F. Chichibu, S. Fuke, Y. Segawa,
H. Ohno, H. Koinuma, and M. Kawasaki, Nat. Mater. 4, 42-46 (2005).

*L. Shi, D. Li, C. Yu, W. Jang, D. Kim, Z. Yao, P. Kim, and A. Majumdar, J. Heat Transf. 125, 881-888 (2003).

‘7. Wang, R. Xie, C. T. Bui, D. Liu, X. Ni, B. Li, and J. T. L. Thong, Nano Lett., Article ASAP (2010).

> M. A.Palmer, K. Bartkowski, E. Gmelin, M. Cardona, A. P. Zhenov, A. V. Inyushkin, A. Taldenkov, V. 1. Ozhogin, K. M.

Itoh, and E. E. Haller, Phys. Rev. B 56, 9431-9447 (1997).
6 J. Calaway, Phys. Rev. 113, 1046-1051 (1959).




Track 4: Phonon Transport Phononics 2011

Phononics 2011: First International Conference on Phononic Crystals, Metamaterials and Optomechanics
Santa Fe, New Mexico, USA, May 29-June 2, 2011

PHONONICS-2011-0051

Phononic Thermal Transport in Thin Nanoscale Mem-
branes

Ilari J. Maasilta', Jenni T. Karvonen', Thomas Kiihn'

! Nanoscience Center,Department of Physics, P. O. Box 35, FI-40014 University of Jyviskyld, Finland
maasilta@jyu.fi

Abstract: We have studied experimentally the thermal conductance of thin free-standing sili-
con nitride membranes at sub-Kelvin temperatures as a function of membrane thickness be-
tween 40 nm and 750 nm, using normal metal-insulator-superconductor (NIS) thermometry.
Effects of dimensionality cross-over from 3D to 2D phonons are seen, however not all obser-
vations follow the simplest theory.

Introduction

It is essential to understand the thermal transport properties of thin insulating membranes from the
point of view of applications. Often devices, such as bolometric low-temperature radiation detectors',
are placed on top free standing silicon nitride membranes (SilN) so that the thermal isolation from the
environment can be engineered. Although heavily used in applications, the fundamental understand-
ing of the physics of phonon transport in thin membranes is still not deeply understood, however. On-
ly a few previous experiments have been performed at sub-Kelvin temperature range >*, with very
little emphasis on the interpretation of the results.

On the other hand, theoretical advances in recent years have discussed some interesting results, espe-
cially in the limit where the membrane becomes so thin that only the lowest two-dimensional (2D)
phonon modes are occupied at low temperatures” . In this case, the usual 3D plane wave phonon
modes are not eigenmodes anymore: instead more complex displacement field distributions occur in
the direction perpendicular to the membrane plane. These phonon modes (Lamb-modes) have been
known in acoustics since the work of Rayleigh and Lamb in late 1800’s. However, only recently has
their importance in low-temperature thermal transport been investigated further >’. Theoretical results
predict that for the Lamb-modes, the temperature dependence of thermal conductance G should
change from the 3D case, from the usual G ~ T3 to a weaker G ~ T'> at the lowest temperatures, if
the phonon transport is ballistic ® or if it is diffusive but limited by a constant (non temperature depen-
dent) mean free path °. Even more interestingly, at a constant temperature, the thermal conductance
depends inversely on the membrane thickness d as G ~ 1/v/d: in other words, thinner membranes
have higher thermal conductance *’ .

The experiment

Here, we present the first experiments on phonon thermal transport in thin silicon nitride (SiN) mem-
branes that clearly span the expected 3D-2D crossover for SiN: The theoretical crossover temperature
is given®’ by T, = hc,/(2kgd), where ¢, is the transverse speed of sound. This predicts T~ 0.6 K
for the thinnest membranes in this study with d= 40 nm, and means that our experiment, reaching a
temperature of 0.1 K, is well within the 2D limit. Two other membrane thicknesses were studied for
comparison: d= 200 nm and d= 750 nm. Both of these samples are expected to be in the 3D limit. Our
recent experiments on electron-phonon interaction in metal wires fabricated on similar suspended SiN
membranes have in fact confirmed that the thinnest membrane is in the 2D limit®.

The membranes were fabricated using standard bulk micromachining techniques® by chemically etch-
ing the Si substrate in KOH. A circular shaped Cu wire heater (radius 7 pm, width ~ 300 nm, thick-
ness 30 nm) was fabricated at the center of the membrane, which was typically of a size 500 um x 500
pm. The Cu heater was connected by superconducting Nb leads to the external voltage source used for
heating. This ensured that all the Joule heat was dissipated in the Cu wire. A superconductor-
insulator-normal metal-insulator-superconductor (SINIS) tunnel junction pair was placed some speci-
fied distance away from the heater, and used for thermometry. More details on the sample fabrication
and SINIS thermometry can be found in Refs. 9,10.

208



Phononics 2011 Track 4: Phonon Transport

Phononics 2011: First International Conference on Phononic Crystals, Metamaterials and Optomechanics
Santa Fe, New Mexico, USA, May 29-June 2, 2011
PHONONICS-2011-0051

By sweeping the heater voltage and measuring the current and voltage across the wire, one can meas-

ure the dissipated phonon power P emitted from the heater, in addition to the temperature 7 at the SI-
NIS thermometer, and study how the temperature rises with given power input. Differential thermal
conductance could then be computed as G = dP/JT. Representative results for P vs. T curves for all
membrane thicknesses are shown in Fig. 1
for a thermometer that was located ~40 pm
away from the center of the heater.

(a)

Grey: 750 nm
Light gray: 200 nm
Black: 40 nm

The first main conclusion from the data is: 10
The temperature exponent is a bit surpri-

singly approximately the same for all

membrane thicknesses. In terms of G, the = 1
observed  dependence is G ~T?®
(P ~ T35). This does not agree with the
simplest theories either for 3D or for the 2D
limit. The only possible explanation is that
some scattering mechanism for phonons
exists in the membranes with a temperature
dependent mean free path. One likely me-
chanism could be two-level systems'', as
the membranes are amorphous and are
known contain lots of them.

On the other hand, the absolute values of 0.1 0.2 04 06081
the conductance do change with thickness.
For 3D phonon transport, the emitted power
at a given T should simply scale linearly
with d. Looking at Fig.1 this is clearly not
the case: in fact the 40 nm membrane pow-
er is higher than the 200 nm one at tem-
peratures below 0.4 K. This observation
qualitatively agrees with the theoretical
results on thickness dependence of the

Lamb modes in the 2D 1limit®’. Figure 1 (a) Measured input heating power vs. phonon tempera-
ture. SINIS thermometer was 40 um away from the center of the

Lastly, we have plotted the theoretical upper heater. Lines show the expected theoretical curves in the ballis-
limits for the power vs. temperature in Fig. 1 ti‘c limit for each memprane thickness. (b) The logarithmic de-
based on the ballistic limit theory (3D theory rivative of the data, giving the temperature exponent.

for 750 and 200 nm, 2D theory for 40 nm). It is clear that the 750 nm membrane is essentially at the
ballistic limit at 0.1 K, in agreement with earlier data®. However, the thinner membranes start to de-
viate more and more, with the 40 nm results being furthest from the ballistic limit. More detailed
modeling including diffusive surface scattering is in progress to understand the experiments more
deeply.

Input heating power

-
A
(3)

d(log P) /d (logT)

0.1 0.2 04 06 08 1
Temperature (K)
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Abstract: The generation of coherent phonons in polycrystalline bismuth film is observed by
ultrafast time-resolved electron diffraction. The dynamics of the diffracted intensities from the
(110), (202), and (024) lattice planes show pronounced oscillations at 130—150 GHz. The ani-
sotropy in the energy transfer rate of coherent optical phonons is discussed.

The interaction of femtosecond laser pulses with semimetals and semiconductors produces electronic
excitations coupled with lattice vibrations through the deformation potential and stimulated Raman
scattering . If the frequencies of Raman active phonons in the laser-excited material are smaller than
the inverse duration of the laser pulse, then the laser-induced change in the equilibrium positions of
the nuclei (displacive excitation) results in generation of coherent optical and acoustical phonons.
Numerous studies were performed on the dynamics of coherent phonons in bismuth (Bi) by monitor-
ing of the optical reflectivity modulation with femtosecond pump-probe techniques, and by femtosec-
ond time-resolved X-ray diffraction of lattice dynamics [1-4].

We report on the characteristics of coherent phonons as observed in modulation of temporal behavior
of the electron-diffracted intensities from three (110), (202), and (024) lattice planes of polycrystalline
free-standing 22+2 nm thick Bi film. An electron gun, described in our previous publication [5], was
used to produce electron pulses of ~1.5 ps duration by photoemission from silver thin film photocath-
ode excited by frequency-tripled femtosecond (110 fs duration, 800 nm wavelength, at 1 kHz repeti-
tion rate) laser pulses. The Bi film was exposed to the fundamental 800 nm wavelength at a pulse en-
ergy density ~2 mJ/cm’ that corresponds to excited carrier’s density ~10>' cm™. The intensity changes
of the diffraction rings are given in terms of contrast value V{r} = (I{r) —Ipg (¥))/ {1 (r) + Ipg(#))
(Izg(r) is the background intensity distribution), which takes into account both the changes in diffrac-
tion peak and background intensities after the laser exposure. Each time-resolved electron diffraction
scan was acquired twice and the average value was used for analysis. To analyze the data, the Boltz-
mann (sigmoidal) fit was used such that V() = Vi + (Viax — Vi )/ (1 + exp (——20) where 1,4 is

the inflection point of the dependence of V{(z) on the delay time z, and z,,. is the rate (slope) of the
process at this point. The dynamics of the intensity change V(z) were characterized by the coordinate
of the inflection point ;,; and by the drop-off intensity time ;, which is determined as the full width
at e’ level of the maximum of the first derivative of the Boltzmann fit. The Fourier transform was
used for frequency analysis.

The temporal development of the contrast values V() of the diffraction orders as a function of delay
time is shown in Figure. It is seen that all three diffraction orders /,;(7) follow the same temporal be-
havior, namely, the intensity decrease, which is accompanied with high frequency oscillations in a
frequency band centered at 130—150 GHz (see insets in Figure). Since an optical phonon can emit two
acoustic phonons, different combinations of two or more phonons can give rise to a generation of new
phonon frequencies like 4,,(/)—2LA(A), 4,;,(I)—LA(T) + LA(X), 2LA(X) — LA(1)—TA(X), and so
on. Therefore, one can find that the combination 4,,(/") — E,(/") — 2LA(X) yields the phonon frequency
134 GHz, which is in good agreement with our results. An interesting feature is the different drop
time in the diffraction orders 7, extracted from the Boltzmann fit, which are 7,9 ~ 8.6 ps, 720> ~ 18 ps,
and g4 ~ 7.8 ps. In general, two mechanisms could contribute to the energy transfer z,.,, from elec-
trons to the phonon subsystem resulting in lattice heating. The first one is direct-energy transfer from
electrons to phonons through optical phonon decay. This can be evaluated from the following
Te_pn & (Rwj T /T5 ep)ratio (here wp, Tp, Ty is the Debye frequency, the Debye temperature, and lat-
tice temperature, respectively, ¢ is the Fermi level). At our experimental conditions, the energy trans-
fer rate z,,, is 520 ps. The second mechanism affecting 7., is the electron-hole pair recombination
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1.05 accompanied by phonon emission. For Bi at
room temperature this process can be as fast

as a2-3 ps|[6].

1.00
The energy transfer depends on the lattice
plane {Akl} of Bi. The anisotropy manifests
- 0.95 itself not only in different drop time 7, but
3 also in different time of the inflection points:
g 10 the maximum slope of the intensity change
g is achieved at ~ 5 ps for (110), at ~ 9 ps for
O 09 (202), and at ~ 4 ps for (024) lattice planes.
Hence, the drop-off amplitude of the inten-
08 - sity of the diffraction orders does not follow
a single Debye-Waller factor written for the
1.05 I harmonic approximation as
ool W, = V2 exp(—Bs?) = Pexp [—B{I‘j (=2) ]
T (here V7 denotes the structure factor of a per-
095 fect crystal, 6 is the Bragg scattering angle, 4
I o ETRY ] is the electron wavelength, and B(7) is the
0.90 _2'0 ' _1'0 ' 6 ' 1'0 o0 3'0 ' 4'0 50 Debyp—Waller factor). According to this ex-
pression, the decrease in the intensity of the
Delay (ps) diffracted beam is expected to be more pro-

Figure 1 Normalized contrast V(r) of diffraction orders as a func- pounced for high-order diffraction, but this
tion c?f the delay time. Dashed line is Boltzmagn fit. Solid line is is not supported by our measurements shown
to guide the eyes only. Insets show the the Fourier transform. . R . K
in Figure 1. Two mechanisms can possibly
affect the expected dynamics of the intensity decay. The first one is the anisotropy of B(7) for bismuth
caused by the different means-square displacements of the atoms parallelB{T} and perpendicular
E, (T} to the hexagonal c axis [7]. For Bi, B, (T} = 2B, (T) at T=293 K and B, (T} = 88,(Ty at T= 516
K, therefore, the influence of anisotropy is very considerable. The second mechanism is the atomic
motion of coherent optical phonons A4,, that takes place along the elongated body diagonal, whereas
the atomic motion of E, phonons occurs in the plane perpendicular to this diagonal [8]. The combined
action of these two mechanisms on the differently oriented planes (110), (202), and (024) can result in
significant change of the energy transfer rate of coherent optical phonons as well as of the amplitude
of the diffraction intensity response.

This work was supported by Department of Energy and National Science Foundation. We acknowl-
edge the contribution of A. Esmail and M. Abdel-Fattah in construction of the diffraction system.
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Phonon scattering at structurally variant boundaries
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Abstract: Phonon scattering at boundaries drives the thermal transport in nanosystems. In
this work, I will discuss various projects in which solid boundaries and interfaces are used to
reduce the thermal conductance in nanosystems. These studies include cross plane thermal
conductivity in periodic, porous silicon films and thermal boundary conductance across ran-
dom and quantum dot roughened Si interfaces.

Successful reduction of the thermal conductivity in nanosystems has been achieved through the altera-
tion of structure and interface density in different types of nanoparticle films and periodic compos-
ites.' These material systems have attracted significant attention due to their unique phonon-scattering
mechanisms, where the increase in the density of inclusions increases the number and frequency of
boundary scattering events, in turn resulting in lower realized values of effective thermal conductivity.
Thus, through varying the frequency and strength of phonon scattering at interfaces, one is able to
obtain a unique method for controlling the effective thermal conductivity of a given nanosystem.

In this work, I will review various projects in which we have studied thermal transport in nanosystems
with periodic and structurally variant boundaries to reduce and control thermal transport. First, I will
discuss recent measurements of the cross plane transport in periodically patterned porous silicon
membranes; these silicon membranes are low frequency phononic crystals and we study the effects of
coherent and incoherent mechanisms contributing to the cross plane thermal conductivity.” Secondly,
I will review various projects in which structurally variant solid interfaces are used to decrease the
thermal boundary conductance.” We show that roughening is an effective tool to systematically de-
crease the thermal boundary conductance. Finally, I will discuss recent measurement of thermal
boundary conductance across silicon interfaces with quantum dot patterning. We show that quantum
dot synthesis is an effective tool to control the thermal conductance in nanosystems due to phonon
scattering and attenuation effects around the quantum dots.

We measure the thermal processes in the various nanosystems presented in this work with time do-
main thermoreflectance (TDTR).>® TDTR is a non-contact, pump-probe technique in which a modu-
lated train of short laser pulses (in our case ~ 100 fs) is used to create a heating event (pump) on the
surface of a sample. This pump-heating event is then monitored with a time-delayed probe pulse.
The change in the reflectivity of the probe pulses at the modulation frequency of the pump train is
detected through a lock-in amplifier; this change in reflectivity is related to the temperature change on
the surface of the sample. Details of the specific experimental setup at Sandia National Laboratories
and the thermal analysis used to determine thermal conductivity and thermal boundary conductance is
discussed elsewhere.’

Figure 1 shows the the thermal conductivity of periodically porous Si structures at room temperature
as a function of the characteristic limiting distance, L, for the phononic crystal patterns (unfilled
squares — numbers represent hole diameters/pitch in hundreds of nanometers), microporous solids
(filled pentagons),® and nanomesh (filled diamond).” The measured thermal conductivities are multi-
plied by a factor of [(1 +2¢/ 3)/ (1 — ¢)] to account for the porosity of the structures, and thereby di-

rectly compare the thermal conductivity of the solid matrix in the porous structures to a model ac-
counting for phonon boundary scattering and thermal conductivity in porous solids.'” The solid line
represents predictions of this model at room temperature as a function of L. This model predicts the
thermal conductivity of the microporous solids well. This model, however, overpredicts the porous
silicon measurements. The dashed line represents predictions of the porous silicon thermal conductiv-
ity, which accounts for a change in mode density using a plane wave expansion method."'
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Figure 2 shows the measured thermal boundary conductance, 4, as a function of surface roughness, J,
for a series of Al/Si samples. We roughen the Si interfaces via tetramethyl ammonium hydroxide
(TMAH) solution at 80°C for various times to induce different degrees of Si surface roughness. We
also treat a series of the Si surfaces with buffered oxide etch immediately before Al deposition to
minimize the oxide layer at the interface. The thermal boundary conductances show a dependency on
6, which is not predicted by the traditional diffuse mismatch model.'> We develop a new model that
accounts for thermal conductance at rough interfaces and oxide formations, as shown by the solid
lines in Fig. 2. Based on these results at the roughened Al/Si interfaces, we patterned a series of sam-
ples with Ge,Si;, quantum dots on a Si surface and studied the thermal transport across Al/Si inter-
faces with quantum dot roughened surfaces. The measured thermal boundary conductance decreases
with increased RMS roughness induced from the quantum dots, and our model for thermal boundary
conductance across rough interfaces predicts the measured values well. The precise quantum dot pat-
terning yields a method to control the thermal transport.
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Thermal conductance behavior of self-assembled lamellar
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Abstract: We measure the thermal conductance of both disordered and self-assembled lamel-
lar polystyrene-block-poly(methyl methacrylate) copolymer films and compare the results to
literature reports on thin homopolymer films and polymer brushes. We see a 150% increase in
thermal conductivity for a single self-assembled PS-b-PMMA layer.

The control of nano-scale phonon/thermal transport properties is a growing technical challenge in the
fields of thermoelectrics, integrated circuits, and high power density lasers. Of particular importance
in microelectronics packaging and integrated circuit thermal management are polymer and polymer
composite films in the form of encapsulants and coupling compounds. Chain alignment has been
shown to affect thermal transport in drawn polymers, polymer brushes, and self-assembled monolay-
ers. In this work we examine the thermal conductance behavior of thin self-assembled block copoly-
mer films. In particular we examine both ordered and disordered copolymer films of polystyrene-
block-poly(methyl methacrylate) (PS-b-PMMA) and compare the results to literature reports on thin
homopolymer films, polymer brushes, and bulk drawn homopolymers. Figure 1 depicts the sample
configuration in which 7 is the number of lamellar periods in the ordered films. Previous reports typi-
cally show a modest increase in axial thermal conductivity (10-50%) for elongated PMMA polymer
chains compared to random coil chain configurations. We see up to a 150% increase in thermal con-
ductivity for a single self-assembled layer of PS-b-PMMA. Increasing the film thickness in a step-
wise fashion to incorporate additional self-assembled layers of block copolymer decreased the thermal
conductivity towards that of the amorphous state, which is close to reported values for the individual
homopolymers (0.17 and 0.20 Wm 'K for PS and PMMA respectively)'.

(b)
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thermal oxide
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thermal oxide thermal oxide
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Figure 1 Schematic of ordered (a), (¢) and disordered (b), (d) block copolymer thin films of PS-b-PMMA
coated with aluminum via physical vapor deposition (PVD) on a thermal oxide silicon substrate. The number of
lamellar periods is denoted by n. Exploded insets depict expected polymer chain conformation.

The PS-b-PMMA films were spun-cast from toluene solutions to thickness values commensurate with
the natural lamellar period of the block copolymer. Film thickness was verified with ellipsometry.
The spun-cast films are initially amorphous, but one set is annealed in a vacuum oven below the or-
der-disorder transition temperature to promote self-assembly into the lamellar phase, which is aligned
to the film substrate due to preferential segregation of PMMA to the polar thermal oxide surface, and
PS to the vacuum interface”. The assembly of the annealed films into the stacked lamellar form as
depicted in figure 1a and 1c was verified with X-ray reflectivity measurements. Rocking curves were
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also collected to detect off-specular (diffuse) scattering in order to compare the in-plane film homoge-
neity. We measured the thermal conductivity of the lamellar and amorphous copolymer films with
TDTR>®. TDTR is a non-contact, pump-probe technique in which a modulated train of short laser
pulses (in our case ~ 100 fs) is used to create a heating event (pump) on the surface of a sample. This
pump-heating event is then monitored with a time-delayed probe pulse. The change in the reflectivity
of the probe pulses at the modulation frequency of the pump train is detected through a lock-in ampli-
fier; this change in reflectivity is related to the temperature change on the surface of the sample. This
temporal temperature data is related to the thermophysical properties of the sample of interest. We
monitor the thermoreflectance signal over 4.0 ns of probe delay time. We deposit a 90 nm Al film on
the samples as a transducer that relates the measured reflectivity to the temperature change on the sur-
face. The deposited energy takes approximately 100 ps to propagate through the Al layer, and the
remaining delay time is related to the heat flow across the copolymer films and the thermal diffusivity
in the underlying substrate. Our specific experimental setup is described in detail elsewhere’. The
thermoreflectance signal we monitor is the ratio of the in-phase to the out-of-phase voltage recorded
by the lock-in amplifier, which is related to the temperature change on the surface of the sample. The
thermal model and analysis used to predict the temperature change and subsequent lock-in ratio is de-
scribed in detail in the references’. We assume bulk values for the thermophysical properties of the
Al, SiO,, and Si,® and we verify the Al film thickness via picosecond ultrasonics”'°.

The measured thermal conductivity of our co- 0.7 r .
polymer films is depicted in Fig. 2 along with & 0.6p © Spuncast 1
he thermal conductivity of t pol 2 osp 2 poe ]
the thermal con uctivity of spun cast polymer & . A STeDeet] -
films and brushes . The ordered films exhibit = 04F v BCPn-2 J ]
a higher thermal conductivity than the disor- § —; e
dered films, with the thermal conductivity de- = -+ 0.3} \% .
creasing as the number of block copolymer % ; ° o © ;
layers was increased. For the single period, < < © o o °
. o 02} a P o %0 U 1

ordered PS-b-PMMA film, we believe prefer- .2 o o " o /f
ential polymer chain alignment parallel to the 3 " , N/

. . . = B Disordered
film normal is the main factor accounting for = g

. . =]

the increased out of plane thermal conductiv- o1 .
ity. This is likely due to the increased anisot- 1 10 100
ropy and effectiveness of intra-chain thermal Thickness of polymer film (nm)

transport, whereby vibrations are transmitted Figure 1 Thermal conductivity of our block copolymer (bep)
along the covalent bonds of the polymer back- films compared to that of spun-cast PMMA films and polymer

g poly p P poly
bone. Increasing the number of periods 7, or brushes''. The ordered films exhibit a higher thermal conduc-
reducing the film order, results in more inter- tivity than the disordered films, spun-cast films, and brushes.
chain thermal transport, in which vibrations must be transferred through weaker van der Waals and
dipole interactions'”. In addition to partial chain alignment, we suspect that boundary scattering and
phonon-phonon scattering are also contributing factors to the observed behavior.
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Abstract: In order to enhance the thermally insulating propertiy of a silicon nitride (Si3Ny)
membrane, we have micromachined periodic holes through it with the intent of producing a
complete phononic bandgap. The observation of the thermal transport in the phononic crystal
is carried out by using a well-established Normal metal-Insulator-Superconductor (NIS) tunnel
junction thermometer at sub-Kelvin temperatures. In addition, numerical calculations of the
thermal conductance of the structure are in progress.

Periodically Perforated Si;N; Membrane as a Phononic Crystal

Phononic crystals are promising devices' for ultrasonic sensors, acoustic filters or waveguides, as well
as high efficient thermoelectric transducers, and the next-generation ultra high sensitive superconduct-
ing radiation detectors, whose performance strongly depend on the phonon thermal conductance. Be-
cause the superconducting detectors convert the energy of the photons” or proteins® from the Time-Of-
Flight Mass Spectrometer (TOF MS) into phonons, it is important to mount the detector on the infra-
structure which can enclose phonons and prevent them from dissipating to surroundings too quickly.
A silicon nitride (Si3N4) membrane is frequently used material for this purpose because of its low
thermal conductivity and the ease of controlling its dimension and structure®. In order to enhance the
sensitivity of the superconducting detectors, we have started developing periodically perforated SizNy
membranes which are expected to perform as phononic crystals. Using finite element method based
calculations (COMSOL Multiphysics), we have successfully found the proper geometry which has a
complete phononic bandgap extended from 17.7 GHz to 22.0 GHz, as shown in Figure 1 (a). For the
3-D Debye model, the dominant thermal phonon frequency at a temperature 7 is expressed as @ =
2.8kgT/7Z. In our case, however, the perforated-membrane structure has only in-plane periodicity,
therefore we should compare the bandgap with the 2-D Debye model, whose dominant thermal fre-
quency is expressed as @ = 1.5kgT/%. At the temperature of 100 mK, it corresponds to @ = 20 GHz,
just in the middle of the complete bandgap of Figure 1. Hence, we can expect the suppression of the
thermal conductance in our modeled geometry. Moreover, the simulation of the constant energy sur-
face in Figure 1 (b) shows that the perforated membrane exhibits a strong directionality in the thermal
transport, which is isotropic in the case of the unperforated membrane in Figure 1 (c). This effect,
known as phonon focusing in regular crystals* will also contribute to the thermal properties of the
membrane.

