PHYSICAL REVIEW B 106, 174112 (2022)

Topological disclination states for surface acoustic waves

Sheng-Nan Liang,! Zhen-Hui Qin,! Hua-Yang Chen®,! Xiao-Chen Sun,"? Jian-Lan Xie,' Ze-Guo Chen,"-?
Si-Yuan Yu®,">3" Cheng He,!** Ming-Hui Lu,"** and Yan-Feng Chen'-%3
! National Laboratory of Solid State Microstructures & Department of Materials Science and Engineering,
Nanjing University, Nanjing 210093, China
2Collaborative Innovation Center of Advanced Microstructures, Nanjing University, Nanjing 210093, China
3Jiangsu Key Laboratory of Artificial Functional Materials, Nanjing University, Nanjing 210093, China

® (Received 12 April 2022; revised 10 October 2022; accepted 8 November 2022; published 28 November 2022)

Surface acoustic waves (SAWSs) are widely involved in today’s communication and sensing networks. Recent
exploration of topological SAWs has provided promising prospects for developing future hybrid SAW devices.
In this paper, by designing tight-binding phononic crystals on a semi-infinite substrate, we revealed topological
disclination states, i.e., a kind of bound state in topologically condensed matters, for the SAWs. Numerical
simulations show that the bound states induced by disclination in the SAW system are more diverse than in
previous electromagnetic and mechanical systems. SAW resonances in the disclinations can be efficiently excited
by appropriate mechanical stimulation with decent qualities. These states are robust and flexible for design,
providing options for future multifunctional and interdisciplinary SAW manipulators, processors, sensors, and

other on-chip integrated components.
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I. INTRODUCTION

Surface acoustic waves (SAWSs) are mechanical waves trav-
eling along the surface of solid-state materials with elasticity.
Thanks to their advantages, e.g., low loss, easy integration,
and small footprint, they are widely used in today’s wireless
communication and sensing industries and are developing
rapidly in microfluidics and quantum information, etc. [1].
The discovery of the topological phases of matter is a major
achievement in condensed matter physics in this century [2]
and has received increasing attention in electromagnetics and
mechanics in recent years [3—19]. Among previous discover-
ies, for example, bosonic topological insulators (TIs) provide
antireflection transport of classical waves on their boundaries.
Recently, for the SAWs, analogous topological materials have
also been proposed and verified experimentally [20-22], of-
fering avenues for advancing acoustic signal processing [23],
sensing [24], and (quantum) computing [25].

In crystals, unlike point defects that are easy to elimi-
nate, disclinations are topological defects that are difficult
to eliminate by local perturbation [26]. Such defects have
a decisive influence on the properties of materials, e.g.,
strength and plasticity [27,28]. In electronics, these topolog-
ical defects may induce some interesting phenomena, e.g.,
melting in two-dimensional (2D) crystals [29-32]. How-
ever, due to the difficulty of realizing on-demand molecular
disclinations in real crystals, these topological effects remain
theoretical in electronics. In the past 2 years, thanks to the
ease of fabrication of artificial photonic/phononic crystals
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(PnCs), topological effects induced by disclinations have been
successfully observed in electromagnetic [33-35] and me-
chanical systems [36,37].

Bound states in the SAWs have long been widely used
in sensing and information processing devices (e.g., various
resonators and derived filters). As a class of bound states,
those topological defects induced by disclination may lead
to higher-quality or more functional SAW bound states. In
this paper, we propose and investigate the topological discli-
nations, i.e., a class of topological defects, for the SAWs.
By designing tight-binding (TB) PnCs on a semi-infinite
substrate, we construct a SAW TI and a further heptagonal
topological disclination structure (HTDS). Numerical simula-
tions show that there are SAW resonant states in the HTDS,
which we called SAW disclination states. Due to the hybridity
of solid-state acoustic waves on a surface, there are still some
differences between the disclination states in the SAW system
and other systems reported. These states can be efficiently
excited by appropriate mechanical stimulation. They are ro-
bust to the overall size of the PnC and disorder and have
decent qualities even without special optimization. Since these
disclination states are not constructed following conventional
bulk-edge correspondence, they offer a vision for more com-
pact and robust SAW devices with high performance.

II. MODEL AND THEORY

SAW-PnCs are artificial acoustic microstructures prepared
on an infinite half-space [38—41]. This paper uses the finite-
element-method-based software COMSOL Multiphysics to
simulate our SAW-PnCs. We consider the half-space substrate
isotropic and piezoelectric free for simplicity. The Young’s
modulus E;, Poisson’s ratio v;, and mass density p; of the

©2022 American Physical Society
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FIG. 1. (a) The heptagonal topological disclination structure (HTDS) for surface acoustic waves (SAWs). (b) Arrangement of atoms
(pillars) on the surface of the HTDS. (c) A hexagonal phononic crystal (PnC) in a honeycomb lattice. The gray-marked 60° sector is the basis
for our HTDS. Primitive unit cell of our SAW-PnCs: (d) d/a = 0.25, and (e) d/a = 0.5. Band structures of our SAW-PnC: (f) corresponds to

(d), and (g) corresponds to (e).

substrate are 200 GPa, 0.31, and 4700 kg/cm?, respectively.
The artificial microstructures on the substrate surface are
micropillars. Their Young’s modulus E,, Poisson’s ratio v,
and mass density p, are 219 GPa, 0.31, and 8900 kg/cm3,
respectively. All micropillars have the same radius r and
height 4 (equal to 0.2a and 0.54, respectively) and are acous-
tically coupled adjacently through the substrate, forming our
SAW-PnC.

