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!BSTRACT
4WISTED VAN DER 7AALS HETEROSTRUCTURES HAVE RECENTLY EMERGED AS A TUNABLE PLATFORM FOR STUDYING
CORRELATED ELECTRONS� (OWEVER� THESE MATERIALS REQUIRE LABORIOUS AND EXPENSIVE EFFORT FOR BOTH
THEORETICAL AND EXPERIMENTAL EXPLORATION� (ERE WE NUMERICALLY SIMULATE TWISTRONIC BEHAVIOR IN
ACOUSTIC METAMATERIALS COMPOSED OF INTERCONNECTED AIR CAVITIES IN TWO STACKED STEEL PLATES� /UR
CLASSICAL ANALOG OF TWISTED BILAYER GRAPHENE PERFECTLY REPLICATES THE BAND STRUCTURES OF ITS QUANTUM
COUNTERPART� INCLUDING MODE LOCALIZATION AT A MAGIC ANGLE OF ����◦� "Y TUNING THE THICKNESS OF THE
INTERLAYER MEMBRANE� WE REACH A REGIME OF STRONG INTERLAYER TUNNELING WHERE THE ACOUSTIC MAGIC
ANGLE APPEARS AS HIGH AS ����◦� EQUIVALENT TO APPLYING ���'0A TO TWISTED BILAYER GRAPHENE� )N THIS
REGIME� THE LOCALIZED MODES ARE OVER FIVE TIMES CLOSER TOGETHER THAN AT ����◦� INCREASING THE STRENGTH
OF ANY EMERGENT NONLINEAR ACOUSTIC COUPLINGS�

�� )NTRODUCTION

6AN DER 7AALS �VD7	 HETEROSTRUCTURES HOST A DIVERSE
SET OF USEFUL EMERGENT PROPERTIES THAT CAN BE CUS
TOMIZED BY VARYING THE STACKING CONFIGURATION OF
SHEETS OF TWODIMENSIONAL ��$	 MATERIALS� SUCH AS
GRAPHENE� OTHER XENES� OR TRANSITIONMETAL DICHALCO
GENIDES ;�n�=� 2ECENTLY� THE POSSIBILITY OF INCLUDING
A SMALL TWIST ANGLE BETWEEN ADJACENT LAYERS IN A VD7
HETEROSTRUCTURE HAS LED TO THE GROWING FIELD OF TWIS
TRONICS ;�=� 4HE TWIST ANGLE INDUCES A MOIR� PATTERN
THAT ACTS AS A TUNABLE POTENTIAL FOR ELECTRONS MOVING
WITHIN THE LAYERS� PROMOTING ENHANCED ELECTRON COR
RELATIONS WHEN THEIR KINETIC ENERGY IS REDUCED BELOW
THEIR #OULOMB INTERACTION� %VEN TRADITIONAL NON
INTERACTING MATERIALS CAN REACH THIS REGIME� AS EXEM
PLIFIED BY THE CORRELATED INSULATING STATE IN TWISTED
BILAYER GRAPHENE ;�=� !LREADY� VD7 HETEROSTRUCTURES
WITHMOIR� SUPERLATTICES HAVE LED TO NEW PLATFORMS FOR
7IGNER CRYSTALS ;�=� INTERLAYER EXCITONS ;�n��=� AND
UNCONVENTIONAL SUPERCONDUCTIVITY ;��n��=� "UT THE
SEARCH FOR NOVEL TWISTRONIC PHASES IS STILL IN ITS INFANCY
AND THERE ARE COUNTLESS VD7 STACKING AND TWISTING
ARRANGEMENTS THAT REMAIN UNEXPLORED� 4HEORETICAL
INVESTIGATIONS OF THESE NEW ARRANGEMENTS ARE LIMITED

BY THE LARGE AND COMPLEX MOIR� PATTERNS CREATED BY
MULTIPLE SMALL TWIST ANGLES� -EANWHILE� FABRICATION OF
VD7 HETEROSTRUCTURES IS RESTRICTED TO THE SYMMETRIES
AND PROPERTIES OF THE FEW FREESTANDING MONOLAYERS
AVAILABLE TODAY� )T REMAINS PRESSING TO DEVELOP A MORE
ACCESSIBLE PLATFORM TO RAPIDLY PROTOTYPE AND EXPLORE
NEW TWISTRONIC MATERIALS TO ACCELERATE THEIR TECHNOLO
GICAL ADVANCEMENT�

4HE DEVELOPMENT OF ACOUSTIC METAMATERIALS OVER
THE LAST FEW YEARS HAS UNLOCKED A COMPELLING PLATFORM
TO GUIDE THE DESIGN OF NEW QUANTUM MATERIALS ;��=�
7HEREAS QUANTUMMATERIALS CAN BE DIFFICULT TO PREDICT
AND FABRICATE� ACOUSTIC METAMATERIALS HAVE STRAIGHT
FORWARD GOVERNING EQUATIONS� CONTINUOUSLY TUNABLE
PROPERTIES� FAST BUILD TIMES� AND INEXPENSIVE CHARAC
TERIZATION TOOLS� MAKING THEM ATTRACTIVE TESTBEDS TO
RAPIDLY EXPLORE THEIR QUANTUM COUNTERPARTS� 3OUND
WAVES IN AN ACOUSTIC METAMATERIAL CAN BE RESHAPED TO
MIMIC THE COLLECTIVE MOTION OF ELECTRONS IN A CRYSTAL
LINE SOLID� 4HESE ACOUSTIC DEVICES CAN RECREATE MANY
PHENOMENA SEEN IN QUANTUMMATERIALS� SUCH AS CHIRAL
,ANDAU LEVELS ;��=� HIGHERORDER TOPOLOGY ;��� ��=�
AND FRAGILE TOPOLOGY ;��=� )N VD7 SYSTEMS� THE $IRAC
LIKE ELECTRONIC BANDS IN GRAPHENE HAVE BEENMIMICKED
USING LONGITUDINAL ACOUSTICS ;��n��=� SURFACE ACOUSTIC

Ç ���� )/0 0UBLISHING ,TD
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&IGURE �� !COUSTIC VD7METAMATERIALS� �A	 )N THIS ACOUSTIC METAMATERIAL� SOUND WAVES PROPAGATE THROUGH CONNECTED AIR CAVITIES IN
SOLID STEEL TO MIMIC THE WAY THAT ELECTRONS HOP BETWEEN CARBON ATOMS IN BILAYER GRAPHENE� /UR METAMATERIAL DESIGN HAS CAVITY
SPACING A= �� MM� CAVITY RADIUS 2= ��� MM� CHANNEL WIDTH W= ����� MM� AND STEEL THICKNESS $= � MM� 4HE SMALLER�
UNCONNECTED CAVITIES IN THE CENTER OF EACH UNIT CELL IMPROVE THE INTERLAYER COUPLING OF OUR BILAYER METAMATERIAL� BUT THEY DO NOT
ACT AS ADDITIONAL LATTICE SITES� �B	 4HE #� SYMMETRY OF THE LATTICE PROTECTS A $IRACLIKE CROSSING AT THE + POINT OF THE CALCULATED
MONOLAYER ACOUSTIC BAND STRUCTURE� �C	� �D	 4WO SHEETS OF ACOUSTIC GRAPHENE COUPLED BY AN INTERLAYER POLYETHYLENE MEMBRANE OF
THICKNESS 4= ���� MM ACCURATELY RECREATE THE !" AND !! CONFIGURATIONS OF BILAYER GRAPHENE� AS SHOWN IN THESE CALCULATIONS�
�E	 !S THE TWO SHEETS ARE TWISTED RELATIVE TO ONE ANOTHER� THE TWO $IRAC CONES CONTRIBUTED BY EACH LAYER HYBRIDIZE� ULTIMATELY
PRODUCING A FLAT BAND AT SMALL TWIST ANGLES� �F	 4HE TWISTED BILAYER HETEROSTRUCTURE HAS ITS OWN MACROSCOPIC PERIODICITY WITH
DISTINCT !" AND !! STACKING REGIONS�

WAVES ;��=� AND MECHANICS ;��� ��=� &URTHER� IT WAS
RECENTLY DISCOVERED THAT PLACING A THIN MEMBRANE
BETWEENMETAMATERIAL LAYERS CAN REPRODUCE THE COUP
LING EFFECTS OF VD7 FORCES� YIELDING ACOUSTIC ANALOGS OF
BILAYER AND TRILAYER GRAPHENE ;��� ��=� 4HE INCLUSION
OF A TWIST ANGLE BETWEEN METAMATERIAL LAYERS HAS THE
POTENTIAL TO FURTHER EXPAND THEIR UTILITY� )N ADDITION
TO ELECTRONIC SYSTEMS� MOIR� ENGINEERING HAS RECENTLY
BEEN DEMONSTRATED IN SYSTEMS CONTAINING VIBRATING
PLATES ;��=� SPOOF SURFACEACOUSTIC WAVES ;��=� AND
OPTICAL LATTICES ;��=� (OWEVER� WITHOUT SIMULTANEOUS
CONTROL OF INPLANE HOPPING� INTERLAYER COUPLING� AND
TWIST ANGLE� RAPIDLY PROTOTYPING NEXTGENERATION TWIS
TRONIC DEVICES USING ACOUSTIC METAMATERIALS REMAINS
AN ELUSIVE GOAL�

(ERE WE PROPOSE A SIMPLE ACOUSTIC METAMATER
IAL THAT PRECISELY RECREATES THE BAND STRUCTURE OF
TWISTED BILAYER GRAPHENE� INCLUDING MODE LOCALIZA
TION AT A MAGIC ANGLE OF ����◦� 7E START WITH A
MONOLAYER ACOUSTIC METAMATERIAL THAT IMPLEMENTS A
TIGHTBINDING MODEL DESCRIBING THE LOWENERGY BAND
STRUCTURE OF GRAPHENE� "Y COMBINING TWO OF THESE
MONOLAYERS WITH AN INTERMEDIATE POLYETHYLENE MEM
BRANE� WE NUMERICALLY SIMULATE BOTH STACKING CONFIG
URATIONS OF UNTWISTED BILAYER GRAPHENE USING FINITE
ELEMENT MODELING SOFTWARE� #/-3/, -ULTIPHYSICS�
/UR SIMULATED ACOUSTIC ANALOG OF TWISTED BILAYER
GRAPHENE HOSTS FLAT BANDS AT THE SAME MAGIC ANGLE
OF ∼���◦ AS ITS QUANTUM COUNTERPART ;�� ��=� ! KEY
ADVANTAGE OF OUR METAMATERIAL IS THE EASE WITH WHICH
IT REACHES COUPLING CONDITIONS BEYOND THOSE FEASIBLE

IN ATOMIC BILAYER GRAPHENE� "Y TUNING THE THICKNESS
OF THE INTERLAYER MEMBRANE� WE DESIGN NEW METAMA
TERIALS THAT HOST FLAT BANDS AT SEVERAL MAGIC ANGLES
BETWEEN ����◦ AND ����◦� /UR RESULTS DEMONSTRATE
THE POTENTIAL FOR ACOUSTIC VD7 METAMATERIALS TO PRE
CISELY SIMULATE AND EXPLORE THE EVERGROWING NUMBER
OF QUANTUM TWISTRONIC MATERIALS�

�� 2ESULTS AND DISCUSSION

7E BEGIN BY INTRODUCING A GENERAL FRAMEWORK FOR
DESIGNING ACOUSTIC METAMATERIALS TO PROTOTYPE NON
INTERACTING ELECTRONICMATERIALS THAT AREWELL DESCRIBED
BY A TIGHTBINDING MODEL� )N OUR METAMATERIAL� EACH
ATOMIC SITE IS REPRESENTED BY A CYLINDRICAL AIR CAVITY
IN A STEEL PLATE �SEE FIGURE ��A		� 4HE RADIUS OF THE
AIR CAVITY DETERMINES THE EIGENFREQUENCIES OF ITS LAD
DER OF ACOUSTIC STANDING MODES� )N A LATTICE OF THESE
CAVITIES� THE DEGENERATE STANDING MODES FORM NAR
ROW BANDS� SEPARATED FROM EACH OTHER BY A LARGE FRE
QUENCY GAP� 7E FOCUS PRIMARILY ON THE LOWEST� SINGLY
DEGENERATE S BAND� *UST AS ELECTRONS HOP FROM ATOM
TO ATOM IN AN ELECTRONIC TIGHTBINDING MODEL� SOUND
WAVES PROPAGATE FROM CAVITY TO CAVITY IN OUR ACOUSTIC
METAMATERIAL THROUGH A NETWORK OF TUNABLE THIN AIR
CHANNELS� 4HIS COUPLING IS ALWAYS POSITIVE FOR S CAV
ITY MODES� BUT EITHER SIGN CAN BE REALIZED BY START
ING WITH HIGHERORDER CAVITY MODES ;��=� "ECAUSE
SOUND TRAVELS MUCH MORE EASILY THROUGH AIR THAN
THROUGH STEEL� THESE CHANNELS ARE THE DOMINANTMEANS
OF ACOUSTIC TRANSMISSION THROUGH OUR METAMATERIAL�

�
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&IGURE �� 4RAPPING SOUND BY TWISTING� �A	 !S THE TWIST ANGLE BETWEEN TWO LAYERS OF GRAPHENE DECREASES� THE $IRAC BANDS ARE
COMPRESSED AROUND THE &ERMI LEVEL� EVENTUALLY BECOMING COMPLETELY FLAT AT A MAGIC ANGLE OF ����◦� AS SHOWN IN THESE ELECTRONIC
TIGHTBINDING CALCULATIONS OF UNRELAXED TWISTED BILAYER GRAPHENE� �B	 4HE SAME TREND OCCURS IN OUR NUMERICAL SIMULATIONS OF A
BILAYER ACOUSTIC METAMATERIAL� SPAWNING ACOUSTIC FLAT BANDS AT ����◦� �C	 &OR LARGE ANGLES� THE CALCULATED ACOUSTIC $IRACLIKE MODES
AT THE +S POINT ARE ITINERANT AND PERSIST ACROSS THE ENTIRE SUPERCELL� "UT AT THE MAGIC ANGLE� THEY BECOME LOCALIZED ON THE
!!STACKED REGION IN THE CENTER OF THE SUPERCELL�

4HEY ALLOW NEAREST AND NEXTNEARESTNEIGHBOR COUP
LING TO BE CONTROLLED INDEPENDENTLY BY VARYING THE
WIDTH OR LENGTH OF SEPARATE AIR CHANNELS� PROVIDING A
PLATFORM TO IMPLEMENT A BROAD CLASS OF TIGHTBINDING
MODELS�

4O RECREATE BILAYER GRAPHENE IN AN ACOUSTIC
METAMATERIAL� WE STARTED FROM A HONEYCOMB LATTICE
OF AIR CAVITIES� WITH RADIUS OF ��� MM AND A SEP
ARATION OF �� MM� IN A � MM THICK STEEL SHEET�
ENCAPSULATED BY � MM THICK POLYETHYLENE BOUNDAR
IES� %ACH CAVITY IS COUPLED TO ITS THREE NEAREST NEIGH
BORS USING �����MMWIDE CHANNELS� GIVING AN SMODE
BANDWIDTH OF �T= ��� K(Z �SEE FIGURE ��B		� 4HIS
S MANIFOLD IS WELL ISOLATED FROM OTHER HIGHERORDER
MODES IN THE LATTICE� WHICH APPEAR ABOVE �� K(Z�
4HE #� SYMMETRY OF OUR METAMATERIAL ENSURES A LIN
EAR CROSSING AT THE + POINT� SIMILAR TO THE $IRAC CONE
IN GRAPHENE ;��=� 4HE FREQUENCY OF THIS $IRACLIKE
CROSSING AND OTHER KEY ASPECTS OF THE BAND STRUC
TURE ARE CONTROLLED BY THE DIMENSIONS OF THE CAVITIES
AND CHANNELS� "UILDING ON PREVIOUS WORK� WE COUPLED
TWO LAYERS OF ACOUSTIC GRAPHENE TOGETHER USING A THIN
INTERLAYER MEMBRANE ;��=� "Y LATERALLY TRANSLATING THE
STACKING CONFIGURATION� THE SAME ACOUSTICMETAMATER
IAL MIMICS BOTH THE PARABOLIC TOUCHING AROUND THE
+ POINT SEEN IN !"STACKED BILAYER GRAPHENE� AND
THE OFFSET $IRAC BANDS SEEN IN !!STACKED BILAYER
GRAPHENE ;��� ��=� AS SHOWN IN FIGURES ��C	 AND �D	�

4HE FREQUENCY SPAN BETWEEN THE+POINT EIGENMODES
IS TWICE THE INTERLAYER COUPLING STRENGTH ∆� WHICH IS
SET BY THE INTERLAYER MEMBRANE THICKNESS ;��=� 7E
FOUND THAT A ���� MM THICK POLYETHYLENE MEMBRANE
�DENSITY ��� KGM−� AND SPEED OF SOUND ���� M S−�	
ACCURATELY MATCHED THE DIMENSIONLESS COUPLING RATIO
∆�T ≈ �� IN BILAYER GRAPHENE�

)NTRODUCING A TWIST ANGLE BETWEEN TWO GRAPHENE
LAYERS CREATES A MOIR� PATTERN THAT GROWS IN SIZE AS
THE ANGLE DECREASES� !T SMALL ANGLES� THE $IRAC CONES
FROM EACH LAYER ARE PUSHED TOGETHER AND HYBRIDIZE
DUE TO THE INTERLAYER COUPLING ;��� ��=� AS SHOWN IN
FIGURE ��E	� %VENTUALLY� THEY FORM A FLAT BAND WITH
A VANISHING &ERMI VELOCITY �V&	 AT A SOCALLED MAGIC
ANGLE ;�� ��� ��=� SEE FIGURE ��A	� 7E SEARCHED FOR
THE SAME BANDFLATTENING MECHANISM BY INTRODUCING
A COMMENSURATEANGLE TWIST TO OUR ACOUSTIC BILAYER
GRAPHENE METAMATERIAL� 3TRIKINGLY� OUR METAMATERIAL
MIMICS ITS QUANTUM COUNTERPART EVEN DOWN TO THE
MAGIC ANGLE� PRODUCING ACOUSTIC FLAT BANDS AT ����◦�
AS SHOWN IN FIGURES ��A	 AND �B	� )MPORTANTLY� THERE
ARE NO OTHER ACOUSTIC BANDS NEAR THE $IRAC POINT
THAT CAN FOLD AND INTERFERE WITH THESE FLAT BANDS �SEE
FIGURE ��B		� 4HE FLAT BANDS APPEAR UPSIDE DOWN IN
OUR ACOUSTIC MODEL BECAUSE ITS INTERLAYER COUPLING
�BETWEEN S CAVITY MODES	 HAS THE OPPOSITE SIGN FROM
GRAPHENE�S �BETWEEN PZ ORBITALS	� (OWEVER� THIS ASYM
METRY IS QUITE SMALL AND ITS INFLUENCE IS NOT GENERALLY

�
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&IGURE �� )NTERLAYER COUPLING TUNES THE MAGIC ANGLE� 2EDUCING THE THICKNESS OF THE POLYETHYLENE MEMBRANE ENHANCES THE COUPLING
BETWEEN LAYERS OF OUR SIMULATED ACOUSTIC METAMATERIAL� #ONSEQUENTLY� AN ACOUSTIC FLAT BAND �ORANGE	 CAN BE FORMED EITHER BY
DECREASING THE TWIST ANGLE WITH A FIXED MEMBRANE THICKNESS �ALONG ROWS	� OR BY DECREASING THE THICKNESS AT FIXED ANGLE �COLUMNS	�
&OR EXAMPLE� TO REALIZE FLAT BANDS AT �◦� WE NEED TO REDUCE THE MEMBRANE THICKNESS TO ���� MM�

NOTICEABLE AT HIGHER ANGLES ;��� ��=� /UR ACOUSTIC FLAT
BANDS CORRESPOND TO REALSPACE PRESSURE MODES THAT
ARE PRIMARILY LOCATED ON THE!! REGION� SEE FIGURE ��C	�
4HIS !! LOCALIZATION AGREES WITH CALCULATIONS OF THE
LOCAL ELECTRONIC DENSITY OF STATES IN MAGICANGLE TWIS
TED BILAYER GRAPHENE ;�� ��=� )N OUR ACOUSTIC SYSTEM�
THESE LOCALIZED MODES REPRESENT SOUND WAVES THAT
PROPAGATE WITH A LOW GROUP VELOCITY OF ���� M S−��
COMPARED TO �� M S−� IN THE UNTWISTED BILAYER�

4HE MAGIC ANGLE OF TWISTED BILAYER GRAPHENE CAN
BE TUNED BY APPLYING VERTICAL PRESSURE TO PUSH THE
GRAPHENE LAYERS CLOSER TOGETHER AND INCREASE THE INTER
LAYER COUPLING ;��=� #ONSEQUENTLY� THE $IRAC BANDS
BEGIN TO FLATTEN AT HIGHER ANGLES UNDER PRESSURE THAN
AT AMBIENT CONDITIONS� (OWEVER� A SUBSTANTIAL VERTICAL
PRESSURE OF A FEW '0A IS REQUIRED TO MOVE THE MAGIC
ANGLE FROM���◦ TO ����◦� CORRESPONDING TO ONLY A ���
INCREASE IN THE INTERLAYER COUPLING STRENGTH ;��=� )N
OURMETAMATERIAL� NO SUCH PHYSICAL RESTRICTIONS APPLY�
THE INTERLAYER COUPLING CAN BE TUNED OVER TWO ORDERS
OF MAGNITUDE SIMPLY BY CHANGING THE THICKNESS OF
THE COUPLING MEMBRANE ;��=� )N PRACTICE� WE ANTICIP
ATE AN EXPERIMENTAL SETUP THAT INCLUDES INTERCHANGE
ABLE POLYETHYLENE SHEETS OF DIFFERENT THICKNESSES� 4O
DEMONSTRATE THIS CAPABILITY� WE NUMERICALLY REPRO
DUCED THE BAND FLATTENING AT A FIXED ANGLE OF �◦ SIMPLY
BY INCREMENTALLY REDUCING THE THICKNESS OF THE INTER
LAYER MEMBRANE TO ���� MM �FIGURE �	� )N OTHER
WORDS� THE FLAT BAND CONDITION CAN BE APPROACHED
FROM TWO DIRECTIONS� EITHER REDUCE THE TWIST ANGLE AT
FIXED INTERLAYER THICKNESS� OR REDUCE THE THICKNESS AT
FIXED ANGLE� &OR COMPARISON� IT IS EXPECTED TO REQUIRE
ABOUT �'0A OF VERTICAL PRESSURE FOR TWISTED BILAYER
GRAPHENE TO REACH FLAT BANDS AT �◦ ;��=�

/UR ACOUSTIC METAMATERIAL PROVIDES A SIMPLE
COMPUTATIONAL PLATFORM TO EXPLORE TWISTRONICS
IN EXTREME COUPLING REGIMES� WELL BEYOND THE

EXPERIMENTAL CAPABILITY OF ITS ELECTRONIC COUNTER
PART� "Y FURTHER REDUCING THE INTERLAYER MEMBRANE
THICKNESS� WE SEARCHED FOR FLAT BANDS AT HIGH COM
MENSURATE ANGLES OF ����◦� ����◦� AND ����◦� EQUI
VALENT TO PRESSURES OF ��� ��� AND ���'0A THAT
WOULD NEED TO BE APPLIED TO THE GRAPHENE SYSTEM
;��=� )N EACH CASE� WE DISCOVERED FLAT BANDS SIMILAR
TO THOSE IN TWISTED BILAYER GRAPHENE �FIGURE ��A		�
4HESE FLAT BANDS ALL CORRESPOND TO COLLECTIVE PRESSURE
MODES THAT ARE LOCALIZED ON THE !!STACKED CENT
RAL REGIONS �FIGURE ��B		� "UT THESE LOCALIZED MODES
ARE OVER FIVE TIMES CLOSER TO EACH OTHER SPATIALLY AT
����◦ THAN THEY ARE AT ����◦� 'ENERALLY SPEAKING� THE
MODES INTERACT MORE STRONGLY AS THEY BECOME CLOSER
TOGETHER� POTENTIALLY ALLOWING INTERACTIONS TO DOMIN
ATE OVER THE REDUCED KINETIC ENERGY AT A HIGH MAGIC
ANGLE� #ONSEQUENTLY� A HIGHMAGICANGLE METAMA
TERIAL COULD BE SUSCEPTIBLE TO NONLINEAR EFFECTS IF
TUNED CORRECTLY� AKIN TO A PHONONPHONON INTER
ACTION� )N PRINCIPLE� ANY TWIST ANGLE CAN BECOME A
MAGIC ANGLE THAT HOSTS A DENSE ARRAY OF SUCH LOCALIZED
MODES� BY CHOOSING THE CORRECT INTERLAYER THICKNESS
�FIGURE ��C		�

!LTHOUGHWE FOCUSED ON RECREATING TWISTED BILAYER
GRAPHENE� OUR METAMATERIAL CAN BE EASILY EXTEN
DED TO CAPTURE OTHER VD7 SYSTEMS� &OR EXAMPLE� BY
BREAKING THE SUBLATTICE SYMMETRY IN OUR UNIT CELL�
ONE CAN EXPLORE THE LOCALIZED MODES SHAPED FROM
TWISTED QUADRATIC BANDS� IMITATING SEMICONDUCTORS
LIKE HEXAGONAL BORON NITRIDE ;��= OR TRANSITION
METAL DICHALCOGENIDES ;��=� /UR METAMATERIAL PLAT
FORM COULD EVEN MIMIC TWISTRONIC (AMILTONIANS
THAT CANNOT YET BE REALIZED IN CONDENSED MATTER
EXPERIMENTS� WHICH ARE RESTRICTED TO THE PRIMARILY
HEXAGONAL SET OF �$ MATERIALS AVAILABLE TODAY� )N
PRINCIPLE� A TWISTRONIC HETEROSTRUCTURE CAN BE CON
STRUCTED FROM ANY LATTICE SYMMETRY TO SPAWN DIVERSE

�
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&IGURE �� 2EPRODUCING FLAT BANDS AT HIGH MAGIC ANGLES� �A	 "Y REDUCING THE THICKNESS OF THE INTERLAYER MEMBRANE TO ����� ����� AND
���� MM� WE COMPUTED FLAT BANDS AT ����◦� ����◦� AND ����◦ TWIST ANGLES� �B	 )N EACH CASE� THE SIMULATED +SPOINT EIGENMODES
APPEAR PREDOMINANTLY AROUND THE !!STACKED REGION IN THE CENTER OF THE SUPERCELL� !S THE SUPERCELL SHRINKS� THESE LOCALIZED MODES
FORM A DENSE ARRAY� INCREASING THE POSSIBILITY OF INTERACTIONS WITH SIMILAR LOCALIZED MODES IN NEIGHBORING SUPERCELLS� �C	 "Y
CORRECTLY CHOOSING THE INTERLAYER MEMBRANE�S THICKNESS� ANY ANGLE CAN BECOME A MAGIC ANGLE WITH A VANISHING +SPOINT VELOCITY�

FLAT BANDS WITH DISTINCT TOPOLOGIES ;��=� !COUSTIC
METAMATERIALS CAN SMOOTHLY DEFORM BETWEEN THESE
TWISTRONIC PHASES� ALLOWING THEIR PROPERTIES TO BE ISOL
ATED� OPTIMIZED� OR COMBINED� &URTHER� OUR METAMA
TERIAL DESIGN CAN INDEPENDENTLY CONTROL !! AND !"
COUPLING BY APPROPRIATELY TEXTURING THE INTERLAYER
MEMBRANE� WHICH MAY UNLOCK PERFECTLY FLAT BANDS AT
THE MAGIC ANGLE ;��=� )T CAN ALSO IMPLEMENT TUNABLE
INPLANE LATTICE RELAXATION� WHICH MODIFIES BOTH THE
ELECTRONIC ;��� ��= AND PHONONIC ;��� ��= BANDS IN
TWISTED BILAYER GRAPHENE� "EYOND TWOLAYER SYSTEMS�
OUR DESIGN MOTIVATES A FUTURE EXPERIMENTAL SETUP TO
EXPLORE THE INTRICATE MOIR� PATTERNS CREATED BY MUL
TIPLE ARBITRARY TWIST ANGLES� 3UCH EXPERIMENTAL ACOUS
TIC DEVICES MAY QUICKLY SURPASS THEORETICAL ELECTRONIC
CALCULATIONS� WHICH ARE MADE NEARLY IMPOSSIBLE BY
THE HIGHLY INCOMMENSURATE GEOMETRY� EVEN IN THE
THREELAYER CASE ;��=� )MPORTANTLY� OUR DESIGN TRANS
LATES TO THE LENGTH SCALES AND MATERIALS REQUIRED FOR
PHOTONIC ;��= OR SURFACEACOUSTICWAVE ;��= DEVICES�
WHICH MAY PROVIDE A MORENATURAL PLATFORM TO FAB
RICATE THE LARGE ARRAYS REQUIRED TO STUDY COMPLEXMUL
TILAYER STRUCTURES�

�� #ONCLUSION

4HE ENORMOUS PHASE SPACE OF TWISTED VD7 HET
EROSTRUCTURES PROMISES MANY NEW PHENOMENA� BUT
UNEARTHING THEM IS HINDERED BY THEORETICAL AND EXPER
IMENTAL OBSTACLES� /UR TWISTED BILAYER METAMATERIAL
TRANSLATES THE FIELD OF TWISTRONICS TO ACOUSTICS� OPENING
A DIFFERENT PATH TO CONTINUE THIS SEARCH �SEE ROADMAP
IN SUPPLEMENT �AVAILABLE ONLINE AT STACKS�IOP�ORG�
�$-����������MMEDIA		� "Y INTRODUCING A TWIST
ANGLE TO VD7METAMATERIALS� WE DISCOVERED FLAT BANDS
THAT PRECISELY MIMIC THE BEHAVIOR OF TWISTED BILAYER
GRAPHENE AT ���◦ AND THAT SLOW TRANSMITTED SOUND
BY A FACTOR OF ��� ��� TIMES SLOWER THAN A LEISURELY
WALK	� 4HE CLOSE AGREEMENT BETWEEN OUR ACOUSTIC SYS
TEM AND ITS ELECTRONIC COUNTERPART GIVES CONFIDENCE
THAT TWISTED ACOUSTIC METAMATERIALS CAN BE A VALUABLE
PLATFORM FOR MORE GENERAL QUANTUM MATERIAL DESIGN�
&OR EXAMPLE� FUTURE �$PRINTED ACOUSTIC METAMATER
IALS COULD SIMULATE MULTILAYER TWISTRONIC HETEROSTRUC
TURES CONTAINING SEVERAL INDEPENDENT TWIST ANGLES�
A CHALLENGING REGIME FOR TODAY�S THEORETICAL TOOLS�
-EANWHILE� RECENT EXPERIMENTS HAVE DEMONSTRATED
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CONTROL OF SURFACE ACOUSTIC WAVES IN THE QUANTUM
LIMIT ;��� ��=� WHICH COULD PROVIDE A NEW DIRECTION
TO INCORPORATE PHONONPHONON INTERACTIONS INTO OUR
ACOUSTIC SYSTEM�

�� -ETHODS

7E SIMULATE THREEDIMENSIONAL METAMATERIAL
MODELS USING THE PRESSURE ACOUSTICS� FREQUENCY
DOMAIN INTERFACE WITHIN THE ACOUSTICS MODULE OF
#/-3/, -ULTIPHYSICS� ! BASIC MONOLAYER METAMA
TERIAL CONSISTS OF A HONEYCOMB ARRANGEMENT OF AIR
CAVITIES� WITH RADIUS OF ��� MM AND A SEPARATION OF
�� MM� IN A �MM THICK STEEL SHEET� 4O FORM A BILAYER
METAMATERIAL� TWO SUCH STEEL SHEETS ARE SEPARATED AND
BOUNDED BY THREE IDENTICAL POLYETHYLENE MEMBRANES�
AS SHOWN IN FIGURE ��A	� 4HE BOUNDING AND INTERLAYER
MEMBRANES ALL HAVE IDENTICAL� TUNABLE THICKNESSES�
%ACHMODEL IS CUT TO FORM A SUPERCELL AT A COMMENSUR
ATE TWIST ANGLE� ALLOWING THREE PAIRS OF &LOQUET PERI
ODIC BOUNDARY CONDITIONS ON ITS SIX HEXAGONAL SIDES�
4HE TOP AND BOTTOM BOUNDARY SHEETS ARE IMPEDANCE
MATCHED TO AIR ON THEIR OUTER FACES� /UR METAMA
TERIAL CONTAINS THREE MATERIALS� STEEL PLATES �DENSITY
���� KGM−� AND SPEED OF SOUND ����M S−�	� AIR CAV
ITIES ���� KGM−�� ��� M S−�	� AND HIGHDENSITY POLY
ETHYLENE INTERLAYER AND OUTER BOUNDARY MEMBRANES
���� KGM−�� ���� M S−�	� 4HE MESH CONDITIONS WE
USE DEPEND ON THE SIZE OF THE UNIT CELL� &OR THE MONO
LAYER AND UNTWISTED BILAYER METAMATERIALS� AS WELL AS
TWISTED BILAYER METAMATERIALS WITH TWIST ANGLES ABOVE
����◦� WE USE THE PHYSICSCONTROLLED @FINE� MESH� &OR
MODELS WITH LOWER TWIST ANGLES� WE SWITCH TO A COARSER
USERDEFINED MESH WITH THE FOLLOWING PARAMETERS�
MINIMUM ELEMENT SIZE ����� MAXIMUM ELEMENT SIZE
�� MAXIMUM GROWTH RATE ����� CURVATURE FACTOR ����
AND RESOLUTION ���� !FTER CONSTRUCTING THE APPROPRIATE
METAMATERIAL SUPERCELL� WE CREATE AN EIGENFREQUENCY
STUDY USING THE FOLLOWING PARAMETRIC SWEEP� &OR A
HEXAGONAL SUPERCELL WITH MOIR� LENGTH ,� WE SIMU
LATE THE KSPACE SWEEP AROUND THE SUPERCELL "RILLOUIN
ZONE ALONG THE PATH ΓS → +S →-S → ΓS USING THE
FOLLOWING EQUATION�
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WHERE A IS AN ARBITRARY SWEEP PARAMETER� 4O SPEED UP
COMPUTATION� WE TYPICALLY CALCULATE ONLY THE �� EIGEN
FREQUENCIES CLOSEST TO THE $IRAC FREQUENCY�

4HE ELECTRONIC BAND STRUCTURES OF TWISTED BILAYER
GRAPHENE DISPLAYED IN FIGURE ��A	 WERE GENERATED
USING A TIGHTBINDING MODEL BASED ON DENSITY FUNC
TIONAL THEORY �$&4	 RESULTS FOR BILAYER GRAPHENE ;��=�

&OR THE SELECTED ANGLES� WE USE A TWISTED COMMEN
SURATE SUPERCELL ALONGSIDE THE $&4DERIVED COUPLINGS
TO POPULATE AN ELECTRONIC KDEPENDENT (AMILTONIAN�
WHICH WE THEN DIAGONALIZE� !LTHOUGH ATOMIC RELAXA
TIONS ARE KNOWN TO MODIFY THE MAGIC ANGLE AND THE
LOWENERGY BAND GAPS BETWEEN THE FLAT BANDS AND
NEARBY BANDS IN QUANTUM MATERIALS ;��=� WE DO NOT
ATTEMPT TO INCORPORATE ANALOGOUS RELAXATIONS IN OUR
METAMATERIAL�

$ATA AVAILABILITY STATEMENT

4HE DATA THAT SUPPORT THE FINDINGS OF THIS STUDY ARE
AVAILABLE UPON REASONABLE REQUEST FROM THE AUTHORS�
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