Figure 1 (a) A dispersion relation of the perforated Si;N; membrane, calculated by COMSOL Multiphysics with the
Matlab environment. The complete bandgap extends from 17.7 GHz to 22.0 GHz. (b) Constant energy surface of the
perforated Si;N, membrane and (¢) unperforated membrane at the frequency of 10 GHz in k,, ky space.
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NIS Tunnel Junction Thermometry for Phonons

In order to investigate phononic thermal conduction, we have been using the Normal metal-Insulator-
Superconductor (NIS) tunnel junctions as thermometers™. A SEM image of a NIS thermometer and
its operating circuit is shown in Figure 2 (a). NIS junctions are fabricated using an electron-beam li-
thography and an ultra-high-vacuum e-beam evaporation. A typical size of the junction is a several
hundreds of nm each as in the inset of Figure 2 (a). The red part in the figure (online) is a normal met-
al (Cu) island which can absorb phonons from the environment. The thermometer works with a con-
stant-current bias, with the voltage being inversely proportional to the normal metal electron tempera-
ture™®. As the superconducting leads (Al) of the NIS junctions do not carry any heat electronically, all
the absorbed and emitted power is carried by phonons. In this dynamic equilibrium case, the electron
temperature follows the phonon temperature. The sensitivity of the NIS thermometer is extremely
high as much as 0.9 pV/mK below 200 mK. The small length of the island of the order of um is also
suitable for measuring the local phonon temperature.

Figure 2 (c) is a dark-field micrograph of a perforated Si;N, membrane of the thickness of 300 nm
with a hole diameter of 5 um and a lattice constant of 10 um. Two SINIS junctions located at the cen-
ter act as a thermometer and a heater, respectively. Holes are uniformly formed across the whole
membrane size of 360 x 360 um”.
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Figure 2 (a) A SEM image of the NIS thermometer and its operating circuit. NIS thermometers are operated by a con-
stant-current biasing. (b) /-V characteristics of the NIS thermometer at various temperatures. (¢) A dark-field micrograph
of the perforated Si;N, membrane with a SINIS thermometer and a heater.
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The dispersion curves of confined acoustic phonons in ~10 and ~30 nm Si membranes were
measured using Brillouin Light Scattering (BLS) spectroscopy. The dispersion relations of the
confined phonons were calculated from a semi-analytical model based on continuum elasticity
theory. Green’s function simulations were used to simulate the Brillouin spectra.

The acoustic properties of ultra-thin Si layers are important for many areas of nanofabrication, im-
pacting on both structural integrity and thermal transport. The effect of phonon confinement is par-
ticularly important, affecting both heat dissipation and charge carrier mobility'?. The goal of this
work is to obtain a deeper understanding of phonon confinement and propagation in materials with
dimensions comparable to thermal phonon wavelengths. Previous studies have investigated out-of-
plane confined acoustic phonons in 30 nm Si membranes by inelastic light scattering at normal inci-
dence, with use of a triple grating Raman spectrometer™*. In this work the in-plane propagation of
these modes is investigated as a function of the parallel component of the wavevector, using a high-
resolution Tandem Fabry-Perot Interferometer. The effect of the ~1 nm native oxide layer in such thin
systems was also calculated using a three-layer model.

Methods

Brillouin Light Scattering (BLS) spectroscopy is an inelastic light scattering technique, which can
directly measure acoustic phonon dispersion in a non-destructive manner. Using an angle-resolved
approach, out-of-plane confined phonons as well as flexural, dilatational, and shear modes propagat-
ing in the plane of the membrane were investigated. The dispersion curves were calculated from nu-
merical solutions to the analytic equations for the acoustic modes in a membrane, based on a conti-
nuum elasticity model’. Green’s function simulations were also used to calculate the density of states
of the phonon modes and to simulate the Brillouin spectra®. The membranes of area 500 x 500 um®
were fabricated on nominally undoped 150 mm thin SOI wafers using Si MEMS processing tech-
niques. The thin SOI wafers were produced by bonding the standard SOI wafers from SOITEC com-
pany’ with a Si oxidized wafers.

Results

The BLS spectra of the membranes corresponded to calculated thicknesses of 12 and 28 nm. Calcula-
tions for the 12 nm membrane showed that mode frequencies exhibit a detectable shift of 8% with
changes in the thickness of the membrane of 1 nm, which is of the order of the uncertainty in the
thickness measurement. The ultra-thin nature of the membranes resulted in a slow phase and group
velocity for the first order flexural (A0) modes, with a phase velocity down to 320 m s™ recorded for
the 12 nm membrane. This is 15 times smaller than the comparable bulk value (Rayleigh Wave)

vesaw = 4921 m s, This resulted in a large phonon density of states, as evidenced by an enhanced
acousto-optic interaction and therefore a strong scattered signal. It was observed that the experimental
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data agree with the dispersion curves calculated from continuum elasticity theory to within experi-
mental error, apart from the dilatational mode of the 12 nm membrane (Figurela), which is under fur-
ther investigation.

Calculations for a three layer system were also performed to take account of the native oxide layer,
which was found to cause a detectable change in the dispersion of the higher order (n>0) acoustic
modes. (Figure 1b)

T T T T T 250 : : : :

8000 ' ' '
L |
7000 =, ]
200 4 -

T 6000 4 \ R E ——————————————————————————————————————————
€ 5000 ] O 150 _
— ~ LI LTI ——————C
= 40004 >
O Flex Theory 8
O 30004 = Flex 12 4 & 100+ J
o) ® Flex 28 -]
= 20004 Flex 430 i o
Dil Theory L 5l |
= Dil12 L
1000 + o Dil2s 1
Dil 430
0 T T T T T T T T O T T T T
0 1 2 3 4 5 6 7 8 9 0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless Wavevector Q .a Dimensionless Wavevector Q .a
(a) (b)

Fig. 1: (a) Phase velocity vs. dimensionless parallel wavevector for 12 nm (blue squares), 28 nm (red circles) and 430 nm
(green triangles) membranes, with theoretical calculations for the first order flexural (black line) and dilatational (red line)
modes of a Si membrane. (b) : Dispersion curves of the dilatational modes of a 30 nm Si membrane, (blue solid line) and
28.4nm Si with 1.6 nm SiO2 on the top and bottom surfaces (red dashed line).

Conclusions

The acoustic dispersion relations of confined phonons in ultra-thin Si membranes, with thicknesses of
12 and 28 nm, were measured. The experimental results were compared with semi-analytic and
Green’s function calculations with satisfactory agreement, confirming a small phase and group veloc-
ity for the first order flexural mode. Calculations show that the spectra are sensitive to changes in
thickness of the membrane on the order of 1 nm. The higher order acoustic modes were also shown to
be sensitive to the presence of the thin native oxide layer. This work provides a basis to investigate the
effect of acoustic phonon confinement on thermal transport in systems with sub- 50 nm dimensions.
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Acoustic Phonon Transmission and Heat Conduction
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Abstract: We describe theoretically how acoustic phonons can directly transmit energy and
conduct heat between bodies that are separated by a vacuum gap. This effect is enabled by in-
troducing a coupling mechanism, such as piezoelectricity, that strongly couples electric field
and lattice deformation.

Advances in experimental techniques have enabled near-field heat transfer measurements from pm
down to 10 nm body distances'. We have recently proposed that at such distances a new type of eva-
nescent field heat transfer mechanism due to acoustic phonons can exist®. Significant energy transmis-
sion and heat flux across a vacuum gap is possible if the acoustic phonons can induce a quasi-static
electric field, which then can leak into the vacuum [see Figs. 1(a) and 1(b)]. Such a mechanism is pro-
vided, for example, by the piezoelectric (PE) effect.

Our approach involves the determination of the scattering matrix of the system and the resulting en-
ergy transmission coefficients Ty.2 The thermal boundary conductance G, arising from transmission of
mode y is calculated by phonon Landauer formula, which we write in the form

_2x? 3 4r 0 &
G =30 Vkaq{HTT@jTy v
9.4 3
7= ] e 00), ”
0

where Tf”‘ is the effective transmission coefficient, v, is phonon velocity and gr=2nkzT/hv, is the
thermal wave number (7 being the temperature). Mode indices y=L and y=S stand for longitudinal
and transversal, respectively (the two transversal modes are not written explicitly). Here ¢. is the Bril-
louin/Debye cut-off and <...> stands for solid angle average.

Coupling of lattice deformation and (quasistatic) evanescent electric field leads to certain type of scat-
tering matrix and energy transmission without specifying the details of the (linear) coupling mecha-
nism. This general analysis anticipates exponentially low "tunneling" regimes and also strong reso-
nances in solid-vacuum-solid phonon transmission®. Here the numerical transmission calculation ex-
amples rely on piezoelectric coupling and, therefore, show some similarities with Refs. 3.

Figure 2(a) shows numerically calculated energy transmission 7', from a PE material to another across
a vacuum gap following the S-matrix approach of Ref. 2. We have adopted material parameters that
are close to that of ZnO with the simplifying approximation of only one nonzero element of the piezo
tensor (es; = 1.3 C/m®). Note that for this approximation the acoustic and electric fields are decoupled
for the transversal mode whose polarization is parallel to the interfaces. Therefore, in Figure 2 the S
mode refers to the mode whose polarization is in the plane of incidence and we need to consider only
single angular variable 6, the angle of incidence. We can observe that the transmission probability of
both modes exhibit strong resonances in the (gd, 8)-plane. Most striking feature is that at/around the
resonances the phonons can go through the gap with (or close to) unity transmission.

Figure 2(b) shows Tfﬁ ‘and G, obtained from Eqs. (1) and (2) and T, of Fig. 2(a). At low temperatures
the S-mode thermal conductance Gy is ~15 % of the unity transmission thermal conductance. At high
temperatures Gs saturates, because only long wavelength transversal phonons can go across the gap.
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The L-mode shows no saturation, because of the strong resonances at large g. These resonances en-
able some of the small wavelength longitudinal phonons to be transmitted across the vacuum gap even
with unity transmission. It should be noted that if we introduce a finite cutoff g. then G, also saturates
at the limit g7/ g. >>1.

We conclude that, essentially, this work describes how acoustic phonons can directly transmit energy
and heat between bodies without any mechanical inter-body contact. We believe that this novel effect
is of interest in phononics and nanoscale heat transport.
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Figure 2 (a) Logarithmic contour plot of energy transmission coefficients 7', between two PE bodies as a function of nor-
malized wave vector gd (d is the gap width) and the angle of incidence 6. The lower panels show log-log blow-up of the
small-@ large-gd region. (b) Effective transmission 7, < (the inset) as a function of g;d and the interface thermal conduc-
tance G, (the main part) as a function of temperature (we have set g.—o0). The curves are obtained from the T, of (b) by
using Eqs (1) and (2). For the y-axis units of the main figure we have 2ﬂ2v/c5/30d3 Y, x(100 nm/d)> W/Km?, where Yis)
=55.6 (24.9).
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Nanostructured two-dimensional phononic materials
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Abstract: Phononic properties of nanostructured two-dimensional materials such as graphene
and boron nitride (BN) sheets are calculated using the method of molecular dynamics. Nano-
phononic crystals composed of periodic array of holes in graphene exhibit Bragg scattering at
non-cryogenic temperatures leading to reduction in thermal conductivity. The transport of pho-
nons across non-periodic arrays of asymmetric holes in BN sheets is discussed in the context of
scattering and non-linear effects that may lead to thermal rectification.

Phonons contributing to thermal conductivity have wavelengths ranging from nanometers to several
hundreds of nanometers. Nanofabrication techniques have the potential of structuring materials in a way
that may affect the propagation of thermal phonons. This possibility opens perspectives in the fields of
thermal management and thermoelectrics. Modulating the thermal properties by creating a nanoscale
composite material is an approach that has been extensively studied in the case of superlattices [1-3].
These stacks of nanoscale layers have been shown theoretically and experimentally to impact thermal
transport due to scattering effects of phonons. In contrast to the 1-D superlattice structures, not much is
known of the effect of 2D nanophononic structures on thermal conductivity and phonon transport. In this
work we report on the phononic properties of nanostructured two-dimensional materials such as graphene
and boron nitride (BN) sheets. Specifically we examine periodically patterned anti-dot graphene struc-
tures and defected BN sheets. Thermal properties and phonon transport behavior are modeled using the
method of molecular dynamics (MD). The forces between atoms are determined from Tersoff-Brenner
family of interatomic potentials . Both equilibrium as well as non-equilibrium MD formulations are used
in this work to examine thermal properties of the systems under study.

MD simulations are carried out in conjunction with phononic band structure calculations in order to char-
acterize the thermal transport properties of graphene-based nanophononic crystals composed of periodic
arrays of hole inclusions (Fig. 1). In particular, the heat current autocorrelation function is calculated us-
ing the Green-Kubo equilibrium method, enabling the estimation of the lifetimes of acoustical and optical
phonons as well as the thermal conductivity as functions of the filling fraction of the phononic crystals
and temperature (Figs. 2a and 2b). We observe that Bragg scattering of thermal phonons leads to dramatic
changes in the phonon lifetimes for filling fractions as low as 2.5% over a significant range of tempera-
ture. This change of lifetimes is followed by a corresponding change in the thermal conductivity. We dis-
cuss the results on the phonon lifetime in the context of competition between elastic Bragg scattering and
inelastic phonon-phonon scattering. Our results suggest that in addition to impacting elastic scattering,
band effects due to the phononic structure may also impact inelastic scattering.

Boron nitride (BN) sheets and thin films can contain non-periodic distributions of triangular holes as
shown in Ref [4]. Using non-equilibrium molecular dynamics methods, the thermal transport perpendicu-
lar to an array of triangular holes in a BN sheet (Fig. 2) is studied as a function of thermal gradient of var-
iable magnitude and sign. Results indicate that there is asymmetry in the magnitude of thermal flux when
the thermal gradient changes sign, due to the interplay between geometrical effects (phonon scattering by
asymmetric holes) and non-linear effects such as temperature dependent phonon density of states. Further,
asymmetry in thermal transport is observed over a broad range of temperatures. These effects suggest

222



Phononics 2011

Track 4: Phonon Transport

Phononics 2011: First International Conference on Phononic Crystals, Metamaterials and Optomechanics
Santa Fe, New Mexico, USA, May 29-June 2, 2011
PHONONICS-2011-0104

that BN sheets containing oriented non-periodic triangular holes may serve as a platform for designing a
thermal rectifier or thermal diode.
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Figure 1: [llustration of the patterned graphene structure.

Figure 2: (a) Thermal conductivity deduced from the
Green-Kubo method as a function of the filling frac-
tion at 300 K (Squares). The contribution of the optical
(Circles) and acoustical phonons (Triangles) are dis-
tinguished. These data are compared to a parallel (dot-
ted line) and Maxwell (solid line) mixing model. (b)
Mean acoustical and optical phonons lifetimes as a
function of the filling fraction at 300K. These lifetimes
are estimated from the fit of the heat current correla-
tion functions. Error bars on calculated lifetime and
thermal conductivity due to the exponential fit of the
heat current autocorrelation functions are the size of
the data points.

Figure 3: An illustration of the 2-D BN sheet with the
triangular defect. The X-Y dimensions of the sheet are
175 A x 70 A, and periodic boundary conditions are
employed in the Y direction, and the temperature gradi-
ents are applied in the X direction.
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Abstract: We present a boundary perturbation method to analyze phonon reflection, transmis-
sion, and mode conversion at a rough interface, and extend these calculations using a transfer
matrix approach to examine the effects of interface roughness on phonon transport in multi-
layer thin films.

Superlattices have been used to control the transport of acoustic phonons for coherent phonon'* and
heat transfer applications. In phonon “lasers” and terahertz phonon devices, superlattices are used as
Bragg reflectors for acoustic cavities’”. In thermoelectric devices, superlattices are used to increase
phonon scattering and hence reduce thermal conductivity, leading to higher thermoelectric energy
conversion efficiency®*.

Coherent effects that rely on interface periodicity, such as Bragg reflection, are sensitive to fluctua-
tions in interface position caused by roughness. Interface roughness can disrupt specular interference
effects, increase parasitic coupling into other phonon modes (e.g., longitudinal acoustic into trans-
verse acoustic), and increase diffusive scattering. Since the acoustic phonons relevant for terahertz
devices and most heat transfer applications have wavelengths less than 10 nm, atomic-scale interface
roughness is expected to play a much more significant role than it does at optical wavelengths.

Previous work has examined the interaction of acoustic phonons with interface roughness by imple-
menting an empirical specularity parameter’' or by summing a collection of specular reflections off
of a defined roughness geometry'*. Such approaches are limited in their ability to account for phonon
mode conversion at the interface. Lattice dynamics and Green’s function formulations'*'* have also
been utilized for this purpose but are often computationally expensive and restricted to unrealistic
roughness profiles (such as short in-plane correlation lengths).

We have developed a boundary perturbation method to model phonon transport at rough solid-solid
interfaces, building off of previous work that has applied such methods to rough interfaces between
liquid helium and copper'>'® as well as ice and water'’. This approach allows interface roughness to
be characterized by statistical parameters such as the standard deviation of interface height (RMS
roughness) and the in-plane correlation length, making calculations of mode conversion and separa-
tion into specular and diffuse components straightforward.

Using the boundary perturbation method, we predict the frequency (wavelength) and angle of trans-
verse (TA) and longitudinal (LA) acoustic phonons emitted when an LA phonon is incident on a sin-
gle rough interface at a particular angle. We then utilize these parameters within a transfer matrix ap-
proach to calculate the phonon transmission and reflection characteristics of a superlattice with a spe-
cified roughness profile. Metrics of interest for phonon Bragg reflectors (e.g., coherent reflectivity,
full with at half maximum of the stop band) are calculated for superlattices in relevant material sys-
tems such as SrTiOs/BaTiO; with various roughness profiles and numbers of superlattice periods. A
quantitative analysis is performed to assess the relative contributions of acoustic impedance contrast
and interface flatness to superlattice reflectivity. Implications for heat transfer applications (e.g.,
thermal boundary resistance) at low temperature are discussed.

This work was supported by the United States Air Force Office of Scientific Research (AFOSR)
through the Multidisciplinary University Research Initiative (MURI) program under grant number
FA9550-08-1-0340.
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Abstract: The elastic continuum model is applied to analyse the acoustic phonon modes for single and three-
layer membranes. The dispersion relations are computed using a numerical approach and are compared with
experimental and theoretical results. These values are used to compute the rate of relaxation, considering a
three-phonon Umklapp process.

The electronic properties of free-standing membranes, nanowires and ultrathin films, which are the
buildings block of the components for the future electronics devices and nano-electrical mechanical
nanostructures, have been the subject of the extensive studies. On the contrary, their thermal proper-
ties have received comparatively less attention. The phonon dispersion relation and the phonon inte-
raction in such nanostructures are expected to be significantly different from due to bulk due to the
confinement effects.

Our approach to investigate the phonon dispersion in free-standing layers is based in the elastic conti-
nuum model in isotropic media. Within this model, the equation of the phonon displacement vector,

[ E)

. 1
u”, may be written as :

82%12 =c'Vu+(c; —c)V(Vu) (1)

where c, and c; are transversal and longitudinal sound speeds, respectively. The movement was solved

for two different systems: (i) one layer of medium A of

I A ” ®  thickness @ embedded in air, (ii) a stacking of three layers
of alternating A and B media (see figure 1).

ZIA\/, 8 }b The general solution for the I-layer system are: shear
% A a waves, dilatational (symmetric) and flexural (antisymme-
b tric) waves”. The solutions for the 3-layer structures are:

shear waves (only nonzero y components), symmetric x
Figure 1 Structures considered for the present  component and antisymmetric z component (SA waves),
stdv and antisymmetric x component and symmetric z compo-
nent. The SA (AS) waves consists of dilatational (flexural) waves in the “4” layer and a linear combi-
nation of all waves in the two “B” layers. The calculated dispersion relations for flexural and SA
waves are shown in the fig. 2 for a monolayer of silicon and the 3-layers structure SiO,-Si- SiO,. Note
that the native oxide layers are in principle always present. Once obtained the dispersion relation we
can derivate the group and phase velocity as well as the density of states.

From the first-order perturbation theory, the single-mode relaxation rate of Umklapp process (U) for a
thermal mode ¢ can written be as™:

= zmww}(a}‘ + o, )rolAo][n(w,) —n(o, + v;)] &)
U 3yt T i (I

where y is the Griineisen parameter, v is the sound velocity, n(w,), n(w;+ ;) are the equilibrium oc-
cupation of the states of g;, gi+¢; and p is the density.
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We calculate the different relaxation rates without approximation and compare our results with ref. 4.
We find a significant modification of the U-process in comparison to the case of bulk medium. Our
aim is in particular to identify the implications of the presence of native oxide on the dispersion
curves and the relaxation rates.
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Figure 2: Dispersion curves of the flexural modes Figure 3: Phonon relaxation rates due to Umklapp
of a 30 nm Si membrane, (blue solid line) and process at T=300 K

28.4nm Si with 1.6 nm SiO, on the top and bottom
surfaces (red dashed line).
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Abstract: I describe the nanoscale phonon engineering concept and its possible applications.
Nanostructures offer new ways for controlling phonon transport via tuning phonon dispersion.
Engineering the phonon spectrum can become as powerful a technique as the electron band-
gap engineering, which revolutionized electronics. I outline recent examples of phonon engi-
neering in quantum dot superlattices, nanowires, graphene ribbons and topological insulators.
Particular attention is given to the phonon thermal transport in graphene and graphene's appli-
cations in thermal management.

The nanoscale phonon engineering is defined as controlled modification of the phonon spectrum and
phonon transport in nanostructures with the goal of achieving higher electron mobility or changed
thermal conductivity or other property, allowing for performance enhancement of electronic, thermoe-
lectric or optoelectronic devices. The phonon engineering concept was initially introduced for nano-
structures and nanodevices made of conventional semiconductors [1]. Tuning of the acoustic phonon
spectrum in nanostructures with the acoustic impedance mismatch can help in achieving enhanced
functionality such as decreased phonon thermal conductivity, beneficial for thermoelectric applica-
tions [2], or increased electron mobility [3]. The nanometer length scale, which is comparable to the
thermal phonon wavelength in semiconductors, is essential for the phonon confinement effects and
phonon engineering near room temperature (RT).

The change in the thermal conductivity of semiconductors due to the phonon — boundary scattering
and phonon confinement effects bares important consequences for electronic industry in a view of
continuous miniaturization. Heat in technologically important semiconductors is mostly carried by
acoustic phonons. The feature size of the state-of-the-art transistor is already well below the RT pho-
non mean-free path (MFP) in Si, which is ~50 nm according to Debye model. In nanostructures with
feature size W much smaller than the phonon MFP, the acoustic phonon spectrum undergoes modifi-
cation and appears quantized provided that the structures are free standing or embedded within ma-
terial with different elastic properties (acoustic impedance). This modification is particularly strong
when W approaches the scale of the dominant phonon wavelength A ~1.480.%/k,T. Here kg is the

Boltzmann constant, 7 is the absolute temperature, 7 is the Plank’s constant, and v, is the sound ve-

locity. For many crystalline solids, A is on the order of ~1.5 — 2 nm at RT, which is comparable to the
thickness of the transistor gate dielectric or period of superlattices used in optoelectronic or thermoe-
lectric devices.

The newly developed synthesis techniques have expanded the list of nanostructures and materials
suitable for engineering the phonon spectrum. The “graphene revolution” started by the mechanical
exfoliation of the single atomic layer graphene (SLG) made possible investigation of phonons in
strictly two-dimensional (2D) systems. The knowledge about optical phonons in graphene led to the
development of Raman spectroscopy as nanometrology tool for graphene identification on variable
substrates and at different temperatures [4]. We have discovered experimentally that suspended gra-
phene reveals an unusually high intrinsic thermal conductivity exceeding that of carbon nanotubes [5].
In order to measure the thermal conductivity of “free” graphene we developed on original optical non-
contact technique (see Figure 1). The fact that the phonon thermal conductivity of large enough gra-
phene flakes should be higher than that of the basal planes of bulk graphite was predicted theoretically
by Klemens a decade ago. He pointed out at the fundamental differences in the long-wavelength pho-
non transport in 2D graphene and 3D graphite. Unlike in bulk graphite, in SLG the phonon transport
remains 2D down to zero phonon energy, which results in larger contributions of long-wavelength
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phonons to heat conduction [6]. It is also related to the fact that the intrinsic thermal conductivity in 2-
D anharmonic crystals manifests divergence with the size of the system [7]. We were able to study the
dimensional crossover of phonon transport both theoretically and experimentally using suspended
few-layer graphene (FLQG) flakes [7]. It was found that the “intrinsic” thermal conductivity of FLG
reveals completely opposite dependence (see Figure 1) on the number of atomic planes (thickness)
than the extrinsic thermal conductivity in conventional thin films, which is dominated by the phonon
— boundary scattering. The extremely high thermal conductivity of graphene coupled with its flat
geometry and demonstrated ability for functioning in Si-based devices make graphene promising ma-
terial for engineering heat fluxes and thermal management of nanoelectronic circuits [8]. We extended
the “graphene-like” mechanical exfoliation and phonon engineering techniques to other materials such
as bismuth telluride, which are used for thermoelectric and topological insulator applications [9]. The
knowledge of optical phonons allowed us to use Raman spectroscopy as nanometrology tool for topo-
logical insulators [10]. A detail review of the nanoscale phonon engineering in quantum dot superlat-
tices, heterostructures and nanowires with acoustically mismatched barriers can be found in Ref. [11].
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Figure 1 (Left panel) Schematic of the experimental set up, which was used for the first measurement of the thermal con-
ductivity of graphene. In this experiment the excitation laser light focused on graphene suspended across a trench in Si
wafer. Laser power absorbed in graphene induces a local hot spot and generates heat wave propagating toward the heat
sinks. The local temperature rise was determined from the G peak shift in graphene Raman spectrum. (Right panel) The
evolution of the phonon transport as system dimensionality changes from 2-D graphene to 3-D graphite revealed using
suspended few-layer graphene samples. The figure is after Ref. [7].

This work was supported, in part, by AFOSR grant on Phonon Engineering, ONR grant on Graphene
Quilts and SRC — DARPA Focus Center Research Program (FCRP) through its Functional Engi-
neered Nano Architectonics (FENA) center.
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Improved Lattice-Bath Phonon Relaxation in Nanoscale
Oxides
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Abstract: Electron paramagnetic resonance (EPR) spectroscopy has been used to study ener-
gy transport properties of bulk and nanophosphor oxyorthosilicate samples. The bulk samples
displayed a slight phonon bottleneck while energy relaxation in the nanophosphor samples
was not influenced by the lattice-bath relaxation time and was more rapid.