Figure 1(a) shows a schematic of our HTDS, the basis
for SAW topological disclination states (TDSs). The arrange-
ment of atoms (i.e., micropillars) on its surface is shown in
Fig. 1(b). The origin of the structure is a hexagonal PnC in a
honeycomb lattice, as shown in Fig. 1(c). We take out the é
area of the PnC (that is, a 60° sector), make seven copies of
it, and connect the copies into a heptagonal area with slight
compression, constituting the HTDS.

According to previous literature [33,34], crystal disclina-
tions based on ordinary insulators (OIs) often do not have
TDSs, so our basic requirement is to construct a SAW-TI. As
shown in the figure, each unit cell in this PnC has six pillars,
and we set the lattice constant a = 50 pwm (just for demonstra-
tion since the whole PnC is scalable). The physical parameters
given in this paper are experimentally achievable. Such 2D
pillar-type PnCs on the surface of semi-infinite substrates have
been experimentally confirmed [42-44], in which both the
2D/one-dimensional (1D) propagating states and the 1D/zero-
dimensional (OD) localized states have been experimentally
well realized. Theoretically, in acoustics/mechanics, periodic
columnar arrays on the surface of an elastic substrate (i.e., our

PnC) can theoretically be equivalent to substrates with period-
ically attached spring-mass resonators [45]. Such an acoustic
model can be further processed by TB theory [46,47] to derive
many kinds of artificial microstructured materials, e.g., acous-
tic graphene [48]. Also, under the TB theory, the honeycomb
PnC can be equated to a honeycomb Su-Schrieffer-Heeger
(SSH) model [49,50]. Like the 1D [46] and 2D SSH mod-
els [47], the topological phase transition from an OI to a
TI (and vice versa) can be realized by adjusting the value
of its intercell and intracell coupling. In our SAW-PnC, the
coupling regulation can be achieved by changing the distance
of every micropillar to the center of the primitive unit cell,
as shown in Figs. 1(d) and 1(e). When the micropillars in the
unit cell are close to the center [e.g., d/a = 0.25 in Fig. 1(d)],
the intercell coupling of the TB model corresponding to this
PnC is smaller than the intracell coupling; a SAW-OI can be
achieved. When the pillars in the unit cell are far from the
center [e.g., d/a = 0.5 in Fig. 1(e)], the intercell coupling is
larger than the intracell coupling; a SAW-TI can be achieved.
The band structures of the SAW-OI, SAW-TI, and correspond-
ing SAW conduction modes are shown in Figs. 1(f) and 1(g),
respectively.

SAW-TI and SAW-OI have different responses to the
disclination structure, which can be defined by the fractional
disclination charge extracted [51,52]. Meanwhile, the frac-
tional disclination charge can be deduced from the topological
index, where the topological index is given by

x = (v Xx)s (D

174112-2



TOPOLOGICAL DISCLINATION STATES FOR SURFACE ...

PHYSICAL REVIEW B 106, 174112 (2022)

Ol
Band 3 ‘

. -,

Band 2

Band 1

TI
Band 3

Band 2

> &

T K M min

Band 1

FIG. 2. Out-of plane displacement fields of the eigenmodes at the
high-symmetry points (HSPs) for the trivial (d/a = 0.25) and topo-
logical (d/a = 0.5) surface acoustic wave (SAW) phononic crystals
(PnCs). The eigenmodes are also labeled in the figure using the
irreducible representations of the little group at the HSPs, which
corresponds to the three occupied bands in Figs. 1(f) and 1(g),
respectively.

where xy = [M 1(2)] and xx = [Kl(s)] are the symmetry indica-
tors of high-symmetry points (HSPs) M and K, respectively.
In general, if ¥ # (0, 0), the band topology is nontrivial. The
symmetry indicator is determined by the eigenmode of the
HSP, which satisfies

[M{V] = #11(” —#1(", 2

where #l'[;,”) is the number of occupied bands below the
bandgap at HSP I1 with the rotation eigenvalue I1{" =
exp[2mi(p—1)n], while pis an integer in the range of 1 to n. In
the Cg structure, the HSP T stands for I[1® = I'; [1® =T,
K,and K;and T1® =T, M, M’, and M".

