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ABSTRACT

Static superlattices that do not break time-reversal symmetry can support robust topologically protected elastic waves with non-zero ampli-
tude in the forward propagating direction but zero amplitude in the opposite direction. We form a prototypical acoustic wave device by sand-
wiching a finite superlattice that supports one-way propagating waves between input and detector layers. Compared to conventional elastic
waves, topologically protected waves provide a significant benefit for reducing the return loss of the prototypical device. Superlattices sup-
porting topologically protected acoustic waves provide attractive and disruptive solutions for designing the next-generation of low-loss acous-
tic wave devices for telecommunication or sensing.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0156591

Acoustic wave (AW) devices such as bulk acoustic wave (BAW),
surface acoustic wave (SAW), and Love wave (LW) devices find many
applications in radio frequency (RF) telecommunication1,2 or sens-
ing.3,4 SAW and LW devices are constituted of an input transducer for
transduction of a Rayleigh wave on the surface of a piezoelectric mate-
rial or a Love wave in a thin film deposited on a piezoelectric substrate
and an output transducer for detection. Transduction and detection
typically use interdigital transducers (IDT). The fundamental reason
why telecommunication relies on acoustic technology is that, for the
same RF, the wavelength of acoustic waves is roughly a hundred thou-
sand times smaller than the one of electromagnetic waves, enabling
small footprints. AW devices for RF and sensing applications also
exhibit very high-quality factors. However, the performance of AW
devices is strongly affected by loss. Insertion loss is an important per-
formance metric of AW devices. It is the ratio of power transmitted to
the output transducers and the incident power. In part, insertion loss
results from reflections that cause return loss, and in part by parasitic
absorption. Return loss measures the amount of reflected signal caused
by the mismatch between the impedance of the transduction regions
of the device and that of the delay line region between the transducers.
Return loss adversely affects the performance of acoustic RF devices
and constitutes a major technical barrier in today’s AW device

technology. The emerging field of topological acoustics provides fertile
ground to address some of the technological challenges faced by cur-
rent AW device technologies. In particular, the phenomenon of one-
way propagation (i.e., immunity to backscattering) of topologically
protected acoustic waves5 may enable the design of AW devices with
reduced return loss. Topological protection, potentially leading to
immunity against scattering of an incident wave by a discontinuity in
impedance, requires a counter-propagating wave that (1) is orthogonal
to the incident wave or (2) has no amplitude (i.e., does not exist at all).
The first case corresponds to topological edge/interface waves that
conserve time-reversal symmetry.6 Edge and interface states live at the
surface of acoustic topological insulators or at interfaces between topo-
logical insulators with different topological characteristics. The second
case corresponds to bulk waves that break time-reversal symmetry via,
for instance, spatiotemporal modulation of the elastic properties of the
wave-supporting medium.7,8 Time-reversal-symmetry-preserved topo-
logical edge/interface waves are not robust against all types of scatter-
ers. Only scatterers that cannot mix orthogonal waves will be invisible
to the incident wave. Edge/interface waves may, therefore, not offer a
robust solution to reducing return loss in AW devices. Furthermore,
the integration of expansive topological insulating phononic structures
that support edge/interface states into AW devices may challenge
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device miniaturization. In the second case, the waves that break time-
reversal-symmetry are more robust against backscattering. However,
the physical realization of spatiotemporal modulation in, for instance,
a piezoelectric medium9 may be impractical or at best prohibitively
costly for mass produced AW devices.