Introduction

The scintillation properties of oxyorthosilicate materials doped with Ce such as Lu,SiOs (LSO),
Y,SiOs5 (YSO), and Gd,SiOs (GSO) have been studied extensively]. These materials are of particular
interest for gamma ray detection as they have a high effective atomic number, high light output, fast
decay times, and emit in the blue region which is advantageous for most detection systems.

LSO’ and YSO® have also been studied by Electron Paramagnetic Resonance (EPR) spectroscopy in
order to study the coordination environment of the Ce’" sites. These studies determined that Ce rep-
laces Lu or Y in the phosphors and occupies two different crystallographic sites corresponding to the
two sites for Lu or Y. In previous papers’ we have reported on EPR spectra of Ce®" in both bulk and
nanophosphor LSO and YSO and noted evidence of an increased disorder in the nanophosphor sam-
ples. However, the previous analysis used the simplified model of Pidol et al.”, but, as will be shown,
the EPR linewidths and relaxation mechanisms are more complicated than previously assumed. The
goal of this paper is to further explore the temperature-dependent relaxation lifetimes and mechanisms
of LSO:Ce and YSO:Ce for both Czochralski grown (bulk) samples and SCS nanophosphors.

Results and Discussion

Due to lifetime broadening the Ce®" resonances can
only be detected below approximately 50 K*, and only
the lowest doublet is occupied at this temperature. Fig-
ure 1 shows the Ce g, resonance for nanophosphor
YSO doped with 1% Ce for various temperatures
where an increase in linewidth with increasing temper-
atures is evident. Nanophosphor LSO doped with 1 %

Ce shows a similar behavior.
-29 K

Although the increased linewidth with increasing tem-
perature in Figure 1 is typical of an Orbach relaxation -
process, the analysis is complicated by the tempera- : - :
ture-dependent lineshape of the samples. Pidol ef al.” 230 240 250 260 270
has previously noted that the EPR resonances of Ce- Magnetic field (mT)

doped LSO were Gaussian at low temperatures and Figure 1 Temperature dependent EPR spectra of the
became progressively more Lorentzian with increasing Ce g, resonance for SCS YSO with 1% Ce.
temperatures, and our measurements follow the same pattern. In an attempt to separate these contribu-
tions to the overall lineshape, we fit the temperature-dependent EPR linewidths of Ce-doped YSO and
LSO with a Voigt lineshape’. The results for the pure Lorentzian (wy), pure Gaussian (w,), and total
(wrtwg) linewidths are shown in Figure 2 (a), (b), and (c), respectively.

—-

280 290

The Lorentzian linewidths of Figure 2 (a) are related to the EPR relaxation lifetime t by T
'=(2ngBL/h), and the lifetimes can be fit by a combination of a direct phonon relaxation process and
the two phonon Orbach relaxation’:
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T onereS | For bulk specimens, the temperature-dependent relaxation life-
+-Buk¥SO | times could be fit with n=2 in Equation 1 and show a slight
phonon bottleneck where the lifetime due to lattice-bath relax-
ation is comparable to the lifetime due to spin-lattice relaxa-
tion. The relaxation lifetime for the nanophosphors, though, do
4+ not show a dependence on the lattice bath relaxation process.
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2 Conclusions and Future Work

Gaussian Linewidth (mT)

ol w2t . .| The temperature dependence of the Ce g, resonances was stu-

T T T T

0 20 30 40 s0 80 died for both bulk and 1 % Ce-doped nanophosphor samples.
Temperature (K) By separating the homogeneous and inhomogeneous parts of

304 © ’ o e reg| the linewidths through Voigt lineshape analaysis, we were able
. o aaktsS | to fit the Lorentzian linewidths to phonon relaxation processes
= that involve direct phonon relaxation and the two-phonon Or-
=1 A bach process®. The bulk samples displayed a weak phonon bot-
-'g wl | ) + | tleneck where the lifetime of the lattice-bath relaxation process
2 ‘ i /. | i1s comparable to the spin-lattice relaxation lifetime. The nano-
% 10"—’, 3 2 phosphor oxyorthosilicates, on the other hand, did not show
S s > 2 any evidence of a phonon bottleneck. Unfortunately, due to the

T 3 large uncertainties involved in this study, the analysis cannot
O 20 30 40 s s be more quantitative but can identify significant and interest-
Temperature (K) ing trends.

Figure 2 (a) Pure Lorentzian (wL), (b) pure The current study suggests the possibility of studying the com-
gﬁgjvsig';ls (f\ZrGZt;ulliniSC()(,:) blffktalYS((\;/, ngg? plicated phonon relaxation process and energy transport in
phospor LSO, and nanophosphor YSO derived More detail. Future work will involve identifying a system or
from fitting the Ce gZ resonance with a Voigt Systems to address the various aspects of the phonon relaxation
lineshape. The solid lines are guides for the process. The ideal systems would allow for crystallite size and
eye only. paramagnetic species concentration control at both the bulk (>
1 wm) and nanoscale. In addition, a symmetric crystal structure (e.g., cubic or hexagonal) that is inva-
riant with reduced dimensionality, has well characterized sites for paramagnetic ions, and yields Lo-
rentzian lineshapes would be preferred. Rare earth doped oxide crystals such as YAG:Ce or Y,0;:Tb
may be suitable systems and are readily obtainable.
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Understanding and Controlling High-Frequency Phonon
Thermal Energy Transport in Nanostructures
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Abstract: We present a novel theoretical approach based on the kinetic theory of transport
processes to understand and accurately describe the transport of high-frequency phonon ther-
mal energy in nanostructures over a broad range of temperatures and across multiple length
scales, i.e. from nano to micro. Good agreement with experiments is obtained.

Modern experimental technologies enable the fabrication of complex nanostructures such as nan-
ofilms, multilayers, superlattices, nanowires and nanotubes, nanoparticle composites, quantum dots,
micro and nanoelectronic devices and MEMS. In many of the applications for which these nanomate-
rials are designed, the control of phonon heat transport is critical for the resultant energy efficiency of
the device."® For example, materials with high thermal conductivities are necessary to rapidly dissi-
pate heat in increasingly dense electronic devices such as computer microprocessors or semiconductor
lasers. On the other hand, materials with low thermal conductivities are needed to increase the effi-
ciency of energy conversion materials such as thermoelectrics (which can convert waste heat into
electricity) or to create highly efficient thermal insulators (which can increase building energy effi-
ciency for heating and cooling). The understanding and controlling of high-frequency phonon energy
transport in nanostructured materials is thus crucial for the development of the new generation of en-
ergy efficient nanoscale devices in science and technology.

Thermal transport in solids is not necessarily a fixed material property but it can be controlled by
modifying the thermal properties of phonons through different methods (e.g. impurities, lattice de-
fects, geometry, etc.). Although the physical mechanisms governing the thermal conductivity of solids
have been understood for years, a comprehensive theoretical method to accurately calculate the trans-
fer of thermal energy, particularly at small scales, has not been available. This is due to the physical
and mathematical complexity of three-phonon anharmonic processes and the effects of phonon scat-
tering at the boundaries. At normal temperatures, phonon mean free paths are much smaller than the
dimensions of macroscopic materials and the thermal conductivity is independent of material size and
shape. As the material size is decreased, however, the thermal conductivity is reduced below that of
the bulk material. This effect is mainly assigned to the shortening of the phonon mean free paths by
collisions with the boundaries. One of the main difficulties of current theoretical models is to accu-
rately calculate and predict this surface related reduction of the phonon mean free paths.

In this talk, we present a novel theoretical approach to understand and accurately describe the
transport of phonon thermal energy in nanostructures over a broad range of temperatures and across
multiple length scales, i.e. from nano to micro. The theoretical model is based on the kinetic theory of
transport processes and includes the directional and spatial dependence for the reduction of the pho-
non mean free paths due to surface scattering. The model also considers general expressions for a//
physical variables involved in the transport of thermal energy such as dispersion relations @;(k), bulk
phonon mean free paths £y(k), and surface specularity parameters p(k). The thermal conductivity is
calculated by using the formula

he. kT
=3 [ kgl 1Ty D)
(2z) 5 [exp(ho; / ks T)—1]

v;(K)cos@ £ ;(k)cos® dk (1)
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where 7 and kg are the Planck and Boltzmann constants respectively, T is the temperature, @ =@(k) is
the phonon frequency, v,(k)=Vy®; (K) is the group velocity, j refers to the different polarizations, and
0is the angle between the wavevector k and the thermal gradient VT.

We successfully applied the proposed theoretical model describing nanoscale heat transport to
calculate the thermal conductivity of nanostructures (e.g. thin films, layered materials, nanowires,
etc.). We obtained good agreement between our theoretical calculations and experimental measure-
ments across different nanostructures, length scales, and temperatures. The final goal of this project is
to be able to design, develop, and fabricate novel materials with specific (low or high) thermal con-
ductivities and to create energy efficient microelectronic and optoelectronic devices and to increase
the efficiency of many energy saving devices such as thermoelectrics and thermal insulators.
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Nanophononics using Acoustic and Optical Cavities
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Abstract: We report pump-probe time experiments in acoustic and optical cavities. We dem-
onstrate that the generated coherent acoustic phonon spectra can be inhibited or enhanced in
the cavity. Simulations highlight the role of the phonon density of states in the coherent pho-
non generation, extending concepts at the base of the Purcell effect to the field of phononics.

Changing the spontaneous light emission rate and spectra of atoms or excitons through the modifica-
tion of the photon density of states has been the subject of significant efforts following Purcell's pro-
posal and demonstration in the microwave domain.' This has been accomplished either by changing
the dielectric boundaries close to the emitting species, or more fundamentally by embedding the emit-
ter in an optical microcavity.” Depending on the tuning of the emitter spectra with maxima or minima
of the modified photonic density of states, the emission can be either enhanced or inhibited. Similar
ideas have been applied to modify other light-matter interactions processes. The search for large Pur-
cell effects is at the heart of the quest for thresholdless lasing. In the field of phononics, and specifi-
cally the search of phonon lasing for efficient monochromatic THz sources, and for the control of heat
at the nanoscale, these ideas have not been pursued to date. Here we demonstrate that the coherent
acoustic phonon emission spectra of an impulsively excited thin metallic film can be either inhibited
or enhanced by embedding the metal layer in an acoustic nanocavity.>® This has been accomplished
by using for the first time a hybrid metal cavity with BaTiO/SrTiO; epitaxial oxide phonon mirrors.

Acoustic nanocavities are the hypersound analog of the extensively studied optical microcavities.*®
We use a femtosecond laser light impulsion to generate a pulse of coherent sub-THz phonons in a me-
tallic layer, and then we study how the latter is modified by changing the structure around the metal
film. We compared two samples, in the first one we deposited the Ni film directly on a SrTiO; sub-
strate, while in the second one the film is embedded in an acoustic nanocavity. In the latter, we chose
as bottom broadband acoustic mirror BaTi0O3/SrTiO; superlattice (SL) grown by molecular beam epi-
taxy on a SrTiOj; substrate. BaTiO; and SrTiO; have optical energy gaps in the 350 nm range and are
consequently completely transparent at the laser energy of 750 nm. In this way, the acoustic mirrors
only affect the acoustic boundary conditions of the metallic film, and thus its local acoustic density of
states. The sample-air interface responds to a free surface boundary condition. This surface performs
as the top mirror to complete the phonon cavity. Both the coherent phonon generation and detection
are performed only at the metallic films. In the case of the acoustic nanocavity the measured spec-
trum presents an enhanced peak at the confined mode energy, while in the case of the naked Ni film
the spectrum is broad and featureless. Moreover, we observed the inhibition of the coherent phonon
emission in the region of the acoustic stop-band. In other words, within the phononic stop-band
modes are expelled and they concentrate at the cavity resonance and at the stop-band edges. It is this
modification of the mode density landscape that determines at which energies acoustic phonons can
be emitted by the metallic layer (enhancement at the cavity mode), and at which they cannot (inhibi-
tion within the phonon gap). In addition, outside the phononic stop-band oscillations develop in the
generated spectrum which, when compared with the bare Ni-film, also express weaker but clear inhi-
bition and enhancement regions. The experiments are compared with calculations of the impulsive

234



Phononics 2011 Track 4: Phonon Transport

Phononics 2011: First International Conference on Phononic Crystals, Metamaterials and Optomechanics
Santa Fe, New Mexico, USA, May 29-June 2, 2011
PHONONICS-2011-0158

generation and detection of coherent phonons that highlight the role of the phonon density of states on
the acoustic emission rate, extending the concept of the optical Purcell effect to the field of phononics.

In addition, we report experiments performed on structures based in semiconductor optical microcavi-
ties, where acoustic phonons and photons can be confined simultaneously. Thus, both the optical and
acoustic densities of states result modified.”® An optical microcavity confines the electromagnetic
field both spectrally and spatially, inducing strong changes in the light-matter interaction and giving
rise to novel physical phenomena and devices. In the case of planar semiconductor optical microcavi-
ties, two distributed Bragg reflectors (DBRs) enclose an optical spacer. The confinement characteris-
tics and the amplification of the electric field are determined by the selection of materials, thickness,
and number of periods that constitute each DBR and the optical spacer. Optical microcavities have
been the subject of very active research during the last 15 years, and have been used to study the mod-
ification of the photonic lifetimes, parametric oscillations, cavity polariton Bose-Einstein condensates,
the polariton laser, and amplification of Raman scattering signals, among others.” "'

Particularly, the photonic confinement and amplification have been used in these high-Q resonators to
amplify the optical generation of incoherent phonons through Raman processes and to evidence new
effects in the phonon physics and dynamics in semiconductor nanostructures. This scheme was used
to study confined phonons in acoustic nanocavities. The optical resonances can be complemented
with electronic resonances giving rise to amplified Raman cross-sections of up to 10’. On the con-
trary, the use of optical confinement for the enhanced coherent generation of acoustic phonons (in
contrast with incoherent generation by spontaneous Raman scattering) is a concept that has been little
treated up to now. The realization of a monochromatic, coherent, and intense source of ultrahigh fre-
quency acoustic phonons based on semiconductor optical microcavities and the obtained coherent
phonon enhancements will be also discussed.
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Abstract: The emerging field of phononics is enabling a cross-flow of ideas pertaining to
wave propagation in periodic media to be transferred from one scale to another. Just like unit
cell structuring has seen much interest in phononic crystals for the control of sound and vibra-
tion, the same can be done at the nanoscale for the control of thermal properties. Here we
present ideas for unit cell nanostructuring within thin silicon slabs for the purpose of reducing
the thermal conductivity. To assess our models we use a Callaway-Holland-type scheme for the
thermal conductivity prediction, and employ full-fledged lattice dynamics calculations to accurate-
ly capture the dispersion of the nanostructured silicon slabs.

The phonon band structure of a crystalline solid has a direct influence on its thermal conductivity,
especially at conditions where coherent transport is dominant. Key features of the band structure are
frequency band gaps and the values of the group velocity at each dispersion branch. Beyond linear
dispersion, other important quantities are the nature of the different types of nonlinear wave interac-
tions (expressed in terms of scattering/relaxation times), the heat capacity, the presence of defects, and
the ambient temperature. A strong understanding of the effects of these parameters will enable a new
material design paradigm towards potentially dramatic reductions in the thermal conductivity. Many
applications stand to benefit from such an advance, chief among them is the development of thermoe-
lectric energy conversion materials with very high values of the figure-of-merit (a metric for quantify-
ing the performance of the energy conversion).

The concept of phonon engineering of nanoscale structures has been a topic of intense research in re-
cent years, e.g., Ref. 1. Among the various phonon engineering strategies considered is the idea of
utilizing phononic crystals at the nanoscale to provide a

«F ’%“%Q%fg’%?ﬂf"? Fog means for a controlled influence on the phonon transport
' ‘,g%\_-é@.\‘}\ Ay ) g . . .
B B s properties, e.g., Refs. 2-8. Among the configurations consi-

Fu N ‘?,Q,‘« Javt ¥ . N . . R . . 6.7
f Qﬁqﬁﬁ‘ dered is the insertion of periodic holes in silicon slabs™'.
KN 4\3{‘ By selecting appropriately large dimensions for the lattice
‘% 5 spacing and the holes diameter, phonons will destructively

interfere and will nonlinearly scatter while minimal electron
scattering will be incurred. In this manner the thermal con-
ductivity can be reduced without altering the electronic
properties (a favorable outcome for thermoelectric mate-
rials). A recent study based on a continuum model for the
phononic crystal band structure has demonstrated this ad-
vantage’. A continuum model however over-simplifies the
phonon band structure and does not capture the subtle cha-
racteristics of the higher-order optical modes. In this paper
we carry out full-fledged lattice dynamics calculations on
the silicon slab supercells with and without holes, and pro-
ceed to investigate the effects of the periodic holes on the
thermal conductivity.

We consider silicon slabs formed by extending the diamond

cubic 8-atom unit cell along the Cartesian directions. For

the interatomic potential we utilize the Tersoff potential
. . with second nearest neighbor interactions considered. The

Figure 1: 5x5x5 Silicon slab (top) con- R . .

taining 1000 atoms. Silicon slab with  Slab size analyzed is a 5x5x5 supercell measuring 2.7 nm

periodic holes (bottom). along each Cartesian direction and contains 1000 atoms.
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The hole diameter is set to be 0.6 of the lattice constant (Fig. 1). Given that the lattice dynamics for-
mulation models the motion of each individual atom, limited computational resources prevent us from
considering larger dimensions; however, this initial study provides a proof-of-concept. Prior to com-
puting the band structure, surface relaxation along the top and bottom boundaries of the slab and
around the holes is implemented. Fig. 2 (left) shows the band structure of this relaxed slab configura-
tion compared to that of a bulk silicon supercell of the same size. Clearly, the acoustic branches exhi-
bit slab-like properties with a reduced group velocity at low wave numbers. Upon introducing the
periodic holes (Fig. 2, right), a flattening of the branches is observed within both the acoustical and
optical modes in addition to a general reduction in frequencies. These band structure alterations have
a significant effect on the thermal conductivity; using a Callaway-Holland-type scheme for thermal
conductivity prediction, a minimum of 5% reduction is noted for the slab with periodic holes com-
pared to the slab without the holes. This calculation was conducted for room temperature and only
considered Umklapp scattering. We have neglected boundary scattering which is a conservative ap-
proximation because our interest is thermal conductivity reduction. Upon further refinement of our
modeling parameters a higher reduction in thermal conductivity is expected as reported in Refs. 6,7.
In future studies, we will consider nanostructuring the configuration of the supercell (see Ref. 4 for
one-dimensional nanoscale phononic crystals) in order to obtain more profound changes to the band
structure and consequently stronger reductions in the thermal conductivity.

Frequency, THz
Frequency, THz
n

el

0.2 0.4 0.6 08 1 o] ) 0.2 04 08 0.8 1
Wavenumber [1 0 0] Wavenumber [1 0 0]

Figure 2: Silicon slab based on a 5x5x5 supercell (1000 atoms) with surface relaxation (green) compared
with 5x5x5 bulk silicon (red) and a 5x5x5 slab with periodic holes (blue).
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Convergence of the Reduced Bloch Mode Expansion Me-
thod for Electronic Band Structure Calculations
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Abstract: Reduced Bloch mode expansion is a Bloch modal analysis method that enables ex-
ceptionally fast, yet accurate, periodic media band structure calculations. In this paper, the me-
thod is tested on electronic band structure calculations for a high-symmetry cubic model and a low-
symmetry triclinic model, both based on the Kronig-Penney fixed potential. For both cases, the energy
(eigenvalues) and wave functions (eigenvectors) demonstrate very good convergence performance.

Band structure calculations provide a basis for the study of thermal, optical and magnetic properties of
crystals. Numerous techniques are available for band structure calculations. All techniques however
suffer from the common problem that the computational load for solving the underlying complex ei-
genvalue problem over many k-points in the Brillouin zone is prohibitive. To expedite this process,
there are several methods that aim to approximate the band structure between k-points'. We recently
proposed a new method that enables such an approximation at an extremely low cost with negligible
loss in accuracy. This method is referred to as the Reduced Bloch Mode Expansion (RBME) method?;
it applies to both classical and ab initio band structure calculations of periodic media. Furthermore,
the method is applicable to any type of wave propagation problem: phononic, photonic, electronic etc.

The RBME employs a natural basis composed of a selected reduced set of Bloch eigenfunctions. The
displacement Bloch function # is expressed as a superposition of an extremely small truncated set of
m Bloch mode eigenfunctions v, thus enabling a linear transformation from the full-size problem to a
set of reduced modal coordinates,

u(x) = iﬂ/ﬁ/ (x), m einteger. (1)

As RBME is practically a secondary expansion, we can use any of the common expansion methods to
undergo a primary expansion of the periodic unit cell and solution field. In our work we use the finite
element (FE) method. After discretization and application of Bloch theory to the governing equation
of motion for the wave propagation problem we are considering, an eigenvalue problem emerges:

(A(k)— AU =0. )
Solution of Eq. (2) at selected k-points provides the eigenvectors from which a reduced Bloch modal
matrix, ¥, is formed. This matrix is then used to linearly transform the problem:

U vy m<<n 3)

(nx1) — & (nxm)” (mx1) >
Substituting Eq. (3) into Eq. (2), and pre-multiplying by the complex conjugate of ¥ yields a
reduced eigenvalue problem of size m x m:

(AK)—ADV =0, Ak)=¥ AK)¥. @)
Only if the reduced basis is suitably chosen can the proposed RBME approach produce accurate re-
sults. First, an appropriate choice of eigenfunctions in certain reference points in the k-space needs to
be made. A “2-point expansion scheme” involves choosing eigenfunctions corresponding to the high
symmetry points determined by the medium’s crystal structure and group theory along the border of
the IBZ. By augmenting with additional intermediate k-points centerally intersecting the straight lines
joining the points chosen in the 2-point expansion scheme, a higher order expansion scheme is rea-
lized (Figure 1). Second, in order for the band structure calculations to be accurate up to the frequency
(energy) range of interest, the number of eigenfunctions retained at each of the k-points selected
should be slightly higher than the number of dispersion branches that are to be computed. Further re-
sourceful utilization of the Bloch eigenfunctions is made by only using those eigenfunctions that cor-
respond to a selection of k-points belonging to the current IBZ circuit line that is being evaluated; in
this case the line is divided into “windows” for which only two sets of eigenfunctions are employed.
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In this work we apply the RBME method to elec- 6666666693 s ,

N . X H -point expansion
tronic band structure calculations for both cubic % % % ¥ | X 5-point expansion
and triclinic lattices. Starting from the time- 3-point expansion

0 2-point expansion

independent single electron Schrédinger equation,
the three-dimensional generalized Kronig-Penney
model is chosen for the electronic potential3_

r X

Figure 1 Illustration of four k-point selection schemes.

V() 23117( ). wh 17( ) 0,0<x, <2au., 5)
x)= x,;), where V' (x,) =
= ! 6.5Ry,2au.< x, <3a.u.

The unit cell is discretized into 9%x9x9 uniformly sized 8-node trilinear hexahedral finite elements, i.e.
n. =729. The k-space is discretized such that a total of 65 k-points are evaluated to generate the band
structure. Figure 2 shows the electronic band structure containing the first 8 branches following the k-
space paths I' =X—M—R— I" for the cubic case (Figure 2.1), and B—~ ' =F— I"' =G for the tric-
linic case® (Figure 2.4). The RBME results (based here on a 3-point expansion and use of eight Bloch
modes for every selected k-point) provide an excellent approximation to the results of the full model,
noting the reduction in the size of the matrix problem is from 729x729 to 24x24. The absolute error of

eigenvalues e, , = E,. , — E,g,,. for the cubic and triclinic cases (Figure 2.2 and 2.5) for the first

three branches converges rapidly with the number of expansion points 7.y,. The rapid convergence of
the maximum L° norm of the absolute error of eigenvectors for first 10 branches

10 , do )
€, = Z‘Umu‘ —Z‘URBMEJ‘ has also been computed (Figures 2.3 and 2.6); the order of maxi-
i=1 i=1

mum error is 1x107.

V(x) 23117( ) here 7(x.) 0,0<x, <2au., )
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pr v ' 6.5Ry,2au.< x, <3a.u.
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Figure 2 Performance of the RBME method in electronic band structure calculations. Band structure for the cubic (1)
and triclinic (4) cases. Error of eigenvalues and eigenvectors for the cubic (2,3) and triclinic (5,6) cases.
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Thermal Conductivity Reduction in Phononic Crystals:
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Abstract: In this talk we pose the question: Can the coherent scattering events brought by the
periodicity of the Phononic Crystal (PnC) lattice affect the high frequency THz phonons that
dominate heat transfer process? In other words, can PnC patterning be used to manipulate the
thermal conductivity of a material? We report both theoretically and experimentally on the
role of coherent versus incoherent scattering of phonons by a 2D PnC structure and the effica-
cy of each process in both the cross-plane and in-plane directions of the PnC lattice.

Phonons propagating in a Phononic Crystal (PnC) lattice undergo two distinct types of scattering
mechanisms: Coherent and incoherent scattering. Coherent scattering is brought about by Bragg scat-
tering events which result primarily in the creation of phononic gaps where the propagation of pho-
nons are prohibited, anomalous and flat, dispersionless bands, and negative phonon group velocities.
The combination of these phenomena results in a rich complicated band structure (dispersion) com-
pared to that of the bulk solid in absence of PnC structuring, accompanied by a redistribution of the
phononic density of states (DOS). Incoherent boundary scattering, on the other hand, arises as a con-
sequence of scattering due to the mechanical impedance mismatch between the host background ma-
trix and the scattering centers, though the interference is not coherent. While coherent scattering phe-
nomena have been readily validated to affect the low frequency (RF) phonons, in this communication
we question the possibility of extending these effects to the high frequency THz phonons that domi-
nate heat transfer process.

To answer this question we start by calculating the dispersion of a square PnC lattice of air holes in a
Si matrix using the plane wave expansion technique. Here we draw on the fact that the longitudinal
acoustic mode in silicon is linear up to ~10THz, while the transverse modes are linear up to ~3THz,
thus allowing us to assume a homogenous “Ether” of Si where the average elastic properties are as-
sumed up to 3THz. To predict the amount of thermal conductivity we expect resulting from phonon
scattering by the Si/Air-PnC, we take a Callaway-Holland-type model':

he, (q)}

n*w*(q) eXp{ k,T

e

where 7 is Planck’s constant, a)(q) is the phonon dispersion, k, is the Boltzmann constant, 7" is the

_ 1 > > (D
- 672'2 ZL 2 v‘/’ (Q)Tj(q)q dq

phonon temperature, v(¢)=0w(q)/dq is the phonon group velocity, z(g) is the scattering time of the
phonons, g is the wavevector, and the thermal conductivity, x is summed over all modes.

On the other hand, to investigate the effect of pure incoherent scattering by the PnC pores, lattice dy-
namics based calculations were performed using the Stillinger-Weber (SW) interatomic potential.
Here our approach consists of combining bulk phonon properties with a boundary scattering model to
predict the thermal conductivity of a nanostructure. Harmonic and anharmonic lattice dynamics calcu-
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lations were performed to obtain the

group velocity vectors (v,), and mean —
free paths (A) for 27,786 phonon R ¥ v
modes (denoted by subscript i) uni- g 100F o8
formly distributed through the first % Sona 4ot Chen
Brillouin zone of bulk SW silicon. A e | Fq.(2) 500 0m sEpended Si film (Ref. 2)
geometric model of the PnC unit cell = . - 1
was created and a random point (de- = | == Prediced s ofPoC
noted by subscript j) was randomly 2 ol “ -4 e ]
e - . . 1 r i ? Qi4/8)
chosen within it. From this point, a 'g A ueral jer 3), 7 (35) 3.
line in the direction of the group ve- 5 / - 16/6)
locity vector (the direction of energy g [ P <
transport) for each phonon mode is E | ¢
extended. The distance, d;, to the first = g
intersection with a solid surface (the = 1 " "
“ 0 10° 10’ 10°

top or bottom of the film or the side
of a hole) is calculated based purely
on the geometry. This distance is
combined with the bulk mean free
path of that mode using the Matthies-
sen rule to obtain an effective mean
free path for each mode from that
starting point: 1 __ 1 1 The
A, A d,

ij ibulk ij
values of A; for each phonon mode are then averaged over 10,000 random points in the unit cell to

give the effective mean free path of each phonon mode, A;. Using the effecting mean free paths, the
cross-plane thermal conductivities of the solid material in the PnC are calculated from a summation
over all phonon modes as

Limiting dimension, L (nm)

Figure 1.The measured thermal conductivity of Si structures at room
temperature as a function of the minimum feature size L for the PnCs
(unfilled squares)', microporous solids (filled pentagons),” nanomesh
(filled diamond),® and a suspended 500 nm thick Si film — that is, an
unpatterned Si slab (unfilled circle). The dashed line is the predictions
of Eq. (1) using the PnC dispersion while the solid line corresponds to
the predictions of Eq. (2) assuming only incoherent scattering.

(2)

2
KPnC—Incnnerent_ : CV’I»V g.i
i Ve

where c,; is the volumetric specific heat and v, ; is the component of the group velocity vector in the
cross-plane direction. To convert these solid thermal conductivities to values that can be compared to
the experimental measurements, the porosity of the PnC is then factored in by multiplying with the
factor [(1+2¢/3)/(1—¢)], where ¢ is the porosity of the lattice.

The results of Eq. 1 and 2 are shown in Figure 1 as a function of the minimum feature size and is
compared to measured the thermal conductivity of Si PnC plates using the time-domain thermoreflec-
tance technique (TDTR)'. The results show a massive thermal conductivity reduction from 148W/mK
for bulk silicon to 6.1W/mK for the Si-PnC; approximately 96% reduction. They further show that
incoherent scattering over predicts the thermal conductivity of the PnC-lattice by more than a factor of
2, leading us to suspect that coherent scattering brought through by the PnC dispersion may be play-
ing a significant role in this reduction. Similar calculations and measurements were also carried out in
the in-plane direction and a discrepancy between the thermal conductivity reduction purely based on
incoherent scattering effects, while not as pronounced, was also seen to be evident. In this talk we
present a possible explanation for the difference between the in-plane and cross-plane results, as well
as a possible theorization of the role of optical phonons in this process.
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Abstract: A new class of phononic metamaterials based on isotopically enriched semiconduc-
tor superlattices is presented, which allows tailoring of phononic properties while leaving the
electronic properties unaltered. We discuss possible fields of application in thermoelectrics,
based on different complementary experimental and theoretical results.

During the last years different techniques have been established to create materials with novel pho-
nonic properties. Patterning a material in the nanoscale in one or more dimensions by growth of su-
perlattices or etching techniques are the most common approaches. These structures enable a manipu-
lation of phononic states and a reduced thermal conductivity. However, electronic and photonic trans-
port properties are also negatively affected with this approach. Thermoelectric materials are good ex-
amples in which the thermal (phononic) conductivity x has to be minimized along with a maximized
electronic conductivity o. The figure of merit Z in thermoelectric materials is given by ratio of the
conductivities and the Seebeck-coefficient S:

Z=05%x (1)

Superlattice structures can exhibit an increased ratio although both conductivities are lower than the
bulk values'. To circumvent this constraint we have investigated isotopically enriched semiconductor
superlattices. A single layer consisting of silicon-28 isotope offers an increased phononic mean free
path®. The slope of the acoustic phonon dispersion relation, i.e. the sound velocity, scales with the
square-root of the atom’s mass. At an interface between two layers of different isotopes a mismatch of
the sound velocities occurs resulting in a small probability of back-reflection, as shown in fig. 1. Mul-
tiple interfaces of a superlattice therefore work like a Bragg-grating with an accumulated strong back-
reflection, i.e. phononic bandgap.

_34_°4‘_Q_ Figure 1 Alternating layers of isotopically
0&9 ‘9& A@A 9‘ enriched semiconductors (Si-28 and Si-29)
Dy Dy ¢ % form a heterostructure for the phonons and a
GJW 6») &) aJ?&J homostructure for the electrons.
J J \J 9 Y@ PVvVe J
\\ o= /J
;/ ‘\I\ U’..»/- /
285| 29g; mismatch of sound

velocity at interfaces

In order to verify the concept, different sets of isotopic superlattices made of silicon-28 and silicon-29
have been fabricated. Detailed information of the composition of each layer was gained by depth pro-
filing, as shown in fig. 2. Various methods were applied to determine the thermal conductivity of the
multilayer structures. This includes time-domain thermoreflectance, time-resolved X-ray scattering,
laser-flash-method, comparative thermal conductivity measurements, and the 3w—method. Limitations
of the classical measurement techniques for thin-film anisotropic materials are discussed. The mea-
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surements are compared with results from simulation, including a macroscopic FDTD approach, mul-
tiple-interface scattering approximation, and extensive molecular dynamics calculations.

20 bilayers **Si/”’Si as-grown 1 keV

Figure 2 SIMS profil-
ing with a high spatial
resolution proves the
isotopic composition
of the structure: 20
bilayers with a total
thickness of 380nm.
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Within the uncertainties of the simulations and the uncertainties of the measurements the concept of
isotopically enriched superlattices has been demonstrated: A reduction of the thermal conductivity of
about 20% for 20 periods of superlattices has been shown. However, there is a limited knowledge
about phononic states, anisotropy, coherence lengths, phonon-phonon-scattering and the impact of
interface roughness. Therefore, further investigations are required to determine the whole potential of
the concept.
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Phoxonic Crystals: a Review
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Abstract: Periodically structured materials exhibiting simultaneous photonic and phononic
band gaps offer unprecedented ways to tailor photon—phonon interactions. A review of the
works reported on these materials, sometimes termed “phoxonic crystals”, is presented before
highlighting theoretical and experimental results demonstrating phoxonic band gaps in struc-
tures relying on guided elastic waves.

The last two decades have witnessed a considerable breakthrough in the field of management of wave
propagation through the fabrication and use of materials exhibiting periodical micro- or nano-
structures. If it remains clear that photonic crystals have been at the forefront of this research effort,
their elastic counterparts, phononic crystals, have also arisen significant interest. From an exploratory
point of view, phononic crystals open the possibility to manage elastic waves but also high frequency
phonon propagation and dispersion. The two types of structures rest upon the same underlying physi-
cal principle: taking advantage of the scattering phenomena occurring in a periodical composite mate-
rial to give rise to frequency bands in which wave propagation is completely forbidden.

Still, photonic and phononic crystals have been studied in a quite independent fashion for the greatest
part of their young existence. It is only a few years ago, with the pioneering experience of Trigo et al.
in 2002', that the community started to realize that the strong velocity mismatch between electromag-
netic and elastic waves actually implied that optical and elastic waves could exhibit the same wave-
length and hence coexist in a same volume. Trigo and his co-workers reported on a one-dimensional
doubly-resonant cavity ensuring the confinement of photons and Raman-generated high frequency
phonons. The subsequent works of P. Santos’ group in the Paul Drude Institut, Berlin, introduced still
greater latitude in the management of the interaction by using surface acoustic waves to modulate the
properties of light propagating in 1D semiconductor superlattices®. If these last two works obviously
deserve to be mentioned, their limitations to 1D structures do not allow to make the most out of the
photonic or phononic crystal concepts, as these latter do not offer the possibility to tune light or sound
dispersion relations and hence, for instance, do not permit to toy with slow wave effects.
P. Russell et al. proposed sensibly at the same period the idea to extend these highly confined
acousto-optical interactions to a bi-dimensional configuration by showing experimentally that elastic
waves could be confined in defect modes of a photonic fibre preform with a lattice parameter of some
tens of microns®. Theoretical works by V. Laude et al. proposed an actual microstructured optical fi-
ber geometry that would allow for simultaneous optical and elastic waveguiding®. None of these
groups did however proceed at the time to any experimental demonstration of genuine elastic
waveguiding in an on-scale “phoxonic” crystal fibre (the “x” referring indifferently to “t” or “n”’), and
hence did not report on the corresponding acousto-optical interactions, although control of guided
acoustic waves or of acoustic resonances generated via nonlinear optical effects (e.g. Brillouin scatter-
ing or electrostriction) was reported™®’. It is only in 2006 that E. L. Thomas’ group at the Massachu-
setts Institute of Technology theoretically designed a crystal blind to electromagnetic waves with
wavelengths of several hundreds of nanometers and deaf to sound at similar wavelengths®. They also
reported on the simultaneous localisation of photons and phonons in a cavity managed in the designed
2D phoXonic crystal without, however, considering interactions between sound and light. All these
pioneering works now stand as amongst the starting points of a growing field dedicated to photon-
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phonon interactions in periodically structured materials, that encompasses traditional photonic and
phononic band gaps as well as the more recently introduced “opto-mechanical” structures’.

+V This paper will mostly focus on phoxonic crystals:
a significant series of works has indeed been dedi-
cated to mostly theoretical, sometimes experimen-
tal, investigations of simultaneous photonic and
phononic band gap materials and on the acousto-

optical interaction phenomena likely to occur in
/ | _ such artificial media.
phoXonic crystal
interdigital We will hence present a brief review of the rele-
fransducer vant literature, including the works reported on

Figure 1 Schematic of a phoxonic waveguide, allowing for planar structures but also on acousto-optical interac-
a joint confinement of sound and light. An integrated optics  tjons in microstructured optical fibers. We will then
waveguide is used to channel the optical wave in the crystal more specifically highlight some results obtained in

while the elastic waves consists of surface-guided waves, h ¢ ial oh . Is i Vi
generated by an interdigital transducer. The periodical the case of potential phoxonic crystals mvolving

structure should exhibit a simultaneous photonic and pho- guided optical and elastic waves in materials par-
nonic band gap that would allow for a joint guidance of ticularly relevant in integrated optics and acoustics,
both types of waves, possibly involving slow-light and namely silicon'®'"'2 and lithium niobate'>. In addi-
slow-sound effects. . . i . .
tion to band diagram calculations in the usual bi-
dimensional case, we will present some theoretical and (possibly) experimental works showing that
phoxonic band gaps can be observed in periodically structured materials in which elastic waveguiding
is preliminary ensured by propagation in a slab or through the use of surface acoustic waves, in the
case of a semi-infinite medium. Throwing evidence of a phoxonic band gap obviously goes through
the experimental demonstration of phononic band gaps in the hypersonic frequency regime, which is
an essential, but non trivial step towards a joint confinement of sound and light, and we will hence
provide with additional details regarding the fabrication and characterization of phononic crystals ex-
hibiting pitches at the micro-scale.

This work has been supported by the French National Agency (Agence Nationale de la Recherche —
ANR) in the frame of the phoXcry project (n’ANR-09-NANO-004) and by the European Commission
Seventh Framework Programme (FP7) under grant agreement n°233883 (TAILPHOX).

References

M. Trigo, A. Bruchhausen, A. Fainstein, B. Jusserand, and V. Thierry-Mieg, Phys. Rev. Lett. 89, p. 227402 (2002).

2 M. M. de Lima, Jr., R. Hey, and P. V. Santos, Appl. Phys. Lett. 83,2997 (2003).

3P.S.J. Russell, E. Marin, A. Diez, S. Guenneau, and A. B. Movchan, Opt. Exp. 11,2555 (2003).

4V. Laude, A. Khelif, S. Benchabane, M. Wilm, T. Sylvestre, B. Kibler, A. Mussot, J. M. Dudley, and

H. Maillotte, Phys. Rev. B 71, 045107 (2005).

5 P. Dainese, P. S. J. Russell, G. S. Wiederhecker, N. Joly, H. L. Fragnito, V. Laude, and A. Khelif, Opt. Exp. 14, 4141
(2006).

% P. Dainese, P. S. J. Russell, N. Joly, J. C. Knight, G. S.Wiederhecker, H. L. Fragnito, V. Laude, and A. Khelif, Nature
Phys. 2,388 (2006).

7J-C. Beugnot, T. Sylvestre, H. Maillotte, G. Mélin, and V. Laude, Opt. Lett. 32, 17 (2007).

8 M. Maldovan and E. L. Thomas, Appl. Phys. Lett. 88, 251907 (2006).

° M. Eichenfield, J. Chan, R. M. Camacho, K. J. Vahala, and O. Painter, Nature 462, 78 (2009).

10y . Pennec, B. Djafari-Rouhani, E.-H. El-Boudouti, C. Li, Y. El-Hassouani, J. Vasseur, N. Papanikolaou, S. Benchabane,
V. Laude, and A. Martinez, Opt. Express 18, 14301 (2010).

y. El Hassouani, C. Li, Y. Pennec, E.H. El Boudouti, H. Larabi, A. Akjouj, O. Bou Matar, V. Laude, N. Papanikolaou, A.
Martinez, and B. Djafari Rouhani, Phys.Rev.B 82, 155405 (2010).

21 E. Psarobas, N. Papanikolaou, N. Stefanou, B. Djafari-Rouhani, B. Bonello, and V. Laude, Phys. Rev. B 82, 174303
(2010).

13 Q. Sadat-Saleh, S. Benchabane, F. 1. Baida, M.-P. Bernal, and V. Laude, J. Appl. Phys. 106, 074912 (2009).

247



Track 5: Optomechanics

Phononics 2011: First International Conference on Phononic Crystals, Metamaterials and Optomechanics
Santa Fe, New Mexico, USA, May 29-June 2, 2011

PHONONICS-2011-0093

Forward Stimulated Light Scattering by Acoustic
Resonances in Photonic Crystal Fiber

Myeong Soo Kang, Alexander Nazarkin, André Brenn, and Philip St.J. Russell
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Abstract: Forward stimulated light scattering by transverse acoustic resonances tightly trapped in
a photonic crystal fiber core is a recently reported nonlinear-optical optoacoustic phenomenon.
The principles and characteristics of the scattering are described. Some potential applications are
also discussed.

Photonic crystal fibers (PCFs) with a micron-sized glass core and a high air-filling fraction allow tight
confinement of both acoustic phonons and light in the tiny core. Thanks to resulting strong optoacoustic
interactions, forward stimulated light scattering by GHz acoustic resonances (ARs) tightly trapped in a
PCF core has been recently demonstrated at modest optical powers . When pump (frequency fp) and
Stokes (frequency fs) waves are co-launched together into the fiber, their frequency difference being
tuned to the AR frequency (far = f» — fs), a coherent AR is efficiently generated via electrostriction, which
in turn transfers power from pump to Stokes. In the dispersion diagram, the phase matching point
corresponding to the driven AR is close to cut-off of the higher-order acoustic mode (where the acoustic
displacement is purely in the transverse plane). Since the acoustic dispersion around the phase matching
point is almost flat, forward stimulated scattering is strongly Raman-like, i.e., the frequency shift is
independent of the pump laser frequency [Figure 1(a)], in strong contrast to conventional (backward)
stimulated Brillouin scattering (SBS) [Figure 1(b)] **.
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Figure 1 Dispersion diagrams (not to scale) for the optical and acoustic modes guided in a fiber, comparing forward stimulated
Raman-like scattering (SRLS) and stimulated inter-polarization scattering (SIPS) (a) to conventional (backward) stimulated
Brillouin scattering (SBS) (b). Circles and arrows represent phase-matched optical and acoustic waves. P: pump, S: Stokes, AS:
anti-Stokes.

Two types of forward stimulated scattering have been investigated: forward stimulated Raman-like
scattering (SRLS) between pump and Stokes waves in the same optical mode ', and forward stimulated
inter-polarization scattering (SIPS) between orthogonally polarized pump and Stokes waves . In forward
SRLS, the driven AR is automatically phase-matched with successive Stokes and anti-Stokes orders, the
frequency spacing between them being constant. As a result, an equidistant comb of higher-order Stokes
and anti-Stokes waves can be generated via cascaded coherent Stokes and anti-Stokes scattering at high
optical powers [Figure 2(b)]. This simultaneous generation of many sidebands can be useful in
applications such as frequency comb generation, pulse synthesis and laser mode-locking. On the other
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hand, in forward SIPS, the driven AR does not have the correct axial wavevector to cause scattering into
higher-order Stokes and anti-Stokes waves. Therefore, the SIPS process transfers pump power only to the
Stokes wave, generation of higher-order sidebands being highly suppressed [Figure 2(c)], which is similar
to the case of conventional SBS. Since the orthogonally polarized pump and Stokes waves can be easily
combined and separated out by using simple polarization optics, forward SIPS can be useful in
applications such as variable optical attenuation/amplification, optical signal processing and optical

sensing.
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Figure 2 (a) Scanning electron micrograph of a PCF with the core diameter of 1.8 um. The white horizontal bar corresponds to 1
um. (b) Typical output spectrum as co-polarized pump and Stokes waves with the same optical power are launched into the PCF.
The red downward-pointing arrows indicate the two incident optical waves. (¢) Typical output spectrum as orthogonally-
polarized pump and Stokes waves with the same optical power are coupled into the different polarization eigenmodes of the PCF.
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Fundamental Limits of Transduction Efficiency and
Bandwidth in Nano-Optomechanics

Peter T. Rakich', Zheng Wang?, Charles E. Reinke', Ryan Camacho', Paul Davids'
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Abstract: Through systematic examination of material and topological degrees of freedom in
nano-optomechanical systems, we identify the fundamental barriers and opportunities for the
creation of large photon-phonon coupling.

Coherent phonon generation in dielectric waveguides and media was demonstrated some four decades
ago via laser induced electrostrictive forces [1,2]. With the advent of nanophotonics, nano-enhanced
radiation pressure from highly confined modes has been shown to produce efficient phonon genera-
tion at low powers with chip scale-devices [3]. Optomechanical photon-phonon coupling of this form
has caught the attention of many since nanoscale light confinement produced remarkably large forces
within miniscule volumes [3-5], and it is known to produce high frequency phonon transduction [3-5].
Furthermore, the unique range of length-scales and time-scales accessible with such nano-scale sys-
tems show the potential for benefit to numerous RF and signal processing applications, fuelling the
investigation of such physical mechanism for use in high frequency signal transduction. However,
without a unified framework through which optical forces and optomechanical parametric processes
can be understood, it is difficult to determine whether technologically relevant data rates can be
achieved through use of such phenomena.

In this paper, we develop a unified framework through which optomechanical transduction can be un-
derstood in virtually all optomechanical systems, elucidating
1 the bandwidth and efficiency limitations of such technologies.
Through examination of material and geometric degrees of
freedom, we develop scaling laws which describe the magni-
1 tude of optical forces produced by electrostriction and radia-
tion pressure in any optomechanical system [4,5]. Using these
scaling laws, we explore the practical upper-bounds of light-
] induced forces, and identify materials systems with favour-
able characteristics for optomechanical transduction. Through
generalized treatment of photon-phonon coupling, a funda-
Farces 1 mental scaling law that governs the efficiency and bandwidth
limitations of all radiation pressure driven optomechanical

Electrostrictive

(c)

‘ | 0 devices can be derived, enabling the comparison of all opto-
...... » 1 | mechanical systems in a unified framework. With this theory,
Radiation we show that the maximum transduction bandwidth and pho-

Pressure nonic power output (i.e. photon-phonon coupling) of any op-

like mode of silicon nanowire. (b) and (c)
are the X -directed force densities pro-
duced by electrostriction and radiation

Figure 1. (a) [ field component of TE- | tomechanical device is determined by: (1) the maximum pos-

sible magnitude of radiation pressure, (2) the device dimen-
sion, and (3) the effective mechanical impedance of the sys-

pressure respectively.

tem.

Simply stated, the challenges associated with broadband stimulated phonon emission in optomechani-
cal systems arise from: (1) limited optical forces, and (2) the high mechanical impedance of naturally
occurring media. One can show the maximum driving force produced by light within any optome-
chanical system is fundamentally limited by the optical power and energy density limitations of opti-
cal materials. However, the maximum obtainable force is highly dependent on the physical mecha-
nism which produces the optical forces. Within dielectric media, optical forces generally arise from
either (1) radiation pressure and (2) electrostrictively induced forces, both of which have historically
played a very important role in the understanding of transduction with light [1-3]. In contrast to radia-
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tion pressure, which originates from the momentum transfer from scattered photons at dielectric
boundaries, electrostriction is derived from the strain-dependence of dielectric permittivity and such
forces are present in all dielectric media [4,5]. For example force distributions see Fig. 1.

The fundamental connection between the maximum optical driving force and the energy density han-
dling of materials becomes apparent once it is understood that the exact form of the radiation pressure
induced optical force density within any dielectric medium can be expressed as [5]:

r 2

;=0T =58, |E()[ 0,8(r). M
Here, T is the Maxwell stress, 8 is the free space permeability, E(r) is the electric field distribu-
tion, and 0 .£(r) is the gradient of the dielectric distribution. Clearly, large dielectric gradients (i.e.
high index-contrast) benefit the production of large optical forces, and optical forces occur only at
dielectric surfaces in step-index structures. More importantly, optical force density is fundamentally
llmlted by the achievable electromagnetic energy density - s¢|E |2 Energy density is typically bound
to 10* J/m” in high-index materials, such as silicon, before the onset of appreciable two-photon ab-
sorption and the associated heating which limit practically achlevable powers. Consequently radiation
pressure is fundamentally restricted to a maximum value of ~ 10* N/m2 which we term the “Radia-
tion Pressure Limit". Bear in mind that the “Radiation Pressure Limit " is only attainable by optimally
confined modes which interact very strongly with the boundaries of the system [4,5].

Stimulated phonon emission, of the type recently reported utilizes such forces to produce stimulated
phonon emission. In its most basic form, optomechanically mediated stimulated phonon emission is a
third-order nonlinear process through which the interference between optical waves of two different
frequencies (wp, ws) produces a time-harmonically modulated optical driving force of frequency,
Q = (wp, — ws). In describing stimulated phonon generation, the optical powers (particle fluxes) Pp
(®p), Py (Ds), corresponding to an optical pump (wp) and a Stokes waves (ws) are coupled by way of
acoustic phonons of frequency Q = (w, — w,) and power (particle flux) Py (P2). From the time-
varying optical force distributions, the generated elastic wave power can be computed the parametric
conversion for both photons and phonons.

Through generalized treatment, we show that a fundamental scaling law that governs the efficiency
and bandwidth limitations of all radiation pressure driven optomechanical devices can be derived,
enabling the comparison of all optomechanical systems in a unified framework. Within the con-
straints posed by the Radiation Pressure Limit, our scaling law reveals that the maximum quantum
efficiency obtained via a radiation pressure mediated process within a unit length (Az) of guided wave
optomechanical interaction is of the form,

2
max _ d®g Az _  ul¥ o (ng-ng)” 2
N T odz o, c o ngz) X @)
p g

Here @, (Pg) is the incident (generated) photon (phonon) flux, Z(€) is the frequency dependent me-
chanical impedance of the body into which the phonon is being transduced, and « is a factor that de-
pends weakly on geometry. Within nanoscale waveguides and cavities, ul;;* can be easily obtained
at miliwatt laser powers. Thus, for energy densities corresponding to umax or the “Radiation Pres-
sure Limit,” the only means by which transduction efficiency can be 1ncreased is through: (1) an in-
crease in modal dispersion (ng —np), (2) a decrease in mechanical impedance Z(Q), or (3) an in-
crease in interaction length, Az. The role of dispersion (ng —np), is derived from its fundamental
connection to radiation pressure [5]. While Eq. 2 describes a fundamental limit associated with radia-
tion pressure induced parametric processes.

Through this talk, we describe the energy density limitations posed by various materials for the gen-
eration of both electrostrictive forces and radiation pressure. Within this framework, and by use of
the above scaling law, we analyze several concrete optomechanical systems to illustrate the interplay
between transduction efficiency, bandwidth, and size.
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Mechanical Transduction in Periodic Media
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! Sandia National Laboratories, 1515 Eubank Blvd SE, MS 1082, Albuquerque, NM 87123 USA
rcamach@sandia.gov

Abstract: The possibility of increasing mechanical transduction efficiencies via periodic pat-
terning of the material density is investigated. A 2D simulation suggesting low mechanical
impedance over a relatively large bandwidths is presented.

Recently there has been a surge in interest in acoustic meta-materials. In analogy to optical meta-
materials, much of the interest is centered on the possibility of periodically patterning materials to
create negative effective densities and moduli, with possible applications in superlensing, cloaking
and liquid crystal sensing'™®. Here, we examine a different possibility: that periodically patterned ma-
terials may also allow for dramatic increases in the mechanical transduction efficiency of signals into
and out of the mechanical domain.