In this paper, we discuss the potential of topologically protected
bulk elastic waves in superlattices, which do not require time modula-
tions and may offer a path toward practical design of AW devices with
low return loss. In the 1980s and 1990s, the focus of studies of elastic
waves in superlattices was on their frequency gaps (i.e., Bragg gaps) or
on localized modes at free surfaces or at interfaces in semi-infinite and
finite superlattices.10–12 Following more recent work on the topological
properties of electromagnetic superlattices,13 we discovered topologi-
cally protected elastic waves that propagate in static superlattices with
non-zero amplitude in the forward direction but zero amplitude in the
backward direction.14,15 This discovery was overlooked and unheeded,
but as we show here, it is not less important than that of topologically
protected edge/interface or modulated acoustic waves for the design of
future high performance AW devices. These topologically protected
elastic waves do not possess the wider bandwidth that other topologi-
cally protected waves may possess; however, their narrow operational
range of frequency may be advantageous when integrating with the
current narrow band AW devices, such as filters for telecommunica-
tion applications. Inserting an appropriately designed superlattice
between the IDTs in an acoustic RF device has the potential of reduc-
ing return loss. We note that the fabrication of superlattices in the
form of Bragg gratings is a common feature in RF device manufactur-
ing; however, these gratings are currently used for their reflection
capabilities due to their bandgaps. A superlattice topological acoustic-
based solution to reduce insertion/return loss in AW devices would be
an attractive and disruptive innovation for industrial applications.

We first recall the topological and propagative properties of
superlattices [Fig. 1(a)].

We focus on transverse waves with a displacement in the plane
of the superlative layers.11 The displacement field in the infinite super-
lattice composed of two types of materials 1 and 2 takes the form of
Bloch waves, namely,

u xð Þ ¼ eiqxu q; xð Þ; (1)

where the wave number q 2 �p
L ;

p
L

� �
. The thicknesses of the alternating

layers are d1 and d2, respectively. The period of one unit cell of the

superlattice is L ¼ d1 þ d2. The periodic functions in the layers 1 and
2 in the nth unit cell are given by

u1 q; xð Þ ¼ eiqnL Aþe
ik1 x�nLð Þ þ A�e

�ik1 x�nLð Þ
� �

; (2a)

u2 q; xð Þ ¼ eiqnL Bþe
ik2 x�nL�d1ð Þ þ B�e

�ik2 x�nL�d2ð Þ
� �

; (2b)

with k1 ¼ x
c1
and k2 ¼ x

c2
. A6 and B6 are the amplitude of the forward

and backward propagating waves in media 1 and 2, respectively. The
density and transverse speed of sound in the two types of materials are
q1, q2 and c1, c2; respectively. Using continuity conditions of the dis-
placement and of the stress at the interfaces between layers 1 and 2
and using the transfer matrix method, we found the following disper-
sion relation:

cos qL ¼ cos k1d1 cos k2d2 �
1
2

F þ 1
F

� 	
sin k1d1 sin k2d2 (3)

and the amplitudes for layer 1 is

Aþ ¼
1
2

F� 1
F

� 	
sink1d1 sink2d2þ

i
2

F� 1
F

� 	
cosk1d1 sink2d2; (4a)

A� ¼ i sin k1d1 cos k2d2 þ
1
2

F þ 1
F

� 	
cos k1d1 sin k2d2 � sin qL


 �
:

(4b)
and for layer 2, it is

Bþ

B�

 !
¼ 1

2

1þ Fð Þa1 1� Fð Þb1

1� Fð Þa1 1þ Fð Þb1

 !
Aþ

A�

 !
: (5)

In layer 2, the amplitude A is purely imaginary. In layer 1, the ampli-
tude Aþ is complex, where ai ¼ eikidi ¼ 1

bi
. In Eqs. (4a), (4b), and (5),

F ¼ k1q1c
2
1

k2q2c
2
2
.

In Fig. 2, we report the calculated band structure of the infinite
superlattice and the real and imaginary parts of the amplitudes Aþ
and A�. This calculation is done for a superlattice with d2

c2
¼ 1:2 d1

c1
and

F ¼ 2. These conditions are not particularly stringent, and many
materials may be chosen to achieve the desired density and speed of
sound. The thickness of the layers controls in part the frequency range
of the band structure. These geometric parameters may be only limited
by the fabrication techniques.