Mechanical transduction is of primary importance in the fields of acousto-optics, electro-mechanics,
opto-mechanics and others. In general, one would like to transfer energy efficiently from one domain
to another over a given bandwidth. The usual method to increase transduction efficiency is by using
resonant phenomena, which limits the usable band-width of the transducer. An example is the use of
electrical tank circuits in many commercially available acousto-optic modulators. Here we examine a
technique to increase the mechanical transduction efficiency by modifying the mechanical impedance
of the material via periodic patterning, offering the potential for broadband, coherent mechanical
transduction.

When a time-harmonic force F is applied uniformly to the boundary of a uniform elastic medium of
area A, the resulting time-averaged harmonic power P,, within the medium is inversely proportional
to a quantity defined as the specific mechanical impedance Z:
F? (1)
Py ===
2AZ
In media with uniform density p, Z is simply the ratio of the restoring pressure K (the effective bulk
modulus) to the phase velocity v, of the mechanical waves: Z, = K/v,. ldentifying the phase veloci-
ty vy, of the mechanical waves as /K /p, we may write the mechanical impedance as
Zo = PeffVp (2
When the material density is not uniform, however, this definition requires modification. Frequency-
dependent mechanical reflection and refraction occur, giving rise to frequency-dependent phase veloc-
ities (i.e mechanical dispersion). For normal, linear mechanical dispersion, the mechanical energy
propagates at the group velocity v,, which can be much lower than v,. As a result, the mechanical
energy density within the material can be very high, leading to large harmonic displacements. Hence,
even though the average power flux through the material may not change appreciably, the time-
averaged harmonic power P,,can be dramatically increased. A more general expression for the me-
chanical impedance is

Z = pe ffVg (€)
where pry is the effective density of the material (i.e. spatially weighted according to the amplitude
of the mechanical waves, analogous to an effective index). In the context of mechanical transduction,
this simple result leads to an important conclusion: transduction mechanisms that scale with dis-
placement amplitude can be made dramatically more efficient by lowering the group velocity and
matching the forcing function to the resulting displacement field.
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As an illustrative numerical

example, consider a two-
b) dimensional phononic crystal
) consisting of a square lattice
b of circular holes, as shown in
Fig. 1. Figure 1(a) shows the
transduction enhancement
Z/Z, calculated in two ways.
The dashed green line is cal-
culated by simulating a uni-
form time-harmonic forcing
function applied to an array of
unit cells with appropriate
boundary conditions to excite
longitudinal (compression)
modes. The resulting mechan-
ical power within the medium
is then calculated and divided
by the same quantity for the
case with no patterning (i.e.
r = 0) The low frequency os-
cillations result from the ina-
bility to simulate an infinitely
long structure (i.e. the simula-

Transduction Enhancement Phononic Band Diagram

Y YTT T
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Figure 1 Mechanical transduction enhancement in 2D phononic crystals. (a) Trans-
duction enhancement Z /Z, calculated from dispersion diagram (solid red) and time-
harmonic 1-D forcing (dashed green). Insets show displacement profile for a single
unit cell with momentum k = Xa/2 (b) Mechanical dispersion in a 2d rectangular
lattice of holes with a lattice constant a = 250 nm and hole radius r/a = 0.48.
Longitudinal modes along the X direction are highlighted in red, as those are the
modes preferentially excited in the time-harmonic forcing model. The inset shows

the geometry of a 6x6 array of unit cells simulated. (¢) Displacement field profile
for time-harmonic forcing simulation in which a uniform harmonic force is applied
to the leftmost boundary. After 20 lattice periods, isotropic loss is phenomenologi-
cally added, and increases quadratically along the X direction. The material density
p = 3100 kg/m3, Young's modulus E = 250 GPa, and Poisson ratio n = 0.23 are
chosen to be similar to that of stoichiometric silicon nitride for all simulations.

tion behaves badly for wave-
lengths longer than the struc-
ture). The solid red line is cal-
culated from the mechanical
dispersion using a mechanical

eigenmode solver for a unit
cell, and then inserting the derived effective density and group velocity into Eq. (3). The small dis-
crepancy between the two curves may be attributed to the fact that the forcing function was not per-
fectly matched to the resonant displacement field. Only the bands corresponding to longitudinal mo-
tion are used to generate the curves. Figure 1(b) shows the mechanical band diagram calculated from
a single unit cell of the structure. The derivative of the longitudinal modes (highlighted in red) is used
to calculate the mechanical impedance via Eq. (3). Figure 1(c) shows are representative displacement
amplitude in a longitudinal array of cells used in the time-harmonic simulation. Periodic boundary
conditions are used in the ¥ direction (i.e. k,, = 0) to ensure elastic wave propagation along the X di-
rection, and isotropic phenomenological loss is quadratically added beginning after 20 unit cells to
ensure the absence of reflections and accurately simulate the power flow.

While these simulations are two-dimensional, they point to the possibility using effective phononic
media as a means to enhance transduction efficiencies over relatively broad bandwidths. The result
may find applications in electro-optic and acousto-optic devices, and optomechanical devices. Acous-
to-optic modulators, for example, rely on resonant electro-mechanical actuation and therefore operate
over very limited bandwidths. Similarly, cavity based optomechanical transduction™ relies on reso-
nant mechanical and optical confinement, and faces bandwidth limitations.
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Methods for Nanoelectromechanical Systems
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Abstract: This talk will discuss integrated NEMS transduction schemes that have been devel-
oped by my research group. Methods for achieving active control and manipulation of nano-
mechanical motion will be also presented.

In its acronym NEMS inherited an “S” (systems) from MEMS. However, so far the impacts of nano-
systems technology remain on the device or component level. Complex nanosystems consisting of
integrated sensors, actuators and signal processing circuitry are still beyond our reach. Major obsta-
cles remain in the development of suitable actuation and transduction methods that perform efficiently
at nanoscale and under non-laboratory setting. From system control point of view, it is also highly
desirable nanomechanical motion can be coherently manipulated, ideally not only in frequency do-
main but also in real time so that the large bandwidth of nanomechanical systems can be fully utilized.

This presentation first provides an overview of NEMS transduction schemes that have been developed
by my research group, and then aims at establishing essential transduction criteria for building fully
integrated nanoelectromechanical systems. On the component level, emphasis for NEMS transduction
is focused on attaining high actuation efficiency, high sensitivity, and wide bandwidth. On the system
level, I will address the more stringent requirements of NEMS integration in transduction and actua-
tion, such as low power consumption, high dynamic range, low insertion loss, device level isolation,
the ability to fan out, cascade, and fan in, as well as transduction robustness against environmental
change.

In this abstract we use silicon optomechanics as a specific example platform to illustrated integrated
actuation and sensing. In this platform, the actuation is based upon gradient optical force — which is
generated through evanescent coupling of light in a waveguide to an adjacent structure. [1-4] Micro-
scopically, it results from interactions between dynamic dipoles induced by the propagating light
field. This optomechanical interaction not only provide efficient actuation, but also enable very sensi-
tive detection of mechanical motion of the devices are embedded in an interferometer configuration or
cavity configuration; in the latter case the transduction efficiencies (both actuation and detection) are
enhanced by the cavity finesse.

Nanophotonic waveguides can manipulate light in multiple paths with very low loss and low
crosstalk. Therefore our scheme is capable of parallel and serial integration of a multitude of NEMS
devices in a single photonic circuit. Figure 1 illustrates the concept of parallel multiplexed cantilever
arrays (The same principle is also applicable to beams). The input and output structures are designed
to be 1xN and Nx1 splitter and combiners, diverting the light to N independent cantilever pairs. Fig.
2a shows the FDTD simulation result of such a design. The length of the ten cantilevers varies from
2.5 to 3.5 um. Ten resonance peaks, corresponding to the thermomechanical resonance of each canti-
lever, can be clearly observed as shown in Fig. 1c. The center resonance frequencies of the cantilevers
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vary from 11 MHz to 21 MHz, showing the linear
dependence with the inverse square of the cantile-
ver lengths, as expected from the simple beam the-
ory. Given the high signal to noise ratio and the
minimum background cross talk (Fig. 1¢), hundreds
of mechanical resonators can be multiplexed on the
photonic bus with resonance frequencies designed
at fixed intervals. Therefore individual cantilever
sensors can be addressed by their resonant frequen-
cies.

This presentation will further explore examples of
achieving real-time control of nanomechanical mo-
tion, in both electromechanical devices and opto-
mechanical devices.
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FIG. 1. Multiplexed integration of a ten-cantilever array
in a photonic circuit. All the resonances are simultane-
ously detected at expected frequencies.
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Strong Optomechanical Coupling in Slot-type Photonic
Crystal Cavities

J. Zheng, Y. Li', H.-B. Tanl, M. Arasl, A. Steinz, J. Gao', J. Shu', and C. W. Wongl

!Optical Nanostructures Laboratory, Columbia University, New York, NY 10027 USA
Jz2356@columbia.edu, yl2584@columbia.edu; cww2104@columbia.edu
2 Brookhaven National Laboratory, Upton, NY 11973
stein@bnl.gov

Abstract: Strong dispersive optomechanical coupling of an air-slot mode-gap photonic crystal
cavity is demonstrated. The zero-point motion coupling rate can be as high as 2.56MHz. Opti-
cal and 10s of MHz mechanical frequency spectra are shown experimentally, supported by
theory and numerical models.

The effects of optical forces in various mechanical and optical structures and systems have attracted
intense and increasing interest for investigation. Recent studies covering a vast span of fundamental
physics and derived applications. Photonic crystals nanocavity is a good candidate to realize the cou-
pling since it exhibits an extremely high O with a very small cavity volume'. Here we illustrate the
properties of strong coupling of an air-slot photonic crystal cavity. Both numerical analysis and ex-
perimentally observation are illustrated.
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Figure 1 (a) Band structure of base W1.2 waveguide. (b) Electrical field distribution of the four waveguide mode at the
mode edge in the band gap. (¢) SEM image of the fabricated sample. The cavity region is indicated by the dashed circle
and the directions of the hole shifting in the cavity are indicated by the arrows. (d) Optical cavity field distribution. (e)
The spatial Fourier-transform of the cavity field. (f) the mechanical field distribution of the first in-plane differential
and common mode pair.

The photonic crystal (PhC) cavity considered here has a similar design with that in Ref. 2-4. W1.2
waveguide is used. The PhC lattice geometrical parameters are a=450nm and r=0.294a. The slot-width
is 80 nm which is narrow to achieve large optical intensity in the air slot*™*. The cavities are fabricated
using a Silicon-On-Insulator wafer with thickness =250 nm. There are only three layers of holes on
each side of the waveguide. The band structure of this W1.2 waveguide is shown in Figure 1 (a). The
electrical fields of the waveguide modes are shown in Figure 1 (b). The I-even mode is engineered to
form a cavity indicated by the red dashed circle in Figure 1 (c) which is the SEM of a fabricated sam-
ple. The central holes are shifted by 10 nm, 20/3 nm, 10/3 nm respectively in the same way as in Ref.
2-4. Three-dimensional FDTD simulations show that the optical quality factor O can be >1.3x10°.
The modal volume is ~0.05(A/n,;)° with the maximum square electrical field in the center of the cavity
as is shown in Figure 1(d). The two-dimensional spatial Fourier-transform of the electrical field is
shown in Figure 1 (e) with red circle indicating the light corn. It shows that almost all the spatial
components of the cavity field are well confined in the cavity. To study the mechanical properties, the
finite-element-method is used. Figure 1 (f) shows the mechanical displacement field of the first in-
plane differential mode and common mode. According to the symmetry selection rule, only the differ-
ential mechanical mode can have a strong optomechanical coupling. The corresponding mechanical
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frequency is 65.4 MHz. The effective volume and the effective mass for this mode are 3.14 xm’ and
7.31 pg respectively. Mechanical quality factors are estimated to be ~10* based on the theory of ther-
moelasticity damping in a vibrating beam. The length of this cavity is larger than the one in Ref.4.
The optical Q is higher. The mechanical frequency is much lower.

The optomechanical coupling rate gom is defined as g,m,=dw/da, which represents the differential fre-
quency shift of the cavity resonance with the mechanical displacement’. Using perturbation theory®,
we can calculate the coupling rate. The calculated g,,/2n=574 GHz/nm, the corresponding zero-point
motion optomechanical coupling rate (gom.m/27) is 2.56MHz.

Optomechanical coupling provides an optical contribution to the stiffness of the spring-mass system.
The corresponding change in spring constant leads to a frequency shift relative to the unperturbed me-
chanical oscillator eigenfrequency. The non-adiabatic contribution in coupled equations is propor-
tional to the velocity of the spring-mass system. The optical gradient force induced damping rate
modifies the intrinsic mechanical resonator loss rate /5, yielding an effective damping rate. With this
classical model, the laser introduces a damping without introducing a modified Langevin force. This
is a key feature and allows the enhanced damping to reduce the mechanical oscillator temperature,

yielding as a final effective temperature T, for the mechanical mode under consideration: " =(T/Ty )7,
To characterize the mechanical properties of the oscillator, the power spectrum density of the optical
transmission is usually needed.
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Figure 2 (a) Normalized optical transmission showing the intrinsic Qs for the device with resonance at 1536.65nm
and 1562.75nm are 1.54x10° and 1.68x10° respectively. (b) RF PSD of the fiber-taper transmission for the device
resonance at 1562.75nm. The detuning is set to maximize the PSD amplitude for the red line. The blue line is for a
slight different detuning, while the green line indicates the noise floor of our measurements.

The devices we fabricated are characterized using a fiber-taper probe. A tunable external cavity diode
laser is employed. The transmission spectrums for two adjacent devices are shown in Figure 2 (a).
The two devices have different hole radius. The resonance shifts ~30nm. The intrinsic optical Qs of
these two cavities are all higher than 1.5x10° with loaded Qs about 9x10*. The radio frequency (RF)
power spectral densities (PSD) of the optical transmission are measured by using a low-noise fast de-
tector and a RF spectrometer. The detuning is tuned (close to the half-line width detuning) to get the
maximum PSD signal as shown by the red curve in Figure 2 (b). At another detuning, we found that
there are slight shift of resonances with smaller PSD peaks. The noise floor is shown by the green
curve. The peaks at ~65MHz indicate the expected mechanical modes. The other peaks indicate either
flexural modes or higher order in-plane and out-of-plan mechanical modes.
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Cavity Quantum Optomechanics
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Abstract: The overarching research objective of cavity quantum optomechanics is to investi-
gate quantum effects of micro- and nanoscale systems and their implications for the founda-
tions and applications of quantum physics. Our ultimate goal is to gain access to a completely
new parameter regime for experimental physics with respect to both size and complexity.

Cavity optomechanics has recently emerged as one of the most dynamic fields in experimental phys-
ics. In this presentation I will outline the fascinating perspectives of this area of research and present
proof-of-concept experiments performed using high-reflectivity low-loss mechanical resonators cou-
pled to high-finesse cryogenic optical cavities. Along the path towards the ultimate goal of macro-
scopic quantum state preparation, our research has led to a number of interesting technological appli-
cations including the development of a numerical solver for support-mediated losses in mechanical
resonators [1] as well as new strategies for the development of low-noise multilayer mirrors for high
performance optical reference cavities.

The idea that the properties of a mechanical object can be modified by radiation pressure forces in an
optical cavity goes back to the pioneering work of Braginsky [2]. In essence, the response of an opti-
cal cavity to the motion of a mechanical object leads to forces that both depend on the position of the
mechanics and are retarded in time (due to the finite cavity lifetime). For sufficiently strong forces,
this results in a modification of the mechanical susceptibility and is the underlying mechanism for
optical control over mechanical degrees of freedom and vice versa. In combination with quantum op-
tics, such interactions allow for the realization of quantum control of mechanical resonators. The con-
sequences of this realization are wide ranging, impacting such diverse fields as mechanical sensing,
by enabling resolution at or even beyond the quantum limit [3], and quantum information, where op-
tomechanical devices may act as transducers for otherwise incompatible quantum systems [4]. From a
fundamental point of view, preparing superposition states of massive objects (containing ~10%° atoms)
provides a new avenue for novel tests of macroscopic quantum physics [5], where spatially distinct
states of mechanical quantum systems could serve as a paradigm example of Schrodinger’s cat.

Approaching and eventually entering the quantum regime of mechanical resonators through optome-
chanical interactions essentially requires the following three conditions to be fulfilled: (1) sideband-
resolved operation [6] in which the cavity amplitude decay rate is small with respect to the mechani-
cal frequency (note that recent schemes have been proposed alleviating this requirement), (2) both an
ultra-low noise cooling laser and low absorption of the optical cavity field (phase noise at the me-
chanical frequency can act as a finite-temperature thermal reservoir while absorption may increase the
mode temperature and even diminish the overall cavity performance), and (3) sufficiently small cou-
pling of the mechanical resonator to the thermal environment entailing a low environmental tempera-
ture 7 and large mechanical quality factor Q. The thermal coupling rate is given by kg7/h#Q, where kg
is the Boltzmann constant and 7 is the reduced Planck constant. Ultimately, the individual dissipation
rates of the mechanical and optical systems should be exceeded by the optomechanical coupling. Cur-
rently, the major experimental hurdle in reaching the quantum ground state is the limitation in Q, thus
“phononic engineering” of optimized mechanical resonators is paramount to the success of the field.

In 2006 a milestone was achieved with the first demonstration of laser-cooling of micromechanical
resonators via passive radiation-pressure interactions in a high-finesse optical cavity [7]. The experi-
mental realization in Vienna employed an optical cavity incorporating a high reflectivity micro-
resonator as one of the end mirrors and achieved a final mode temperature of 8 K with 2 mW of de-
tuned extra-cavity laser power. These initial results prompted a rapid expansion of the nascent field of
cavity optomechanics with a proliferation of international groups working towards the ultimate goal
of observing quantum effects in macroscopic mechanical resonators. In order to further reduce the
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minimum phonon occupation, a second generation of devices was developed shortly thereafter. These
structures utilized an ultra-low absorption SiO,/Ta,Os Bragg mirror in order to significantly improve
the optical performance of the resonators. Furthermore, to minimize the mechanical damping from the
optical coating, a specifically engineered mechanical resonator was devised, employing a mechanical
resonator based on low-stress silicon nitride. Utilizing this separately-optimized design, a reflectivity
>99.99% was realized (along with the complete elimination of photothermal effects), while maintain-
ing a cryogenic O of ~3x10*. Operating the optical cavity in a continuous flow *He cryostat, the fun-
damental mode of the resonator (eigenfrequency near | MHz) was cooled from an initial temperature
of 5 K to a final phonon occupation of ~30 [8]. Owing to their excellent optomechanical properties,
these devices were additionally employed for the first demonstration of strong coupling between an
optical field and a mechanical resonance [9].

In order to further reduce the mechanical damping in these structures, two generations of monocrys-
talline resonators have additionally been realized. These devices are etched directly from a single-
crystal Bragg reflector composed of an alternating stack of ternary Al,Ga, As alloys with varying
aluminum content, grown via MBE. Resonators fabricated from this material system utilized an iden-
tical geometry to the early dielectric devices (employing simple singly- and doubly-clamped beams)
and exhibited nearly an order of magnitude improvement in the mechanical dissipation as compared
with Ta,0s-based devices of similar geometry, reaching O-values greater than 2x10* at eigenfrequen-
cies up to 2 MHz at 4 K [10]. Further investigation indicated that O was ultimately limited by support-
induced losses for the geometries studied. Moving to a novel free-free resonator design has led to the
demonstration of cryogenic quality factors approaching 10° (9.5x10* at 2.4 MHz) [11]. The simulta-
neous achievement of high reflectivity and low mechanical loss in these crystalline mirrors makes this
materials system promising for application in high-performance optical reference cavities, where coat-
ing thermal noise currently represents a significant roadblock to the overall stability [12].

In order to gauge the design-limited Q in our devices we have recently completed a theoretical and
experimental effort aimed at quantifying the effects of support-induced damping, a key dissipation
mechanism in high-quality-factor micro- and nanomechanical resonators [1]. Such studies are vitally
important not only for advancing optomechanical experiments, but additionally for pushing the limits
of general micro- and nanomechanical resonators, which have emerged as ubiquitous devices for use
in advanced technological applications. To numerically predict the design limited QO in mechanical
resonators we have developed an efficient FEM-enabled numerical solver, which employs the recently
introduced “phonon-tunneling” approach [13]. This solver represents a substantial simplification over
previous methods, allowing for the investigation of complex geometries, as well as taking proper ac-
count of interference effects between the radiated waves. To experimentally verify the results gener-
ated from the solver we characterize sets of custom resonators which exhibit a significant variation in
geometry, while approximately preserving the frequencies and effective surface-to-volume ratios of
the resonators. As these characteristics are kept constant, one can rule out the influence of additional
damping mechanisms on the variation in Q and hence isolate support-induced losses. The results from
these devices show excellent agreement with the theoretical predictions, thus, in combination with
existing models for other damping channels, our phonon-tunneling solver makes further strides to-
wards a priori prediction of Q in micro- and nanoscale mechanical resonators.
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Abstract: In this poster, we propose a strain based tuning method of ring resonators based via
pressure gradients based on a device composed of a ring resonator structure cantered on a
membrane. By applying a pressure to the membrane, one can tune the resonator to a specific
desired resonance that is otherwise difficult to obtain due to manufacturing defects and tem-
perature variation in the environment.

In this poster, we discuss the development of a novel type of micromechanically tunable ring resona-
tor, whose frequency can be swept over ultra-large fractional bandwidths by varying the hydrostatic
gas pressure applied to a membrane suspended microring resonator. Variation of the hydrostatic pres-
sure exerted on the membrane causes the membrane to deform, straining the waveguides and resulting
in significant resonance frequency tuning due to both waveguide boundary deformation and photoe-
lastically induced refractive index changes. Such tuning mechanisms are unique as they enable fre-
quency tuning to compensate for manufacturing defects and temperature variation in the environment,
enabling the resonator to be tuned to a specific wavelength that would otherwise be difficult to obtain
due to aforementioned effects, and do not inherently require temperature tuning or steady-state power
dissipation.
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Analysis of Optomechanical Forces in Nano-Photonic
Waveguides
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Abstract: We present a theoretical analysis of optomechanical forces in nano-scale photonic
waveguides. In particular, we show that significant forces due to radiation pressure can be
generated in dielectric slab and photonic crystal waveguides having sub-micron dimensions.
We also investigate how such forces can be optimized for optomechanical transduction.

Optomechanical forces created by radiation pressure have been studied extensively in the context of
optical traps and tweezers. The interaction of photons and phonons has also been observed in nano-
scale devices, where high-Q cavities are used to enhance the forces generated by the optical fields [1].
However, the optomechanical forces generated in nano-photonic travelling-wave systems have largely
been neglected in literature. In addition, the common technique for calculating optical forces in such
structures involves a numerical Maxwell stress tensor (MST) computation, which requires knowledge
of the full electromagnetic field distribution in the computational domain surrounding the structure.

In this work, we calculate the expected optically induced forces in an ordinary dielectric slab wave-
guide due to radiation pressure analytically using the response theory of optical forces (RTOF) [2].
The prediction that the resulting forces are confined to the boundaries of the waveguide where there is
a discontinuity in refractive index is confirmed, and values of the force density agree well between the
analytical approach using RTOF and using the brute-force method (i.e., MST). It is shown through a
scaling-law argument that the optical
forces are directly related to the group
index of the waveguide. Thus, the op-
tomechanical forces in a photonic crystal
(PhC) waveguide, which can exhibit
anomalous dispersion and hence large
group index values in the “slow-light”
regime, were calculated using the same
formalisms. We show that the distribu-
tion of forces due to radiation pressure is

2100 ™ r v y 8000

6000
2200 ; 3 E

4000

2300 ( b) -1

F 42000

2400 F 41t o

2500

F 4-2000

-4000

again isolated to the regions of disconti-
nuous refractive index, in this case at the
boundaries of the air holes, as shown in

Figure 1.

2600 f
8000 | To extend the generality of these results,

scaling-law theory is used to examine
8000 | the dependence of optical forces from

Figure 1 (a) Schematic showing the unit cell of a PhC waveguide; radiation pressure on the topqloglcal Pa_
yellow arrows indicate the mean direction of the optical forces due to rameters of the PhC waveguide. Using
radiation pressure. (b) Plot of the optical forces in the region of the this theory, we can relate the dispersion
air holes closest to the guiding region of the PhC waveguide. of the wavegujde to its dimensions as

2700 ' L L L
0 50 100 150 200 250

on on on ..
eff eff eff
-n, = w+ a—+ r 1
£ < ow oa or 0

where 7, is the group index of the waveguide, 7., is the effective index, w is the hole edge to hole
edge width, a is the lattice constant of the PhC, and r is the radius of the air holes. In particular, a
trend for the ideal thickness of the PhC waveguide for optimal optomechanical forces can be found
and related to the dispersion of the waveguide.

n

262



Phononics 2011 Track 5: Optomechanics

Phononics 2011: First International Conference on Phononic Crystals, Metamaterials and Optomechanics
Santa Fe, New Mexico, USA, May 29-June 2, 2011

PHONONICS-2011-0170

Our technique outlines a generalized method for optimizing optomechanical forces due to radiation
pressure in nano-photonic waveguides using analytical expressions that avoid full-wave electromag-
netic calculations. We demonstrate that optical forces in such systems are optimized in highly disper-
sive waveguides that exhibit large values of group refractive index. Finally, we show how the geome-
trical parameters of a PhC waveguide can be related to the optical forces due to radiation pressure in a
straightforward analytical manner, enabling an intuitive approach to engineering larget optical forces
in nano-photonic systems.

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corpo-
ration, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of En-
ergy's National Nuclear Security Administration under contract DE-AC04-94AL85000.
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Abstract: Using optical sideband cooling, a micromechanical oscillator is cooled to a phonon
occupancy below 10 phonons, corresponding to a probability of finding it in its quantum
ground state more than 10% of the time.

The control of low-entropy quantum states of a micro-oscillator could not only allow researchers to
probe quantum mechanical phenomena—such as entanglement and decoherence—at an unpreceden-
tedly large scale, but also enable their use as interfaces in hybrid quantum systems. Preparing and
probing an oscillator in the conceptually simplest low-entropy state, its quantum ground state, has
now become a major goal in Cavity Optomechanics'. However, to experimentally achieve this goal,
two challenges have to be met: its effective temperature 7" has to be reduced sufficiently so that
hQ, > k,T (h is the reduced Planck constant, k,the Boltzman constant, andQQ,, the mechanical re-
sonance frequency). Second, quantum-limited measurements of the oscillator’s displacement must be
performed at the level of the zero-point displacement fluctuations x_,. = /h/2mQ),, . Using conven-

tional cryogenic refrigeration, a nanomechanical oscillator has recently been cooled to the quantum
regime and probed by a superconducting qubit to which it was coupled through its specific piezoelec-
tric properties’.

Here, we demonstrate a different technique, applying optical sideband cooling® to a cryogenically pre-
cooled silica toroidal optomechanical micoresonator (Fig. 1). This versatile technique, conceptually
similar to laser cooling techniques known in atomic physics, can be applied to a wide range of opto-
and electromechanical systems which exhibit parametric coupling of high-quality electromagnetic and
mechanical modes.
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Figure 1 Cooling a micromechanical oscillator. (a) High-Q mechanical and optical modes are co-located
in a silica mi- crotoroid, and are mutually coupled by radiation pressure exerted by the mechanical mode.
(b) Thermalization of the mechanical mode to the temperature of the 3He gas in the cryostat down to an
occupancy of 200 quanta. (c¢) Optical setup used for displacement monitoring of the mechanical mode,
based on homodyne analysis of the light re-emerging from the optical resonance.

Stabilization

With a resonance frequency of € /27=72 MHz of the mechanical radial breathing mode
(RBM), and an optical linewidth of x/27=6 MHz, the used toroidal resonator resides deeply
in the resolved sideband regime, as required for ground-state cooling®. Thermalizing the reso-
nator to a 850-mK cold *He buffer gas, the RBM is already cooled to an occupation of 190
quanta as determined by noise thermometry (Fig. 1). A low-noise cooling laser (A~780 nm) is
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subsequently coupled to a whispering gallery mode (WGM) using a tapered fiber. Figure 2
shows the optically measured mechanical resonance frequency and damping when the detun-
ing A of the cooling laser is tuned through the lower mechanical sideband of the (split) optical
WGM at a power of 2 mW". The strong modification of the oscillator’s properties can be mod-
eled with the well-understood radiation pressure-induced dynamical backaction. This allows
extracting the additional mechanical damping due to defects in the glass described as an en-
semble of two-level systems (TLS)®. Its strong temperature dependence enables an indepen-
dent determination of the toroids’ temperature, which can be compared to the noise tempera-
ture of the mechanical mode (Fig. 2¢). We find excellent agreement between the two methods.
At a higher cooling laser power (4 mW) both methods congruently yield a minimum occupa-
tion below 10 quanta, corresponding to a >10% probability to find the oscillator in its quantum

ground state.
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Figure 2 Cooling results. Resonance frequency (a) and linewidth (b) of the RBM when a 2 mW-power
cooling laser is tuned through the lower mechanical sideband of the split optical mode (inset). Blue
points are measured data extracted from the recorded spectra of thermally induced mechanical displace-
ment fluctuations, solid lines are a coupled fit based on dynamical backaction and TLS-induced effects.
¢) Cooling factor (temperature reduction induced by sideband cooling) and phonon occupation of the
RBM as a function of normalized detuning as determined by noise thermometry (points) and from a dy-
namical backaction model, taking into account possible optical heating of the structure and TLS-induced

effects.

Further optimization of the silica toroids for stronger optomechanical coupling and lower dissipation
can enable cooling the resonator deeper into quantum regime. It furthermore appears realistic to
achieve the regime of strong coupling’ while the resonator is in a low-entropy state. This constitutes
an important step towards the coherent manipulation of the quantum state of the mechanical oscillator.
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Optomechanical Crystals
Oskar Painter'

Y Thomas J. Watson, Sr., Laboratory of Applied Physics,
California Institute of Technology, Pasadena CA 91125 USA
opainter@caltech.edu

Abstract: In the last several years, rapid advances have been made in the field of cavity op-
tomechanics, in which the usually feeble radiation pressure force of light is used to manipulate
(and precisely monitor) mechanical motion. In this talk I will describe these advances, and
discuss our own work to realize radiation pressure within nanoscale structures in the form of
photonic and phononic crystals.

In the last several years, rapid advances have been made in the field of cavity optomechanics, in
which the usually feeble radiation pressure force of light is used to manipulate (and precisely monitor)
mechanical motion. These advances have moved the field from the multi-km interferometer of a gra-
vitational wave observatory, to the optical table top, and now all the way down to a silicon microchip.
In this talk I will describe these advances, and discuss our own work to realize radiation pressure
within nanoscale structures in the form of photonic and phononic crystals (dubbed optomechanical
crystals). Applications of these new nano-opto-mechanical systems include: all-optically tunable pho-
tonics, optically powered RF and microwave oscillators, and precision force/acceleration and mass
sensing. Additionally there is the potential for these nanomechanical systems to be used in hybrid
quantum networks, enabling storage or transfer of quantum information between disparate quantum
systems. [ will introduce several conceptual ideas regarding phonon-photon translation and slow light
effects which may be used in such quantum settings, and discuss recent experiments to realize them in
practice.
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Mechanical Whispering-Gallery Modes

Tal Carmon, Gaurav Bahl, and Matthew Tomes
Electrical Engineering and Computer Science, University of Michigan, Ann Arbor, Michigan, 48109, USA

tcarmon@umich.edu

Abstract: We experimentally excite mechanical Whispering-Gallery resonances that are vi-
brating from 50 MHz to 12 GHz rates.

Just like their optical parallel, mechanical whispering-gallery modes can offer low-loss resonances in
devices from mm' to micron” in scale. The fact that the modes are propagating azimuthally, orthogon-
al to the radial direction where they can leak through the support, suggests a nearly material limited

mechanical Q.
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Figure 1 shows the experimental setup for excitation of such modes, followed by their expe-
rimental observation and by the corresponding calculated natural vibration modes.
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! Grudinin, 1., Matsko, A. & Maleki, L. Brillouin Lasing with a CaF_ {2} Whispering Gallery
Mode Resonator. Physical Review Letters 102, 43902 (2009).
: Tomes, M. & Carmon, T. Photonic micro-electromechanical systems vibrating at X-band (11-

GHz) rates. Physical Review Letters 102, 113601 (2009).
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Nanoscale Tip Fabrication for Plasmon Induced Field-
Enhancement

Won S. Chang', Sung-H. Cho'

" Nano Convergence and Manufacturing Systems Research Division, KIMM, 171 Jang-dong Yuseong-gu Daeje-
on, 305-343, South Korea,

paul@kimm.re.kr, shcho@kimm.re.kr

Abstract: Nanoscale tip is designed for enhancement of optical resolution of near-field scan-
ning optical microscopy (NSOM). To fabricate a tip-on-aperture NSOM probe, a tip is gener-
ated at the end of the probe. Focused ion beam (FIB) process is applied to the process to make
an aperture and a tip, so the aperture and the tip are generated at the same time. With this
process, possibilities tofabricate tip-on-aperture probes with various tips were shown.

The resolution of commercial optical system is limited to about the wavelength of incident light by
the refraction limit. However, a resolution beyond the diffraction limit can be achieved at near-field.
Near-field scanning optical microscope (NSOM) is a kind of scanning probe microscope; it can real-
ize a sub-wavelength scale resolution. In NSOM, light is illuminated through an aperture smaller than
the wavelength of incident light, and then the small aperture is used as an excitation source. The reso-
lution of the NSOM is determined by the size of the aperture; to achieve a higher resolution, a smaller
aperture is required. However, when the diameter of an aperture is smaller than the wavelength of the
incident light, the transmission efficiency is proportional to the sixth power of the diameter of the ap-
erture. Thus, a smaller aperture greatly reduces the transmission efficiency. To obtain a sufficiently
strong signal from a small aperture, high-intensity light is needed'. However, high-intensity light can
damage the metal layer of the probe. The typical resolution of aperture NSOM is about 50 nm — 100
nm. In this work, the shape of a NSOM probe was modified using the resolution of numerical analysis
based on a finite-difference time-domain (FDTD) algorithm. This probe has a narrow slit or small tip
on its aperture. Especially in the near-field area, the electric field intensity distribution is heavily de-
pendent on the polarization of incident light. In the plane of polarization, the electric field intensity of
the NSOM aperture probe is strongly enhanced at the edge of the aperture. Simulation results show
that this enhancement can be totally or partially removed according to the size of the slit, if the slit
carved on the probe is aligned with the polarization direction of the incident light. When a long slit is
carved on the probe (slit-on-aperture probe), the electric field intensity of the NSOM aperture probe in
the plane of polarization shows a Gaussian distribution because the points of enhanced electric field
intensity are totally removed. However, when a short slit is carved on the probe, the point of enhanced
electric field intensity is removed at one edge of the aperture, and consequently the electric field in-
tensity is enhanced only at the other edge. Moreover, when a tip is put on the probe (tip-on-aperture
probe), the electric field intensity is enhanced only near the tip. This means that a higher intensity
electric field can be obtained on the surface to be processed in an area smaller than the aperture size.

The tip of a tip-on-aperture (TOA) probe is illuminated through an aperture at the near-field of the
probe and electromagnetic interaction between the structure sharp tip at the end of the probe and the
surface is used for measurements and materials processing. A novel TOA probe is described, which
has a polygonal cross-sectioned tip that can make the strong and local enhancement of electromag-
netic field**. A right triangular pillar was selected as optimal shape of the tip among the several po-
lygonal pillars. The electromagnetic energy distributions at the near-field of the probe and of a typical
TOA probe (with circular tip) were calculated numerically, and the results were analyzed. The results
show that a TOA probe with a triangle tip confines electromagnetic energy within the smaller area
than a typical tip-on-aperture probe, and has 6.7 times the maximum intensity. Moreover, the electric
field distributions at the near-field of a TOA probe were calculated numerically to analyze the effects
of polarization direction on the characteristics of measurement and processing. A TOA probe is
asymmetric for the axis, since it has a probe at metal coated layer on the aperture. The geometrical
relationship between this asymmetric shape and polarization direction is the reason for the change of
the electromagnetic energy distributions. Numerical analysis shows that a TOA probe can make the
best use of the tip for high resolutions when the tip is located on the parallel axis with the polarization
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direction. After analyzing the trend in the magnitude of the electric field, it was proposed that a local-
ized, enhanced field at the tip apex was caused by the local electric field at the aperture and surface
plasmons excited and propagating on the outer surface of the probe.

An NSOM probe is a tinned, metal coated optical fiber with an aperture. To fabricate a TOA NSOM
probe, a tip is generated at the end of the probe. FIB processing is applied to the process to make an
aperture and a tip, so the aperture and the tip are generated at the same time. With this process, possi-
bilities to fabricate TOA probes with various tips and were shown. And resolution enhancement for
optical measurement and patterning was verified using the TOA probe fabricated in this study.

—

(@ (®)
Figure 1 (a) Three-dimensional modeling of nanoscale tip on NSOM probe and (b) FDTD analysis of electric field distribu-
tion on TOA probe

Figure 2 FIB machined TOA probe on fiber NSOM probe
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Larger Scale Fabrication of Nanometer to Micron Sized

Periodic Structures in 2D and 3D: Approaches and Trends

Gregory R. Bogart!

! Sandia National Laboratories, P.O. Box 5800 MS1080, Albuquerque, NM, USA
grbogar@sandia.gov

Fabrication of periodic structures for photonic or phononic wavelength interaction and manipulation
at the small scale (<100um x 100 um) in planar dimensions using a variety of materials and tech-
niques has been documented in the literature. Often structures are conceived and built with only a
single device needing to be made. = Some applications require that structures be fabricated in three
dimensions or with multiple layers placing additional constraints on the fabricator. If a structure
proves to be useful and a demand to have it appears, the researcher is often asked, “Can you make
more of it?” The challenge to manufacture larger, better structures, and more of them is not new in
the history of product innovation and manufacture. However, the combination of requirements for
accurate microscopic dimensional control over large spatial scale needed to make useful devices re-
quires both out of the box thinking to manufacture them and familiarity and the ability to adapt tried
and true scaling techniques.

Human ingenuity and desire for efficiency has used the “stamp” for thousands of years to impart a
repeated pattern into materials that served, speed, ease of use, and functionality requirements. Signet
rings or “‘seals” were used with waxes or inks to authenticate the earliest hand written documents and
are still in use today. (1) The method of placing multiple patterns or individual stamps next to each
other surfaced in China in the early 11" century (2). Combining the patterns with a proper substrate
material (paper) made communication easier and faster. Researchers in photonic crystal fabrication
have leveraged the established stamping technique to deliver fabrication of large area 3D photonic
crystal designs. Instead of clay tablets, engineered siloxanes have allowed for durable and re-usable
stamps that are able to replicate the molded features at the nanometer scale. The stamping technique
can be enhanced by combining with well established optical principles to generate three dimensional
periodic structures. Further leveraging sophisticated modeling, semiconductor processes and engi-
neered materials enables fabrication of large area, three dimensional periodic structures with sub-
micron features. Figure la is a photograph of a large area silicone based stamp used to
imprint phase masks into the surface of photo resists. Figure 1b is a photograph
showing the diffraction pattern created by the phase mask using collimated light (3).

*%

Figure 1. a.) 150mm diameter stamp master for proximity nano patterning of quasi crystal pat-
tern. b.) diffraction pattern generated using an engineered phase mask.
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Collimated light used for exposure com-
bined with the surface relief generated by
the stamp creates constructive and destruc-
tive interference patterns in three dimen-
sions. Figure 2 contains a cross sectional
scanning electron micrograph of exposed
and developed photoresist using an optical
phase mask generated with a stamped sur-
face and optical interference. Note the
periodic nature in all three dimensions.
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Many materials that are suitable for opto-
electronics and CMOS device manufactur-
ing are also finding uses in the phononics
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fulness and implementation of these materials.

Large scale fabrication of these types nanometer sized periodic structures requires an integrated ap-
proach. In this presentation I will review other scaling approaches to making large area phononic or
photonic crystals in 2D and 3D such as direct write and self assembly. In addition, I will touch on the
necessary infrastructure required to develop these techniques including modeling, design, and material

considerations appropriate for the various methods. Lastly, I will discuss future trends of the tech-
nology.

References: 1.) Kipfer, B. A. , Encylcopedic Dictionary of Archaeology. Springer, 2000 (501)

2.) Day, L., McNeil 1.; Biographical Dictionary of the History of Technology. Taylor
and Francis, 1998 (123)

3.) Shir, D.J, et al. ; Tharee-Dimensiional Nanofabrication with Elastomeric Phase
Masks, Journal of Physical Chemistry B 111, 12945-12958 (2007)
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Microfabricated GHz Phononic Band Gap Structures

Gianluca Piazza, Nai-Kuei Kuo

Department of Electrical and Systems Engineering, University of Pennsylvania, Philadelphia, PA, 19104, USA
piazza@seas.upenn.edu, kuol @seas.upenn.edu

Abstract: This paper reports the latest development on the synthesis of phononic band gaps
(PBG) in AIN/Air and SiC/Air structures operating in the GHz range by means of inverted cy-
lindrical geometries or fractal-based designs. Finite element methods used to design and con-
firm the PBG dispersion curve and amplitude-frequency response are also presented.

Microscale phononic crystals (PC) have emerged as a new class of devices that can be employed
to understand and engineer the fundamental properties of low loss acoustic materials at the nanoscale,
demonstrate novel acoustic functionalities such as tunneling, waveguiding and multiplexing and syn-
thesize miniaturized and low loss radio frequency (RF) signal processors that are not attainable with
state-of-the-art micro/nano mechanical (M/NEMS) resonators. Since the introduction of PCs in 1998,
PC-based devices such as wave guides, filters and structures for acoustic focusing have been demon-
strated, but are all limited in operating frequencies below 1 MHz due to their fabrication by means of
hand-assembly. Recently, via microfabrication techniques, substantial progress has been made in ex-
tending PC structures in the very and ultra high frequency (VHF and UHF) range '~. The extension of
the frequency range of these PC-based devices makes them amenable to applications in RF communi-
cations.

Within PCs, Phononic Band Gaps (PBG) are the most important building blocks. PBG structures
form frequency ranges in which the propagation of specific elastic waves is prohibited by the size,
periodicity and arrangement of a unit cell. Most of the micromachined PC demonstrations to date
have been either limited to low MHz frequencies when using air/solid configurations, or have used
complex manufacturing processes relying on several refill and planarization steps when pushed close
to 1 GHz.

To synthesize PBGs that can be easily microfabricated and integrated with electro-acoustic trans-
ducers, we have designed and experimentally demonstrated new classes of PCs that rely on alternating
in two dimensions (2D) regions of high acoustic velocity and low loss materials such as aluminum
nitride, or silicon carbide with air (low acoustic velocity material) (Fig. 1-3). Unit cell geometries in
the form of a cylinder supported by four tethers (inverted configuration with respect to the conven-
tional cylindrical air hole) (Fig. 1), an X-shape (Fig. 2) or a fractal-based square design (Fig. 3) have
been introduced to reduce the manufacturing constraints associated with either the film thickness or
the lithographically defined in-plane dimensions, so that operation between 500 MHz and 1 GHz
could be attained. The selection of AIN or SiC as the structural layer for the definition of the PBG
unit cell was made to gain access to some of the highest acoustic velocity materials with low losses
that are easily integrated with electro-acoustic AIN transducers.

The experimental results (Fig. 1-3) confirm the existence of the designed PBGs, show high rejec-
tion and match the theoretical analysis performed via COMSOL Finite Element Methods (FEM). Fre-
quency dispersion response curves predicting the presence of full or longitudinal-wave-specific band
gaps (Fig. 1-3) were obtained by 3D eigenfrequency analysis of the unit cell block on which periodic
boundary conditions had been applied according to the Bloch theorem. Amplitude-frequency response
curves (Fig. 2) that reproduce the experimentally-obtained transmission data were simulated in COM-
SOL FEM by performing a frequency sweep in the acoustic module and using perfectly matched lay-
ers at the edges of the PBG in order to accurately model acoustic adsorption. A single row of unit
cells was modeled and periodic conditions in the 3" direction were assumed.

The reported experimental and modeling efforts lay the foundations for the synthesis of GHz PC
devices that will find practical applications in RF communication systems.
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Thermal Conductivity Reduction in Lithographically Pat-
terned Single Crystal Silicon Phononic Crystal Structures

Bongsang Kim', Janet Nguyen'?, Eric A Shaner', Ihab El-Kady', Roy H. Olsson III'
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Abstract: In-plane thermal conductivity of lithography-based phononic crystals has been in-
vestigated. Sub-micron holes were lithographically patterned in a 500nm-thick single crystal
silicon thin-film and the thermal conductivity was measured as low as 30 W/mK (at and
slightly above room temperature, 20~80°C), which is a 50% reduction even after accounting
for the effect of volume reduction of the holes.

Thermal conductivities of many mate-
rials used in micro/nano-machining,
such as silicon, have shown dramatic
reduction in micro/nano-scale struc-
tures'. In such materials, the dominating
heat transfer mechanism is through lat-
tice vibration (phonons). Therefore, as
the dimensions of thermal pathways be-
come comparable to the phonon mean-

Serpentine-shaped Suspended Silicon
Heater/Resistor Membrane

e
M m T I

T

Temperature Sensor .
Figure 1 SEM image of a bridge-shaped test structure. Phononic crys-
tals were formed by sub-micron diameter holes which were lithographi-
cally defined in a 500nm-thick single crystal silicon thin film.

Phononics 2011

free-path, phonon scattering increases, resulting in reduction in thermal conductivity. Recently, re-
searchers have demonstrated successful control over thermal conductivity by patterning periodic na-
no-holes in a silicon membrane’. Despite such promising results, however, due to complexity of the
fabrication processes and lack of effective integration methods, very few examples of application
could be found among the demonstrated structures. Alternately, a much simpler way of phonon mani-
pulation has been demonstrated with the recent advances in lithographic technologies. For example,
phononic crystals were fabricated by lithographically defined sub-micron holes in a silicon layer to
construct waveguides successfully achieving 30dB  a)

acoustic rejection at 67MHz for RF communica-
tion applications”.

AN
NOV 29 2010
11:41:31

In this work, we studied the effect of lithography-
based phononic crystals on conductive heat trans-
fer of single crystal silicon thin-film. Specifically,
periodic sub-micron diameter through-holes were
defined using a deep UV ASML scanner and pat-
terned in a 500nm-thick silicon layer by plasma
etching. To measure their in-plane thermal con-
ductivity, a bridge-shaped test structure was de-
signed as shown in Figure 1. A serpentine-shaped T s T e T s
aluminum trace was placed in the middle and two
temperature sensors were installed at the bridge
edges. While heat is supplied to the aluminum
trace at the center, the resistance change of each
trace was measured to estimate the temperature
increase. Temperature dependences of each trace o,
resistance were separately calibrated by a heated Trr = Ropcnes + Rear-sae) =3 = R + R

chuck measurement. Figure 2 shows ANSYS finite Figure 2 a) ANSYS finite element model and b) equivalent
element simulation and the equivalent thermal cir- thermal circuit model of the test structure.

cuit model of the test structure. By using these models, the device thermal resistances and the thermal
conductivity of the phononic crystal layers are calculated.

|
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For each pitch-diameter combination a total of four samples were tested at and slightly above room
temperature (20~80°C). The obtained thermal resistance, Rpecimen, and thermal conductivity, Kmeasureds
values from the measurement are summarized in Figure 3 and Table 1. The thermal conductivity of
metric samples, which don’t have any through holes, was measured as 97.8 W/mK, which is consis-
tent with values from the literature’. In all measured samples, significant reductions in thermal con-
ductivity could be observed. It is observed that the k,,.45.s Values were much smaller than k. g, infer-
ring the reduction in thermal conductivity is beyond the contribution from the volume reduction effect
alone. (ky.r is the prediction of Maxwell-Eucken theory which models only the effect of volume re-
duction in porous materials®. ) The difference between the measured values and those predicted by the
Maxwell-Eucken Model increases as the minimum feature size decreases, which is likely due to en-
hanced phonon scattering as the size of the thermal pathways shrink. Among tested samples, the de-
vice with 0.45um diameter holes with 0.70um pitch (limiting dimension is 0.25um) showed the high-
est reduction in thermal conductivity, i.e., kpeasures 1S 30W/mK which is only 30% of the metric sam-
ple’s Kimeasurea ad 50% of that predicted by the Maxwell-Eucken model, k..

This result indicates that material thermal conductivity can be effectively controlled via phonon-
scattering enhancement from lithographically defined sub-micron features. The availability of such
lithography-based phononic crystals has huge potential to open direct applications to many microma-
chined devices without much modification in the original fabrication process. For example, by reduc-
ing thermal conductivity with much less alteration in electrical conductivity, the use of lithographical-
ly patterned phonon manipulators will be able to significantly enhance the performance of microma-
chined thermoelectric coolers or energy harvesters.
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Figure 3 Measured thermal conductivities, k,useq (blue error bars) and predicted thermal conductivities using Maxwell-
Eucken Model, ky.z (red circles).

Pitch (nm) 1 06 06 06 07 07 07 07 07 08 08 08 08 08
Diameter mm) | 025 03 035 025 03 035 04 045 03 035 04 045 05
Porosity (%) 0 14 20 27 10 14 20 26 32 11 15 20 25 31
Ripecimen (K/W) 12247 18563 23046 30485 16640 20442 23490 29311 35862 18456 20408 23616 27519 32873
ke (WmK) 978 79 715 632 838 78 715 644 568 824 773 715 654 588
Keasured (W/mK)  97.8 627 495 362 70.6 565 485 37.8 30 63.1 566 482 406 332

Kmeaswredlrs (%) 100 79 69 57 8 72 68 59 53 77 13 67 62 56

Table 1 Summary of measured thermal conductivities, kqsreq» predicted thermal conductivities using Maxwell-Eucken
Model, ky, k , and their ratio for each sample.
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Micromachined Phononic Band-Gap Crystals and Devices
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Abstract: Micromachined phononic crystals are an emerging technology with applications in
radio frequency communications, sensors and thermal energy harvesting. This paper presents
work at Sandia National Laboratories in the realization of micromachined phononic crystal
devices across a broad frequency range and in a number of material systems.

Phononic crystals are an emerging field poised to impact radio frequency (RF) communications',
thermal management’, acoustic imaging' and a number of other fields where phonon propagation and
control leads to improved system performance. Over the past decade phononic crystals have been
scaled from large hand assembled balls in acoustically lossy materials such as water and epoxy to mi-
cro and nano fabricated 2D structures realized in low loss materials operating at frequencies from
10 MHz to 10 GHz and beyond. Batch fabrication and the ability to co-integrate piezoelectric trans-
ducers with phononic crystals have lead to experimentation on a wide variety of geometries, materials
and devices. The ability to suspend 2-D phononic crystals above the substrate using micromachining
techniques has allowed for low loss phononic waveguides'”™ and cavities” to be demonstrated. The
wide range of materials available and the implications of finite membrane thickness require careful
consideration when designing a phononic crystal for a specific application. Phononic crystals and
devices have been studied theoretically and experimentally in numerous material systems including
Si-air**’, SiC-air®, AIN-air’, Si-W® and SiO,-W?*°. Phononic band gaps at GHz frequencies have
been demonstrated in each of these material systems with complete phononic band-gap widths ex-
ceeding 10% of the center frequency and band gaps for longitudinal waves in excess of 50%. Solid-
Solid phononic crystals based on tungsten inclusions in low impedance media have demonstrated less
sensitivity to membrane thickness and lithography when compared to solid-air phononic crystals'®.
Certain devices, such as cavities, requiring very low material damping have been best realized in
solid-air material systems using high-Q materials such as SiC. Recent results indicate that phononic
crystals formed using both solid and air inclusions results in superior band-gap properties when com-
pared to solid or air inclusions alone’. While much recent progress has been achieved in realizing
micro and nano scale phononic crystals several challenges and opportunities are emerging including:
the need for much wider bandwidth piezoelectric transducers for interrogating the phononic crystals,
the ability to combine phononic and photonic crystals to increase phonon-photon interactions and for
processing light signals in the acoustic regime and the introduction of non-linearity with phononic
band-gap materials.
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Fabrication of 2-D Phononic Crystals via Focused Ion Beam
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Abstract: A technique for the fabrication of 2-D Phononic Crystals (PnCs) is described that
utilizes a focused ion beam (FIB) instrument. In particular, the details of the microfabrication
procedure are discussed which creates the main structure from which the PnC is created. Fol-
lowing the microfabrication is the nanoFIBrication of the microstructure to create a PnC with
nanoscale features. Results will be presented for the fabrication of a 33 GHz PnC.