FIG. 1. Schematic representations of (a)
the infinite superlattice composed of two
types of layers 1 and 2 and (b) prototypi-
cal device composed of a finite size
superlattice sandwiched between a layer,
“I,” from which incident waves are emitted,
and a layer “D” where transmitted waves
are detected. The direction of propagation
“x” is perpendicular to the layers.
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We have shown14 that if a band contains the frequency point, x0,
such that sink02d2 ¼ sin x0

c2
d2 ¼ 0, then the corresponding Berry phase

(i.e., Zak phase or geometric phase over closed Brillouin zone) is equal
to p. The second and fourth bands are topologically unconventional.
At x0ðq0Þ, the dispersion relation becomes cosq0L ¼ cos k1d1ð
þk2d2Þ, Aþ ¼ 0 and A� ¼ i sinðk1d1 þ k2d2Þ � sinq0L½ �. Since
k1d1 þ k2d2 > 0, the sign of q0 determines whether A� vanishes or
not. In the case of Fig. 2, all the amplitudes of the waves for the second
band, Aþ and A� (and the associated Bþ and B�), are zero for nega-
tive q0L ¼ �0:524 but not all zero for positive q0L ¼ 0:524. The same
behavior is observed for the fourth band at q0L ¼ 61:048. The ampli-
tudes for waves represented by conventional bands with zero Berry
phase do not become all zero over the entire Brillouin zone. This is an
example of a static superlattice supporting topologically protected elas-
tic waves, whereby a forward propagating wave does not have a back-
ward propagating counterpart. This robust topological protection
against backscattering is achieved in a static superlattice that breaks
inversion symmetry but more importantly does not break time-
reversal symmetry. At the point fx0; q0g, the amplitude of the
acoustic wave changes sign, which is directly related to the non-
conventional topology of the bands with a geometric phase of p. This
observation has been discussed extensively in the context of electro-
magnetic superlattices13 and is readily extendable to acoustic waves.

We now investigate the behavior of a prototypical AW device
containing a finite size superlattice [see Fig. 1(b)]. The superlattice is
sandwiched between an input layer “I” and a detection layer “D” with
impedances that may differ from those of the materials 1 and 2.
Material 1 is connected to the region “I,” and material 2 is connected
to the “D” layer for the finite superlattice to be constituted of an inte-
ger number of complete unit cells. We calculate the transmission coef-
ficient of the finite superlattice using transfer matrices, as is done in
Ref. 16. In Ref. 16, however, the study focused on the existence of

frequency gap and never addressed the topological protection of
waves. The transmission coefficient is given by

T ¼
4
ZD

ZI

ZD

Z1
b� Z1

ZI
c

� 	2

þ d þ ZD

ZI
a

� 	2 ; (6)

where

a ¼ k� l
2

sinNh
sin h

þ cosNh;

b ¼ r
sinNh
sin h

;

c ¼ f
sinNh
sin h

;

d ¼ � k� l
2

sinNh
sin h

þ cosNh:

In the preceding equations, we have

k ¼ cos k1d1 cos k2d2 � F sin k1d1 sin k2d2;

l ¼ cos k1d1 cos k2d2 �
1
F
sin k1d1 sin k2d2;

r ¼ sin k1d1 cos k2d2 þ F cos k1d1 sin k2d2;

f ¼ �sin k1d1 cos k2d2 �
1
F
cos k1d1 sin k2d2

and cosh ¼ kþl
2 . N is the number of unit cells in the superlattice. In

Eq. (6), Z1 ¼ q1c1, ZD; and ZI are the impedances of the layers of type
1, detection, and input layers, respectively. The latter two impedances
may represent the effect of input and detection IDTs.

FIG. 2. Left, band structure of the infinite
super lattice with the physical parameters
d2
c2
¼ 1:2 d1

c1
and F ¼ 2: The geometric

phase (Berry or Zak phase) accumulated
by the elastic wave as one follows a
closed path in qL space is indicated on
the band structure. Bands 2 and 4 have a
non-conventional topology with a geomet-
ric phase of p. The first and third bands
correspond to conventional waves with 0
geometric phase. Right, real part (dotted
line) and imaginary part (dashed line) of
Aþ and imaginary part (solid line) of A�
for transverse wave in the second band
(bottom) and fourth band (top). The
arrows mark the location where all ampli-
tudes are zero.
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In Fig. 3, we plot T x
c1
d1