In order to achieve PnCs that operate above 10 GHz nanofabrication techniques will need to be ut-
lized. PnCs that manipulate phonons above even 1 GHz have shown a tremendous ability to alter the
thermal conductivity of materials'. In order to achieve an operating frequency above 10 GHz the di-
mensions of the inclusions on the lattice points and their spacing need to be < 100 nm. We have re-
cently utilized a FIB instrument to attain PnCs with these dimensions.

The following is a discussion on the method we have recently utilized to create a PnC that has a band-
gap at 33 GHz. Fabrication is a two part process. First, the microstructure from which the PnC is
created is fabricated by standard microfabrication procedures. Then the nanostructure of the PnC can
be defined using the FIB via nanoFIBrication.

Cr PR  The scaffolding of the PnC is initially microfabricated using a sili-
Si con-on-insulator (SOI) wafer. Our group’s studies show that thin

membranes produce a bandgap that is unaltered by slab modes®. In
Pattern | . = particular, the thickness of the membrane from which the 2-D PnC is
PR | = to be made must be less than the lattice spacing. The SOI is initially

thinned down using alternating oxidations and HF etches. A protec-

si0, T

Etch  jve layer of Cr is evaporated onto the SOI’s device layer and then
Remove —— oo Gr patterned. The BOX layer is then etched leaving a freestanding Si
PR & membrane on which the 2-D PnC will be defined. The full process is

EtchSi L N illustrated in Figure 1.
Etch

Using a FIB instrument we have been successful in creating a 33

3105 GHz phononic crystal on the Si membrane. The PnC is composed
Figure 1: Fabrication process for | ©Of @ Si matrix (the membrane) with W inclusions placed in a square
creating a thin, freestanding mem- | array. The Si matrix was a freestanding membrane that was 100 nm
brane for 2-D PnC’s thick and 10 x 10 um area. Holes 30 nm in diameter were milled

with the ion beam and subsequently backfilled with W using an e-beam deposition method.

Figure 2 shows details of the fabricated PnC. The leftmost image shows a 10 pum x 10 pm freely sus-
pended membrane tethered on either side to the SOI device layer that is still anchored to the handle
layer by the BOX layer which has not been released. In the center of the area is the patterned PnC.
The upper right image is of a sample area which has had the same process performed on it as in the
leftmost image. The Cr layer is still present in this image; its purpose is to protect the Si membrane
from Ga ion implantation. Note that under the freestanding membrane are holes in the handle layer
which correspond to the holes milled through the device layer. These holes serve as proof to full
penetration of the device layer by the FIB. These thru holes are then backfilled with tungsten using a
gas injection system (GIS) which introduces a precursor gas with W attached. When the precursor
gas is exposed to an ion or electron beam W is deposited. An electron beam is directed in the center
of the PnC inclusion holes and W is deposited to create a solid plug. Solid inclusion have been shown
to create wider bandgaps in PnCs™*. A cross section of the sample is shown in the lower right most
image of Figure 2.
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The operating frequency of 33 GHz was determined by simulation. Our group has developed several
numerical tools for investigations of the behavior of PnCs***. These tools include the plane wave
expansion (PWE) method, finite difference time domain (FDTD) method, and finite element analysis
(FEA). Each method has its benefits and limitations. The PWE method allows us to determine band-
gaps and density of states. While the FDTD and FEA methods allow us to determine bandgaps and
vibrational modes. We find that using a commercial FEA software allows us to more accurately de-
termine the behavior of devices under test by simulating the experimental conditions as well. Results
from these simulations will be presented to supplement the new fabrication method introduced above
and in the presentation.

Free Standing Si / Cr Membrane

m lattice constant inclusions

Holes on Si substrate made after
cutting through Cr / Si Membrane

eV |10.0 mm

Figure 2: 33 GHz PnC fabricated with a focused ion beam with a 100 nm lattice constant and 30 nm W inclusions.
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High Frequency Soft Phononics
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Abstract: Propagation of hypersonic elastic/acoustic waves in polymer- and colloid-based nanos-
tructures emerges as a powerful characterization tool of thermo- mechanical properties and reveals
new structure related collective phenomena .Particle vibration spectroscopy and engineering of the
phonon dispersion band diagram are highlighted in this presentation.

Phononic crystals become the acoustic equivalents of the photonic crystals controlled, however, by a lar-
ger number of material parameters. In contrast to the sonic and ultrasonic crystals, the study of hypersonic
crystals (at the submicron scale), imposes substantial demand on fabrication and characterization tech-
niques. Colloid and polymer science offer methods to create novel materials that possess periodic varia-
tions of density and elastic properties at mesoscopic length scales commensurate with the wave length of
hypersonic phonons and hence photons of the visible light. Polymer-and colloid-based phononics is an
emerging new field at the interface of soft materials science and condensed matter physics with rich per-
spectives ahead.

The key quantity for phononics is the dispersion of high frequency (GHz) acoustic excitations in
mesoscopic structures which is nowadays at best measured by high resolution spontaneous Brillouin light
scattering (BLS) at thermal equilibrium. Depending on the components of the nanostructured composite
materials, the resolved vibration eigenmodes (the music) of the individual particles sensitively depend on
the particle architecture and their thermo-mechanical properties. In periodic structures (the concert) of
polymer based colloids, the dispersion relation w(k) between the frequency and the phonon wave vector
k has revealed hypersonic phononic band gaps of different nature.
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Figure 1 Phononic band diagram for an elastically soft polystyrene (PS) (a) and hard SiO, (b) colloidal crystal. Hybridization
(green) and Bragg band gap (gray hatched area) in (a) and slow phonons (experimental points) due to strong coherent multiple
scattering in a fcc crystal of closely packed SiO, spheres (three different diameters d=192nm (triangles) 354nm (circles) and
632nm (squares)) along its two symmetry directions in (b).

Bragg gap for propagation near the edge of the first Brillouin zone due to destructive interference and hy-
bridization gap due to the interaction of particle eigenmodes with the effective medium acoustic branch;
the latter is therefore robust against structural. This seems to be the case for colloidal crystals based on
elastically soft particles (Fig.1a). Boosting the strength of the phonon scattering by the individual spheres,
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e.g., elastically hard SiO, particles can activate additional mechanisms for tunability of the phononic band
structure as indicated in Fig.1b. In contrast to soft colloidal crystals, the phonon dispersion of dense SiO,
colloids exhibits novel and unexpected features. Apart from the extended effective-medium band (1) and
narrow bands stemming from localized particle resonances at relatively high frequencies, we identified
additional almost dispersionless collective modes (2) at lower frequencies. These originate from strong
coherent phonon multiple scattering and are localized in regions of the fluid matrix; their bending arises
from strong hybridization. The elucidation of all important parameters towards the general design of op-
timal phononic structures remains complicated due to the vector nature of elastic wave propagation. In
this regard, 1D phononic crystals (SiO,/PMMA) multilayer films turn out to be a model system. Since
hypersonic crystals can simultaneously exhibit phononic and photonic band gaps in the visible spectral
region, many technological applications are feasible.

Like small molecules colloidal particles undergo vibrational motions, e.g., and shape fluctuations due to
thermal energy. The acoustic vibrations of free homogeneous spheres predicted by Lamb in 1882, are
classified as torsional and spheroidal ones and their frequencies w(n,/), depend on the diameter and the
elastic constants of the particle. For submicron sizes, BLS is the most sensitive technique to probe numer-
ous eigenmodes in GHz frequencies and reveal the w(n,]) ~ d” scaling for the spheroidal modes with or-
der n and angular momentum “quantum number” /. The estimation of the thermo-mechanical properties
(T, Young’s and shear moduli) at nanoscale, which can deviate from the bulk values, is straightforward,
provided a unique assignment of all observed eigenmodes is warranted. This requires a consensus on the
existence of “selection rules” and on the contribution of torsional modes in the BLS spectra. These two
important issues have very recently addressed through the full theoretical account of the experimental
spectrum I(w(n,l),q) at different probing wave vectors ¢. It is the dependence on gd that selects which
spheroidal modes will be revealed experimentally. This emerging particle vibration spectroscopy for
spherical shape has rich perspectives. Different particle morphologies, extension to non-spherical parti-
cles and the possibility to sense particle interactions are now being unexplored. Understanding of elastic
energy localization in different compartments of the nanostructures is a precondition to access fundamen-
tal concepts such as engineering the flow of elastic energy and nanomechanics.
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Figure 1 (a) The amplitude of the fundamental (n = 1) vibrational eigenmodes with /=0 and 2 </< 7 for a free vibrating poly-
styrene (PS) latex spheres as a function of the product of the scattering wave vector g and particle radius R. (b, ¢) Comparison
between experimental (black solid line) and calculated (blue) eigenmode spectra of SiO2 and PS spheres (diameter ). The sharp
red lines denote the contribution of the individual (n./) modes labeled in the plots and the blue line is the sum of all modes.
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Techniques for Self-Assembled Phononic Crystals
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Abstract: In this project, we study the assembly of periodic arrays of nanospheres and their
crystalline properties. The vertical deposition technique is investigated along with the effects
of substrate surface modifications for improvement of order and directed self-assembly. Dip-
ping speed and PS sphere concentration are taken as the primary parameters affecting crystal-
line quality.

Arrays of monodisperse spherical particles, known as artificial opals, are commonly used to make
photonic crystals for various applications. Similarly, an ordered array of spherical particles should
exhibit a phononic band gap depending on the particle diameter. At temperatures around 100 mK, the
thermal phonon wavelength is on the order of 100 nm. Thus, the thermal properties of phononic crys-
tals made from 260 nm and 140 nm spheres should be strongly modified, and will be studied at sub-
Kelvin temperatures using tunnel junction thermometry.

A vertical deposition technique ', spinning and simple gravitational deposition > have been examined
as methods for the fabrication of self-assembled arrays of nanospheres. Solutions of 10% and 2% of
polystyrene (PS) nanospheres were studied on substrates of silicon, thermally grown SiOx, PECVD
SiNy and glass, using a thin layer of Ti to provide an adhesion layer °>. Hexagonal close packed struc-
tures have been produced with some regions exhibiting a cubic lattice. Directed self-assembly ** of
PS sphere arrays, 1-D chains and individual sphere placement was also investigated by using the ver-
tical deposition method on substrates with patterned surfaces. Additionally, direct e-beam lithography
of poly-methyl methacrylate (PMMA) nanospheres has been tested. Verifying the resulting lattice
structures of deposited nanospheres was performed with scanning electron microscopy (SEM).

Experimental Methods
Of the three deposition methods investigated, the vertical deposition process appears to have the
greatest utility and potential for reproducible monolayer and multi-layer arrays of polystyrene spheres.
Spinning resulted in significantly lower order even at speeds of ~500 rpm. Gravitational deposition
involved placing a droplet on the substrate surface and allowing the spheres to sediment during dry-
ing. Though noticeably greater order was observed, this method is inherently inconsistent from one
sample to another as well as across individual sample surfaces. While the dipping process is time
consuming, it is simple and reliable. A thin film of UHV evaporated Ti can be used to significantly
improve adhesion on glass and SiNy substrates. The samples are dipped either vertically or at an an-
gle of 45° into the solution and withdrawn again. 2

The angled depositions tend to give a lower
quality film compared to vertical. This is likely
due to dynamics of the contact angle between
solution meniscus and substrate °. To further
probe the control of crystalline quality, dipping
speed and PS sphere concentration were studied
as controls for domain size. Dipping speeds of
0.01 mm/min up to 0.1 mm/min were investi-
gated with concentrations of 10, 2, 0.2 and
0.02%. Images were taken at several locations
on each sample using SEM. Figure 1 shows an
example of a measurement image. A rough es-
timate of domain area was obtained by taking
length and width measurements of the domains

) ; Figure 1 SEM image shows an example of domain mea-
and multiplying the two values. Measurement syrements. An approximate area for domains is obtained by
data from all the images were collected and used multiplying these length and width values.
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to get an average value for the whole sample. From these images, one can also find indications of
directionality in the domains. This effect tends to follow the dipping direction, with higher speeds
displaying greater directionality.

Results

As expected, lower dipping speed results in larger domains. With slower speeds, the spheres have a
longer time in contact with the substrate while in solution, allowing development of long-range order.
However, there appears to be an optimum dipping speed at a given concentration, above and below
which the quality declines. At higher than optimum speeds for a given concentration, there is little if
any aggregation. The result is that spheres are located in small groups of three or four across most of
the sample surface. Below the optimum speed, domain size varies greatly and thus results are unreli-
able. While a few larger domains are found, the variation is larger than the change in average domain
size from one dipping speed to the next. Concentration follows a similar pattern. Higher concentra-
tions produce larger domains and lower concentrations produce smaller domains. There is of course,
a limit below which aggregation is no longer present. With lower concentrations at the same dipping
speed, the size dispersion of domains is smaller indicating that consistency in long-range order suffers
with increasing concentration.

An estimate of the number of layers deposited was also obtained using a profilometer. While the pre-
cise number of layers is not reliably measured in this way, a relation between dipping speed, PS
sphere concentration and thickness can be discerned. Again, as expected, lower dipping speed and
higher concentration result in greater thickness. The nanosphere arrays in this study ranged in thick-
ness from 1 to approximately 20 layers. Gathering information about ordering in the thickness direc-
tion has been difficult for lack of a reliable method to image the side face without significantly chang-
ing the self-assembly conditions or altering the structure in post-processing.

Conclusions and prospects

The fabrication of thick and large area self-assembled phononic crystals requires time. The results of
this study show that simply slowing down the process, however, is not sufficient to increase the do-
main size. PS sphere concentration plays a significant role in domain size and needs to be considered
in parallel with dipping speed. We have shown initial trends for these two parameters and further de-
velopment is ongoing.

Initial tests of directed self-assembly of nanosphere arrays are promising. Standard e-beam lithogra-
phy techniques are used to produce channels of different shapes and sizes into which the nanospheres
are selectively deposited. Arrays with dimensions in tens of microns are reproducible while chains
and individual placement have shown positive results. Lithographically directed self-assembly can be
used to place individual spheres on the substrate surface, allowing even more freedom to design the
array patterns. Lithographic methods may also allow for imaging of the side wall to observe ordering
in the thickness direction.

Direct lithography of PMMA nanospheres also shows promise. Different geometries have been pat-
terned into pre-assembled PMMA sphere arrays. Reproducible lithography will still require some
development in the alignment process. Ongoing experiments are focused on improving pattern design
and further increasing the size of ordered domains.
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The Effect of Phononic Crystal Lattice Type and Lattice
Spacing on the Reduction of Bulk Thermal Conductivity
in Silicon and Silicon Nitride
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Abstract: Phononic crystals are a promising method of reducing a material’s bulk thermal
conductivity. Changing a phononic crystal’s lattice type or its lattice spacing are two ways of
reducing a material’s thermal conductivity. Results of different lattice types and lattice spac-
ings on the reduction of bulk thermal conductivity in silicon and silicon nitride at room tem-
perature will be presented.

Phononic crystals (PnCs) were recently shown to reduce the thermal conductivity of bulk silicon by
more than an order of magnitude'. The PnCs were fabricated using photolithography and utilized a
two-dimensional simple cubic pattern with a lattice constant ranging between 800 and 500 nm.

As an alternative to using photolithography for fabricating phononic crystal arrays, a focused ion
beam (FIB) can fabricate various patterns in a short amount of time without the need for additional
photolithography masks. In this report, we use two different setups to measure the thermal conductiv-
ity of PnCs fabricated in silicon and silicon nitride with a FIB. The first setup uses a heater in the
middle of two identical PnCs on a freestanding Si membrane 500 nm thick. Current flowing through
the resistive element provides joule heating. Due to symmetry, half of the heat flows to each side of
heater. Temperature sensors, which are calibrated prior to the experiments, are located at each end of
the phononic crystal and measure the temperature of the Si. By knowing the amount of heat flowing
into the system, the change in temperature across the phononic crystal, and the PnC’s dimensions, a
thermal conductivity of the specimen can be calculated using

0,
k — _Zheat nH
P 2witAT

where kp,c is the effective thermal conductivity of the PnC, Q.. is the input heat, w and ¢ are the
width and thickness of the PnC, and AT is the change in temperature across the PnC.

The second set up, based on a design by Li Shi?, is used to measure the thermal conductivity of a PnC
in silicon nitride. In this configuration, a thin strip of silicon nitride containing a PnC milled with the
FIB separates two freestanding islands of silicon nitride. Since the islands and the PnC are made of
the same material, there is no worry of contact resistance. Each island is supported by four legs 1 um
wide. One island acts as a heat source, and the other island is the sensing island. A top view of this
set up is shown in Figure 1.

Vs 1.2 +
Vs 1-

Figure 1 Set up for determining thermal conductivity of silicon nitride PnC. The two islands are separated by a 5x15
wm area of silicon nitride.
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In the middle of the figure are the two suspended islands with platinum serpentine heaters on top of
each silicon nitride membrane island. Each heater is connected to contact pads by metal lines on the
support legs. Between the islands is a small area of silicon nitride where the PnC is fabricated. Isola-
tion of the two islands forces a majority of the heat to flow across the silicon nitride PnC. Finite ele-
ment analysis performed with ANSY'S shows a uniform temperature distribution on the heating island
and on the sensing island as well (see Figure 2). This supports the assumption that the silicon nitride
PnC can be treated as a one-dimensional component.

Results from both setups will be presented.
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Figure 2 FEM analysis of temperature gradient across silicon nitride membrane connecting heating and sensing island.
A temperature scale bar is shown at the bottom, where red indicates a higher temperature and blue corresponds to a
lower temperature. Notice the uniform temperature of the heating island (yellow) and planar heat flow across the sens-
ing island (blue). ANSYS was used to perform the FEM analysis.
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Nanophononics using Acoustic and Optical Cavities
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Abstract: We report pump-probe time experiments in acoustic and optical cavities. We dem-
onstrate that the generated coherent acoustic phonon spectra can be inhibited or enhanced in
the cavity. Simulations highlight the role of the phonon density of states in the coherent pho-
non generation, extending concepts at the base of the Purcell effect to the field of phononics.

Changing the spontaneous light emission rate and spectra of atoms or excitons through the modifica-
tion of the photon density of states has been the subject of significant efforts following Purcell's pro-
posal and demonstration in the microwave domain.' This has been accomplished either by changing
the dielectric boundaries close to the emitting species, or more fundamentally by embedding the emit-
ter in an optical microcavity.” Depending on the tuning of the emitter spectra with maxima or minima
of the modified photonic density of states, the emission can be either enhanced or inhibited. Similar
ideas have been applied to modify other light-matter interactions processes. The search for large Pur-
cell effects is at the heart of the quest for thresholdless lasing. In the field of phononics, and specifi-
cally the search of phonon lasing for efficient monochromatic THz sources, and for the control of heat
at the nanoscale, these ideas have not been pursued to date. Here we demonstrate that the coherent
acoustic phonon emission spectra of an impulsively excited thin metallic film can be either inhibited
or enhanced by embedding the metal layer in an acoustic nanocavity.>® This has been accomplished
by using for the first time a hybrid metal cavity with BaTiO/SrTiO; epitaxial oxide phonon mirrors.

Acoustic nanocavities are the hypersound analog of the extensively studied optical microcavities.*®
We use a femtosecond laser light impulsion to generate a pulse of coherent sub-THz phonons in a me-
tallic layer, and then we study how the latter is modified by changing the structure around the metal
film. We compared two samples, in the first one we deposited the Ni film directly on a SrTiO; sub-
strate, while in the second one the film is embedded in an acoustic nanocavity. In the latter, we chose
as bottom broadband acoustic mirror BaTi0O3/SrTiO; superlattice (SL) grown by molecular beam epi-
taxy on a SrTiOj; substrate. BaTiO; and SrTiO; have optical energy gaps in the 350 nm range and are
consequently completely transparent at the laser energy of 750 nm. In this way, the acoustic mirrors
only affect the acoustic boundary conditions of the metallic film, and thus its local acoustic density of
states. The sample-air interface responds to a free surface boundary condition. This surface performs
as the top mirror to complete the phonon cavity. Both the coherent phonon generation and detection
are performed only at the metallic films. In the case of the acoustic nanocavity the measured spec-
trum presents an enhanced peak at the confined mode energy, while in the case of the naked Ni film
the spectrum is broad and featureless. Moreover, we observed the inhibition of the coherent phonon
emission in the region of the acoustic stop-band. In other words, within the phononic stop-band
modes are expelled and they concentrate at the cavity resonance and at the stop-band edges. It is this
modification of the mode density landscape that determines at which energies acoustic phonons can
be emitted by the metallic layer (enhancement at the cavity mode), and at which they cannot (inhibi-
tion within the phonon gap). In addition, outside the phononic stop-band oscillations develop in the
generated spectrum which, when compared with the bare Ni-film, also express weaker but clear inhi-
bition and enhancement regions. The experiments are compared with calculations of the impulsive
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generation and detection of coherent phonons that highlight the role of the phonon density of states on
the acoustic emission rate, extending the concept of the optical Purcell effect to the field of phononics.

In addition, we report experiments performed on structures based in semiconductor optical microcavi-
ties, where acoustic phonons and photons can be confined simultaneously. Thus, both the optical and
acoustic densities of states result modified.”® An optical microcavity confines the electromagnetic
field both spectrally and spatially, inducing strong changes in the light-matter interaction and giving
rise to novel physical phenomena and devices. In the case of planar semiconductor optical microcavi-
ties, two distributed Bragg reflectors (DBRs) enclose an optical spacer. The confinement characteris-
tics and the amplification of the electric field are determined by the selection of materials, thickness,
and number of periods that constitute each DBR and the optical spacer. Optical microcavities have
been the subject of very active research during the last 15 years, and have been used to study the mod-
ification of the photonic lifetimes, parametric oscillations, cavity polariton Bose-Einstein condensates,
the polariton laser, and amplification of Raman scattering signals, among others.” "'

Particularly, the photonic confinement and amplification have been used in these high-Q resonators to
amplify the optical generation of incoherent phonons through Raman processes and to evidence new
effects in the phonon physics and dynamics in semiconductor nanostructures. This scheme was used
to study confined phonons in acoustic nanocavities. The optical resonances can be complemented
with electronic resonances giving rise to amplified Raman cross-sections of up to 10’. On the con-
trary, the use of optical confinement for the enhanced coherent generation of acoustic phonons (in
contrast with incoherent generation by spontaneous Raman scattering) is a concept that has been little
treated up to now. The realization of a monochromatic, coherent, and intense source of ultrahigh fre-
quency acoustic phonons based on semiconductor optical microcavities and the obtained coherent
phonon enhancements will be also discussed.
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nanoFIBrication of Phononic Crystals in Freestanding Mem-
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Abstract: For this poster, we describe a novel method for the fabrication of phononic crystals
in freestanding membranes using a method dubbed ‘nanoFIBrication.” The method is demon-
strated by nanoFIBricating a 35 GHz phononic crystal. Post fabrication of phononic crystals
shows that the vias flare out at their exit, which we call the ‘trumpet effect.’

For this poster, we describe a novel method for the fabrication of phononic crystals in freestanding
membranes using a method dubbed ‘nanoFIBrication.” The method is demonstrated by nanoFIBricat-
ing a 35 GHz phononic crystal. Initially, a square array of vias with 150 nm spacing (center-to-
center) is generated over an area of 6.75 x 6.75 um. The vias are then backfilled with void-free
tungsten. Each tungsten plug has a diameter of 48 nm — these constitute the scatterers of the phononic
crystal. A protective layer of chromium is used to minimize the amount of contamination by Ga from
the focused ion beam. The chromium is removed at the end of the process. Post fabrication of pho-
nonic crystals shows that the vias flare out at their exit, which we call the ‘trumpet effect.” The trum-
pet effect is explained by modeling the lateral damage in the freestanding member via Monte Carlo
simulations.
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Abstract: The feasibility of contactless tunability of the band structure of two-dimensional pho-
nonic crystals is demonstrated by employing magnetostrictive materials and applying an external
magnetic field. The influence of the amplitude and of the orientation with respect to the inclusion
axis of the applied magnetic field are studied in details. Applications to tunable selective frequen-
cy filters are discussed.

Phononic crystals may have potential applications in numerous technological domains [1]. Neverthe-

less, one of the major stumbling block to the application of phononic crystals is the lack of practical fre-
quency tunability of their properties. Tunability could be achieved by changing the geometry of the inclu-
sions [2] or by varying the elastic characteristics of the constitutive materials through application of ex-
ternal stimuli [3]. For instance, some authors have proposed the use of electrorheological materials in
conjunction with application of external electric field [4]. Other authors have considered the effect of
temperature on the elastic moduli [5]. In all cases, significant effect on the band structure of the phononic
crystal can only be achieved by applying stimuli with very large magnitude. Recent work [6] exploits the
change of the structure of the phononic crystal due to an external stress to alter the band structure. How-
ever this approach requires physical contact with the phononic crystal. We propose a contactless way to
tune the properties of phononic crystals using magnetoelastic components. The elastic properties of a
magnetoelastic material are very sensitive to its magnetic state and on the applied external magnetic field.
For instance, in giant magnetostrictive material, such as Terfenol-D, this dependence can lead to more
than 50% variation of some of the elastic constants, even at ultrasonic frequencies [7]. Moreover, for
some directions of the applied external magnetic field, a spin reorientation transition (SRT) appears lead-
ing to even more variations of the elastic constants. So, if one of the components of a phononic crystal is a
magneto-elastic medium, then one can expect that the elastic contrast, and subsequently the phononic
crystal properties could be controlled without any contact by a magnetic field.
We studied in details the tuning of the properties of a bulk two-dimensional magnetoelastic phononic
crystal when an external magnetic field is applied. We developped first a theoretical model allowing to
derive for an arbitrary direction and amplitude of the applied magnetic field, an equivalent piezomagnetic
material of a polarized ferromagnet, with field dependent elastic Cjq, piezomagnetic q;; and magnetic
permeability p; constants. For example, Figure 1 presents the variations of these constants as functions of
the applied magnetic field in the case of an infinite Terfenol square rod and for a magnetic field parallel to
the direction of the rod. One observes that some of these constants strongly depend on the magnetic field
amplitude. Using the equivalent constants, we computed the band structures of two-dimensional arrays of
Terfenol-D square rods embedded in an epoxy matrix with the help of the well-known Plane Wave Ex-
pansion (PWE) method [8]. The band structures of Figs. 2(b) and 2(c) illustrate the effect of the external
magnetic field. In absence of an external stimulus, the phononic crystal possesses two absolute band gaps
ranging from approximately 0.5 to 0.8 MHz and from 0.89 to 1 MHz. Application of a magnetic field pa-
rallel to the Terfenol-D rods with a magnitude of 13 kOe enlarges the first band gap from 0.5 to 0.92 MHz
and closes the second band gap. This shows that this phononic crystal behaves like a tunable filter with
switching functionality for frequencies around 1 MHz.
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Figure 1: Evolution of the effective elastic
moduli, piezomagnetic constants, and magnetic
permeabilities of a Terfenol-D rod as a function
of the static external magnetic field applied
along the rod axis. The effective elastic and pie-

Figure 2: (a) The square-lattice 2D phononic crystal consisting of
magneto-elastic square rods of infinite length along the Z direction
made of Terfenol-D and embedded in an epoxy matrix. Band struc-
ture of a square lattice of Terfenol-D square rods with a filling fac-
. . . tor f=(d/a)’=0.55, embedded in an epoxy matrix for two applied
zomagnetic constants are expressed in Voigt static magnetic fields: (b) Hext =0 kOe and (c) Hext=13 kOe. The
notation. inset shows the irreducible Brillouin zone of the square array.

We will discuss the effect of the magnitude and of the orientation of the magnetic field on the band struc-
ture of the phononic crystal.

The introduction of a magnetoelastic constituent opens the possibility of easy controllability of the
properties of a phononic crystal without any contact. Using this controllability, one may imagine to de-
sign devices with tunable functionalities such as frequency filters, superlens for acoustic imaging, etc...
Some of these possible applications will be presented during this talk.
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Abstract: We study the elastic wave propagation in different geometries of strip waveguides
obtained by extracting a row out of a phononic crystal slab made up of a square array of air
holes in a silicon plate. We show that the existence of band gaps is strongly dependent on the
cutting direction. We also study the existence of localized modes in cavities inserted inside the
perfect strip waveguides.

We investigate the existence of band gaps in three kinds of phononic strip waveguides obtained by
extracting a row in a phononic crystal slab constituted by a periodic array of air holes in a silicon
plate. Figure 1 displays the three structures when the slab is cut along [1,0] and [1,1] directions. The
band structures are calculated mostly by the finite element method using COMSOL Multiphysics. For
each cutting direction, we discuss the existence and the behavior of band gaps as a function of the re-
duced geometrical parameters r/a and h/a where ‘r’ represents the radius of the holes, ‘h’ the thickness
of the plate and ‘a’ the lattice parameter. Then, we have investigated the possibility of confined modes
inside cavities inserted in the phononic strip waveguide. Figure 2 illustrates the example of a defect
cavity obtained by reducing the radius of one hole from r/a=0.3 in the perfect structure to r/a=0.2. Us-
ing a super-cell to calculate the band structure of the waveguide with the defect, one can observe the
existence of a flat branch in the band gap. The map of the displacement field at the frequency of the
flat band shows a localization of the mode in the cavity around the defect hole.

Currently, we are investigating the design of strip waveguides that allow dual phononic and photonic
band gap, simultaneous confinement of both elastic and electromagnetic waves in cavities, and the
possibility of single guided mode which presents a slow light and/or sound velocity.

Acknowledgments: This work was supported in part by the European Commission Seventh Frame-
work Programs (FP7) under the FET-Open project TAILPHOX N°© 233883 and IP project NANO-

PACK N° 216716.
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Multi-phonon Processes in PhoXonic Cavities
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Abstract: Long lifetime photons and phonons, confined in the same region of space, inside a
phoXonic cavity, can interface with each other via strong nonlinear acousto-optic interactions. We
unveil physics of distinct importance as the hypersonic modulation of light is substantially en-
hanced through multi-phonon exchange mechanisms.

Classical wave transport in periodic media can provide the means to control light, sound or both with the
development of phoXonic crystals', a special class of dual spectral-gap materials which can integrate the
management of sound, heat and light in a versatile manner, although the manipulation of phonon states to
achieve heat management is somewhat a more complicated issue. An example of a 3D phoXonic crystal
with predicted dual functionality is given in Fig.1 after Ref. 1. Such structures are an essential step to-
wards the hypersonic modulation of light and could lead to the development of efficient acousto-optical
devices.
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experimental optical data found in Ref. 2.
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Nevertheless, the physics of photon-phonon interaction inside a phoXonic structure, is still under serious
investigation and can be summarized in two major categories, the optomechanics® and the acousto-optics®.
The acousto-optic (AO) interaction realized in the merging fields of nanophoTonics and nanophoNonics
could lead to novel unprecedented control of light and sound in very small regions of space. In the regime
of inelastic light scattering by sound, one can have phonon-assisted light emission, control of light speed
(delay-storage) by stimulated Brillouin scattering and the realization of highly sensitive dual phoXonic
sencors. In particular, phoXonic resonant cavities have the ability to enhance the acousto-optic interaction
between localized photonic and phononic states in a Raman-Nath-like scattering pattern through multi-
phonon exchange mechanisms. As an example, in Fig. 2 we present a model 1D resonant phoXonic cavity
realized by Bragg mirrors consisting of homogeneous SiO; and Si multilayers. The time evolution of the
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mogeneous SiO, and Si layers with a SiO, layer in
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Figure 3 Optical reflection-transmission through
the phoXonic structure of Fig. 2 under a continu-
ous acoustic excitation of input level u, = 0.1 nm
(at 10.9 GHz), for normally incident light at the
resonance wavelength. The Fourier components of
the AO interaction are normalized with respect to
the first order component with a resonant acoustic
excitation without losses.

scattered optical field of the structure, excited by an acoustic
wave (injected by picosecond-ultrasonics techniques),
changes dramatically when the AO interaction is considered
in the case of resonant against nonresonant phoXonic modes.
At acoustic resonance, we provide evidence for strong nonli-
near AO effects in the phoXonic cavity which lead to effi-
cient enhanced modulation of the optical resonant mode with
sound through multi-phonon exchange mechanisms. When
the structure is continuously excited by a resonant compres-
sional acoustic wave of frequency Q, the optical response is
accordingly modulated. Off the optical resonance at a fre-
quency @, the AO interaction manifests itself in the temporal
variation of the EM field as a frequency modulation consist-
ing only by the contribution of the first order components of
the Fourier spectrum, which is of the form w; = Q (Stokes -
anti-Stokes). At the optical resonance the temporal variation
of the scattered EM field at @, in addition to the strong first
harmonics, has a significant contribution of higher-order
terms so that the modulation is of the form w; = nQ (where
n=0,£1,£2,£3...). The scattering process is nonlinear, and in
the particle picture, implies strong probability amplitudes for
multi-phonon absorption and emission processes. Obviously
the effect is somewhat diminished, as compared to the loss-
less acoustic case, when hypersonic attenuation is considered.
Nevertheless, the assumption of a strong inelastic light scat-
tering process is still valid®. Starting from the above Raman-
Nath-like effect, we are going to present potential polymer
phoXonic structures, as well as cases of phoXonic resonant

cavities accommodating localized modes or zones of slow light and sound, in order to unveil interesting
physics of distinct importance.

Finally, we note that all calculations were carried out by the layer-multiple-scattering (LMS) method”,
which is well documented for both elastodynamics® and electrodynamics’. The theory provides a frame-
work® for a unified description of wave propagation in 1-3D periodic structures, finite slabs of layered
structures, and systems with impurities: isolated impurities, impurity aggregates, or randomly distributed
impurities. Recently, we have extended its capability to cases of any axisymmetric scatterer, besides
spheres. This powerful tool describes accurately the acoustic and the optical response of composite struc-
tures made of a number of different layers having the same 2D periodicity and computes a full complex
band structure and the response (transmission, reflection, absorption) of finite and semi-infinite systems.

This work was financially supported by the EU FET- Open project TAILPHOX Grant No. 233883
(http://www.tailphox.org).
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Abstract: We investigate a phononic slab composed by two different layers. The phononic crystal is
obtained drilling the bi-layer phononic slab by air holes. We study the existence and the beha-
vior of absolute band gaps in such membrane both in theory and experiment.

We investigate the possibility of designing phononic crystal-based devices for telecommunication
applications using materials commonly employed in microfabrication. The phononic crystal is com-
posed by an aluminum nitride (AIN) slab of thickness 2800nm deposited on a thin metallic membrane
of titanium Nitride (TiN) of thickness 250nm. This original native bi-layer membrane has been chosen
to avoid the fragility of the whole structure. The purpose of this presentation is to show that such a
structure presents absolute band gaps and to study its behavior as a function of the geometrical para-
meters. This theoretical study is completed by an experimental evidence of the band gap.

As an example of the experimental work, the figure (a) shows a SEM micrograph of the manufactured
square array phononic crystal structure. The lattice parameter is a=1pum and the radius of the holes is
r=450nm, corresponding to the high filling factor p=64%. The figure (b) corresponds to a measure-
ment of the transmission spectrum through the bi-layer phononic slab which contained ten periods of
the square lattice. The propagation corresponds to the principal direction I'X of the Brillouin zone. As
seen in the normalized transmission spectrum, we have obtained a band gap closed to 1 GHz. The
measured results are in good agreement with the theoretical predictions (not shown here) which lead
to an absolute band gap in the same frequency range.
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Figure: (a) Top view of one of the fabricated devices with the square lattice phononic structure. (b) Normalized average
transmission measured through the phononic slab structure shown in Fig. (a) as a function of frequency. The figure presents
one absolute band gaps in the GHz frequency range.
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Abstract: We demonstrate design, fabrication, and characterization of silicon carbide phononic crys-
tals used to confine energy in lateral overtone cavities in 2-3GHz range with high f.Q products in air.
The SiC cavities are fabricated in a CMOS-compatible process with applications in communication
systems, sensing, and thermal energy management.

Phononic crystals (PnC) have recently gained much attention due to their ability to precisely control and
manipulate propagation of acoustic waves for applications in wireless communication, sensing, acoustic iso-
lation, imaging, and thermal energy management. By strategically placing defects in the phononic crystal
through removal or distortion of inclusions, cavities and waveguides have been demonstrated at RF frequen-
cies [1-3]. Microfabricated phononic crystal cavity resonators provide a lower power small-footprint,
CMOS-compatible alternative to discrete components in communication systems. Silicon carbide (SiC) due
to its mechanical strength, high acoustic velocity, and low intrinsic material damping is a desirable structural
material with applications from high temperature microelectronics to micromechanical oscillators and harsh
environment sensors [4]. This paper describes the design, optimization, fabrication, and characterization of
SiC PnC-based devices. Figure 1 shows a schematic of a SiC Fabry-Perot cavity suspended above the sub-
strate with SiC/air PnCs as high reflectivity acoustic mirrors on each side of the cavity. Aluminum Nitride
(AIN) transducers with interdigitated Al top electrodes are designed to excite and sense the acoustic reson-
ances in the cavity. This device combines the benefit of piezoelectric transduction, while storing the acoustic
energy in a low loss material resulting in high £.Q and k;”.Q products for oscillator and filter applications.

Opening a phononic bandgap requires proper selection of inclusion and matrix materials that yield the de-
sired mismatch between the acoustic impedance and velocity. We will compare solid-air and solid-solid SiC
phononic crystals using plane approximation method to understand the behaviour of the PnC bandgap. A
typical dispersion diagram of elastic waves in a SiC/air phononic crystal with normalized inclusion radii r/a
ranging from 0.35 to 0.5 and normalized slab thicknesses #/a from 0.25 to 5 is shown in Fig.2 (a), exhibiting
a complete bandgap about 2.7GHz. Figure 2(b) shows simulated normalized transmission versus frequency
and volume filling fraction, r/a, for a 7 period, cubic lattice of vacuum inclusions in SiC plate. As the filling
fraction is increased, the bandgap width and depth increases while moving to lower frequencies.

The SiC cavities were fabricated in a six mask CMOS-compatible surface micromachining process [3]. The
highly-textured cubic SiC film is deposited in a low pressure chemical vapor deposition system and opti-
mized to have low stress and low surface roughness for high quality factor. Figure 3(a) shows a SEM of a
10" overtone SiC cavity separated from the AIN transducers by 5 layers of cubic SiC/Air PnC acoustic mir-
rors. Figure 3(b) shows a close-up SEM of the PnC with a lattice constant of 1.8um and a filling fraction of
0.44. Figure 3(c) shows a close up view of one of the air holes etched in SiC with a nearly vertical sidewall
(sidewall angle <5°). The SiC cavity resonators with frequencies ranging from 2 to 3GHz were tested in air
using direct two-port transmission measurements. Aluminum nitride piezoelectric transducers were used to
excite and detect the overtone acoustic cavities with frequencies ranging from 2 to 3GHz. Figure 4(a) shows
the normalized transmission response of a 10™ overtone cavity (cavity length=19.8um) with 5 PnC layers at
2.24GHz with a quality factor of 2000. Figures 4(b) shows the normalized transmission response for a 50™
overtone cavity (cavity length=99um) with 3 PnC layers resulting in two resonant peaks with quality factors
of 500 and 1000. The quality factors are improved to ~2200 and 3500 respectively by using 5 PnC layers
(Fig.5(c)). These PnC—based cavities can be used to construct highly efficient acoustic signal processing
elements such as filters and waveguides. These resonators are ideal for on-chip multi-frequency multi-
bandwidth filter banks, on-chip spectrum analyzers, low phase noise oscillators, and ultra sensitive chemical
and biological sensors. Furthermore, phononic crystals can be used in thermal energy management by shap-
ing thermal phonon distribution resulting in reduced thermal conductivities [5]. Silicon carbide phononic
crystal thermoelectric devices have a wide range of applications such as harsh environment microelectronics,
thermoelectric energy generation, and satellite communication systems.
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Figure 1 Schematic of a SiC overtone phononic crystal Figure 3 (a) SEM
cavity with 5 layer phononic crystals on each side of the
cavity. The acoustic mirrors separate the cavity from the
AIN piezoelectric transducers.
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of a fabricated silicon carbide 10™ overtone cavity
with drive/sense AIN transducers and 5 layers of PnC (b) close-up
SEM of the SiC/air PnC with a 1.83um pitch and filling fraction of
0.44 (c) SEM of one of the holes with vertical sides walls.
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Figure 2 (a) Acoustic band diagram of a 2D simple cubic SiC/air phononic crystal obtained from PWE simulations with
r/a=0.45 and t/a=0.5. (b) Simulated FDTD normalized transmission vs. frequency for a 7 layer cubic lattice of vacuum inclusions
embedded in an infinitely thick SiC plate vs. inclusion filling fraction, r/a. The lattice constant, a, is 1.8um.
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Figure 4 Normalized transmission response of (a) 10" overtone cavity with 5 PnC layers and Q of ~2000 at 2.24GHz (b) 50™
overtone cavity with 3 PnC layers and Q’s of 500 and 1000 at 2.53 and 2.55GHz respectively (c) 50" overtone cavity with 5 PnC
layers and Q’s of 2200 and 3500 at 2.295 and 2.305GHz respectively.
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Designing High-Q Compact Phononic Crystal Resonators
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Abstract: Phononic crystals provide a promising method of producing resonators with very
high quality factors up to the theoretical limit possible in the host material. In this study we
consider Silicon based solid-solid phononic crystal resonator designs with different lattices
(simple cubic, hexagonal/triangular and honeycomb), number of inclusions and cavity shapes.

Compact microresonators are a versatile class of components used in both active such as oscillators
and passive devices such as filters. One crucial requirement of any resonator device is a high quality
factor, resulting in highly selective and tunable devices. Phononic crystals with cavity defects provide
a method of producing compact resonators with quality factors reaching the maximum achievable fig-
ure for the constituent materials'. This talk will discuss our experiences in designing such resonators
and optimizing the quality factor.

Phononic crystals consist of commonly cylinder shaped inclusions periodically placed in a host ma-
terial (matrix). This study considered 2-D phononic crystals made of Tungsten inclusions in a Silicon
matrix, placed in a number of lattice formations (simple cubic, hexagonal/triangular and honeycomb).
The material pair was selected due to the large gap widths realizable using modest rod radius-to lattice
periodicity ratios around 0.3. Low rod radius-to lattice periodicity ratios are more amenable to minia-
turization, thus allowing smaller periodicities and higher operating frequencies® for phononic crystal
resonators.

Numerical simulations were performed using the Finite Difference Time Domain (FDTD) method’.
The FDTD numerical grid was terminated by Mur absorbing boundary conditions® in the designated
primary propagation direction and periodic boundary conditions in the two transverse directions. This
arrangement creates structures in infinite extent in the transverse while suppressing spurious reflec-
tions from the edges of the numerical grid. A wideband longitudinal displacement pulse was used to
bootstrap all simulations. Postprocessing of the FDTD results for the frequency domain response was
performed with Fourier Transform and Filter Diagonalization Method’. Resonator quality factors were
calculated after obtaining the frequency domain response in each study case.

The resonator cavity was created by displacing half of the inclusions in the propagation direction, ef-
fectively forming a cavity extending infinitely along the transverse direction. This arrangement allows
one to study wave penetration into the phononic crystal to develop an approximation in the form of a
solid block, thus simplifying calculations for resonators and comparison to other types of reflectors.
Isolated, periodically repeating cavities were also considered. Cavity frequencies and phononic crystal
gaps in this study were optimized for an operating frequency of 1.315 GHz. Cavities supporting from
the first up to the seventh harmonic were studied, all operating at the aforementioned frequency, to
understand how the Q factor changes for various harmonic overtones and to determine the wave pene-
tration into the phononic crystal. In this scheme, the fundamental frequency of the nth harmonic cavi-
ty is (/.315/n) GHz. If there was no wave penetration, the displacement for the nth harmonic cavity
would be exactly n times the displacement needed for the first harmonic cavity. The presence of a
constant wave penetration (4) into the tungsten inclusions requires accounting for both the wave pene-
tration itself and another correction to the effective cavity length (L. due to the wave velocity differ-
ence between silicon and tungsten materials. This second correction factor is directly proportional to
the wave velocity ratio between silicon and tungsten (cs/cw) and the wave penetration (4). Thus the
effective cavity length for the nth harmonic cavity can be approximated as

Loy=nL;+2A4+(2n-2)(cs/cw)A (D)
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where L, is the length for the first harmonic cavity, cg; is the longitudinal wave velocity in silicon and
cw 1s the longitudinal wave velocity in tungsten. It is possible to solve for 4 by determining L; and the
cavity length for any other harmonic for a predetermined operating frequency. Once 4 is known, it
becomes trivial to estimate the lengths of cavities supporting other harmonics.

The results indicate that the quality factors increase linearly with the cavity harmonic number and ex-
ponentially with the number of inclusions forming the phononic crystal reflectors. Clearly, the quality
factor for a real resonator is limited by the fundamental material limit. For the studied cases, the limit-
ing factor is the Akhieser effect® (phonon-phonon damping) loss. Incorporating the Akhieser effect
into the quality factor calculation indicates phononic crystal resonators with as few as five layers of
inclusions should attain the maximum quality factor possible in silicon material.
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Abstract: In this paper, we report the design, analysis, fabrication, and characterization of a
very high frequency (VHF) phononic crystal (PnC) micro/nano-mechanical resonator architec-
ture based on silicon (Si) PnC slab waveguides. Qs as high as 13,500 in air at a frequency of
~134 MHz with a motional resistance of ~600 Q, and 35 dB spurious-free range of ~20 MHz
are obtained.

Recently, PnC slab (plate) structures', with large CPnBGs have been designed and implemented in
platforms compatible with micro/nano-mechanical (MM) systems CMOS technologies™. The air (or
vacuum) on top and bottom of a PnC slab (or membrane) decouples the vibrations in the PnC slab
from leaking into the substrate. The possibility of realizing fundamental micro-mechanical (MM) de-
vices, i.e., waveguides™’ and high quality factor (or high-Q) resonators®, which are the bases of inte-
grated mechanical signal processing systems, have recently been demonstrated. Because of their
unique properties, such PnC-based devices and systems may surpass their conventional silicon (Si)
MM counterparts for a variety of applications including wireless communications and sensing.

In this paper, we introduce a new type of suspended MM resonators based on PnC slab waveguides
that can effectively suppress the support loss using the CPnBG of the PnC, while providing mechani-
cal support and a path to deliver electrical signal to interrogate the resonator. To eliminate the prob-
lem of spurious modes in the PnC slab resonators’ and to prevent spurious interferences from other
modes in the PnC structures, we start with the design of a PnC waveguide with a small number of
modes. The PnC waveguide is then terminated by the PnC structure on its input and output to confine
forward and backward (and hence standing) waves within the waveguide region to form a resonator.

The PnC structure studied in this paper is composed of a hexagonal (honeycomb) lattice of void cy-
lindrical holes in a free-standing Si slab”. To form a PnC waveguide with small number of modes, we
reduce the radius of two lines of air holes in the PnC

structure. A top-view schematic of such a PnC
waveguide is shown in Fig. 1. The Extensional mode

of the waveguide is utilized to allow for a more effi-

L=10-3z cjent excitation using the transducers and to obtain a
_________ high quality confinement. The radius of the immediate
holes surrounding the waveguide are carefully chosen
to be ’= 0.2a. In order to form the waveguide-based
PnC resonator, the input and output ports of a
waveguide are blocked by the PnC structure as shown
L in Fig. 1. The length of the confined waveguide is ten
r, periods in the x direction (L = 10 a /3 ).
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Figure 1 Schematic of the layout of a waveguide- . .
based PnC slab resonator structure with interdigi- 1 he coupling of the resonator to/from the outside world

tal transducers placed on top of the cavity to excite  is achieved by using piezoelectric transducers fabri-

and detect the modes of the resonator. The length  cated right on the PnC resonator. The number of PnC

Z)f the cavity is approximately 10 periods (L =10 1,¢0rq around the resonator in our design is 4 and 6

’ periods on each side of the cavity in the y and x direc-

tions, respectively, which are enough to almost completely eliminate leakage of acoustic energy from
the sides of the resonator based on our previous observations®.

The waveguide-based resonator structure is fabricated with the scaling choice of ¢ = d = 15 pm for
the PnC structure. The fabrication process starts with a high-resistivity (to reduce electromagnetic
coupling) silicon on insulator (SOI) wafer with a 15um device layer, a 2um buried oxide (BOX) layer
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and a 400pm handle layer. A 100nm/1pum/100nm stack of Mo/AIN/Mo is sputtered on top of the de-
vice layer. The top Mo layer is patterned first using optical lithography and plasma etching to form
the top electrode and contact pads. PnC holes are etched using a two-step plasma etching recipe to
etch the transducer stack and the Si device layer. The access to the
lower Mo electrode is obtained by selective wet etching of the AIN
layer to the Mo layer. Finally, the structure is etched from the back us-
ing backside-alignment lithography and deep plasma etching of the
handle and the BOX layers to release the structure and form the PnC
slab resonator. A top view scanning electron microscope (SEM) image
of the fabricated structure is shown in Fig. 2. The approximate geomet-
rical parameters of the fabricated PnC resonator are measured to be a =
15 um, 2r =12.5 um (r ~ 0.42a), and 2r’=4.9 pm (» '~ 0.16a) using the
SEM data. The structure is characterized by using a two-port vector
network analyzer with 50Q2 reference impedance to obtain the scatter-
ing parameters of the device in the PnBG frequency range.

Figure 2 An SEM image of the
fabricated PnC resonator and a
magnified version of a subset of

this i (inset). . .
15 tmage tnse In order to accurately evaluate the resonance properties of the main

excited mode, we fitted a modified Butterworth Van Dyke (BVD) model® to the admittance profile of
the desired mode. The fitted BVD model as well as the measured and fitted admittance and suscep-
tance curves are shown in Figure 1, where C, and R, are the parallel capacitance and resistance be-
tween the upper and lower electrodes of the port,

s_ " (b) and R,, L,, and R,, are associated with the electric-
C.+R gg - al equivalent of the resonator at its resonance fre-
(@) E quency, where the Q can be extracted from. As
“oara s "o can be seen in this figure, the Q of the resonance
E‘;= 43 pF g2 is 13,500, which is by far the highest Q reported
2,1;113;";339 Mz gEes Moot —— for PnC resonators®® and significantly higher (>30
gr:: S100 e e 0f) th:em the results reported using th most recent
Li=9.4 mH Frequency (MHz) techniques for resonators with a similar structure

Figure 1 (Color online) (a) The modified BVD model, (b)
admittance, and (c) susceptance profile of the waveguide-
based PnC resonator excluding the parasitic resistor and
capacitor of the device. The frequency of resonance (f;,),
the quality factor (Q,;), the motional resistance (R,), the
resonance capacitance (C,;) and inductance (L,;) for the
selected mode, and the values for the excluded parasitic
capacitance and resistance (Cp , Rp) are given in this fig-
ure.

(AIN stack on 15 um Si) measured in air'’, con-
firming the suppression of the support loss. The
frequency of resonance of the MM resonator is
134.1418 MHz, which translates to the norma-
lized frequency of f x a = 2012 showing a good
match with the theory. The resonance is more
than 10 MHz apart from any resonance within 35
dB of its power, which gives a large frequency

range of operation. This result confirms that obtaining high quality support-loss free MM resonators
is possible through the use of the PnC structures.

This work was supported by the National Science Foundation (Contract No. 2106AXJ ARRA). The
authors wish to thank the staff at Georgia Tech Nanotechnology Research Center for their support in
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