� �
for input and detection layers having the

same impedance as the layer 1 and impedances exceeding that of the
layer 1 by factors of 1.5 and 2. Each band supports 30 resonances corre-
sponding to the number of periods of the finite superlattice. The lower
envelope of the transmission coefficient of the topologically non-
conventional bands (second and fourth) is asymmetric, while the first
and third bands that have conventional topologies exhibit a standard
more symmetrical behavior. We note in Fig. 3(a) that the lower envelope
of the transmission coefficient of the second band is equal to one at
x
c1
d1 ¼ 2:618 (that is, k2d2 ¼ 1:2� 2:618¼p, which corresponds to

the condition sink2d2 ¼ 0). The amplitude of the backward propagating
wave is zero under this condition. The same condition is satisfied for the
fourth band x

c1
d1 ¼ 5:236, where k2d2 ¼ 2p.When the input and detec-

tion layers possess higher impedances than layer 1, the frequency at

which topological protection occurs shifts toward the top of the second
and fourth bands. Protection is not total as the lower part of envelope
of the transmission coefficient is less than one. The lower part of the
envelope of the transmission coefficient for the second band reaches a
maximum of 1 in the case of Fig. 3(a), �0.97 in the case of Fig. 3(b),
and �0.91 in Fig. 3(c). However, considering conventional waves in
the third band, the lower envelop of the transmission reaches a maxi-
mum of �0.71 in case (a), �0.42 in case (b), and �0.26 in case (c). In
terms of transmission coefficient, the return loss, RL, is defined as17

RL ¼ �20 log Tj j: (7)

We obtain RL ¼ 0, 0.26, and 0.82 dB for the topologically protected
wave in the second band as a function of the increasing impedance
mismatch of Figs. 3(a)–3(c). For the optimum wave in the third band,

FIG. 3. Transmission coefficient, T, corresponding to the first four band of the finite superlattice with N¼ 30 as a function of frequency for (a) ZD ¼ ZI ¼ Z1, (b)
ZD ¼ ZI ¼ 1:5Z1, and (c) ZD ¼ ZI ¼ 2Z1. The arrows indicate the location where topological protection leads to an increase in transmission.
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we obtain RL ¼ 2.97, 7.53, and 11.70 dB. From a technological point
of view, the last two cases exceed the recommended industry threshold
value of 6 dB. The performance of the topologically protected wave in
the fourth band is less than that of the second band but still signifi-
cantly better than the performance of the conventional bands.

So far, we have discussed the performance of topologically pro-
tected bulk elastic waves in finite superlattices in terms of reduction of
return loss. It is possible to consider a thin film cut out of the superlat-
tice along a direction parallel to the x direction (i.e., film with surfaces
perpendicular to the superlattice layers). For a suspended thin film
superlattice, we must consider boundary conditions of stress-free sur-
faces. This type of condition has already been addressed11 and simply
multiplies the displacement given by Eqs. (2a) and 2(b) by a function
representing the standing wave character of the wave in the direction
of the film thickness. This solution does not affect the topological
property of the waves along x. In the case of a thin film supported by a
rigid substrate (approximating the configuration of a Love wave
device), one needs to apply free-stress boundary condition on one side
of the film and zero-displacement condition on the other side. These
conditions will only affect the displacement field characteristics in the
direction perpendicular to the film and again will not affect the topol-
ogy of the wave along the x direction. Whether sagittal waves12 exhibit
the same non-reciprocity and topological immunity as transverse
waves will be the subject of future work.

In summary, we have confirmed the existence of transverse elastic
waves in an infinite superlattice that have non-zero amplitude when
propagating in the forward direction but have zero amplitude when
propagating in the opposite direction. These one-way propagating,
topologically protected, waves are associated with elastic bands with
non-zero Berry phase, and their existence does not require breaking
time-reversal symmetry. We considered the transmission of the topo-
logically protected waves through a prototypical AW device constituted
of a finite size superlattice sandwiched between an input and a detection
layer with different impedance that those of the superlattice constitutive
materials. Topologically protected waves lead to a significant benefit for
reducing the return loss of the device compared to elastic waves with
conventional topology. The present study offers practical low-cost and
industry compatible solutions for designing next-generation AW devi-
ces for telecommunication and sensing with reduced loss.
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