According to previous research [33], for the SAW-PnCs,
we apply the symmetry indicators of the eigenmodes at the
HSPs to obtain the topological index. As shown in Fig. 2, we
present the displacement field (Z) profiles at the HSPs for the
trivial (d/a = 0.25) and topological (d/a = 0.5) SAW-PnCs.
One can obtain all the symmetry indicators at the HSPs from
the displacement field profiles, which gives the following re-
sults for all the HSPs and all three bands below the bandgag.
For the Cg-symmetric TI and OI in this paper, M fz) and Kl*)
of OI are both 0, while Mfz) and Kl(3) of TI are —2 and 0,
respectively. Finally, the fractional disclination charge Qgjs
can be deduced from the topological index, that is,

Q3
Quis = T |:§M1(2) + 2K1(3)}m0d1, 3)

where €2 is the Frank angle, i.e., the angle of the copying
sector. In this paper, 2 = %. According to the topological

indices of TI and OI, their Qg are —% and 0, respectively.
Therefore, the HTDS constructed by SAW-TI has nonzero
Qis, indicating it could support the TDSs.

It should be noted that the fractional disclination charge
of the system is consistent during the process from TI to the
phase transition point (i.e., the semimetal), as shown in the
previous research [33].

To simplify our HTDS, a limit case of a SAW-TI is taken
in this paper, i.e., d/a = 0.5. At this time, the edge region of
the primitive unit cell is shared not only by the Wannier center
[the insert in Fig. 1(g)] but also by the micropillars [33]. In the
above analyses, we constructed a SAW-TI. Now, as mentioned
before, we use a 60° sector of the SAW-TI, make seven copies
of it, and connect all the copies into a heptagonal area with
slight compression, constituting the HTDS for SAWs.

III. RESULTS AND DISCUSSIONS

To verify there exist SAW TDSs in the HTDS, we first
model an HTDS sample with 105 unit cells and calculate all its
SAW eigenstates within the bandgap of the TI and its nearby
bulk. As shown in Fig. 3, like in previous studies, the real-
ization of disclination states can be induced by constructing
HTDS using TI, and the number of these disclination states
is related to the rotational symmetry of the HTDS, which is
also consistent with previous studies. However, different from
previous studies, some SAW disclination states are no longer
located in the bandgap, as shown by the purple pentagram
in Fig. 3. Thus, we classify the disclination states in the
SAW system into (1) TDSs located in the bandgap and (2)
ordinary disclination states (ODSs) located in the bulk band.
In addition to the above seven disclination states, we also
found some bounded states (BSs) around the disclination in
our SAW system. All these SAW resonant states exhibit strong
bound properties, i.e., the SAWs are collected in the middle
region of HTDS. Different types of SAW resonant states have
different bound properties, but all of them show a star-shaped
pattern that spreads out from the center of the HTDS. Based
on the symmetry of three kinds of SAW resonant states, we
grouped these states into seven categories and labeled these
states from ¢y to ¢yy. The BSs, i.e., ¢1, ¢, and ¢y, confine
the SAWs to the third circle of micropillars from the HTDS
center, while ¢; exhibits a more heptagonal pattern but @y
presents a more circular pattern. The TDSs, i.e., ¢rv, ¢v, and
@v1, confine the SAWs near the center of the HTDS, like
previous studies in electromagnetic systems [33,34]. On the
contrary, the ODSs labeled by ¢y confine most SAWs near
the center of the HTDS but with some leakage into the bulk
modes.

These SAW resonant states achieved by the SAW HTDS
are structurally robust. If we increase the number of unit cells
of the HTDS from 105 to 252, there are still four BSs, five
TDSs, and two ODSs calculated by the same method, and
their SAW patterns and eigenfrequencies remain unchanged.
The SAW field distribution and theoretical quality factor (Q)
of SAW resonant states are shown in Fig. 4. It can be seen that
the TDSs have higher Q than the ODSs. This is reasonable
since the ODSs are leaky modes. It is worth noting that all BSs
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FIG. 3. Numbers of the surface acoustic wave (SAW) eigenstates in our heptagonal topological disclination structure (HTDS). The insets
demonstrate SAW energy fields of three different kinds of SAW resonant states, where the red triangles, orange spheres, and purple pentagram
represent the bounded states (BSs), topological disclination states (TDSs), and ordinary disclination state (ODS), respectively. The bulk band
and bandgap are distinguished by different colors below the figure, where dark gray represents the bulk band and light gray represents the

bandgap.

induced by the disclinations have relatively higher Q (over an
order of magnitude), although their mode volumes are larger.

To verify the robustness of the SAW resonant states, we
calculate the SAW resonant eigenstates in a HTDS with dis-
order, as shown in Fig. 5. The disorder is created by randomly
shifting several micropillars in the substrate surface, yielding
a partially amorphous lattice. Simulated energy distribution
shows that, even in the presence of this disorder, the TDSs
and BSs remain unchanged but the ODSs disappear (or at least
deviate greatly from the original frequency).

All these SAW topological resonant states can be effi-
ciently excited by appropriate mechanical stimulations, i.e.,
sources. To avoid losing generality, we take the HTDS con-
sisting of 252 unit cells as an example and excite all these
topological resonant states by setting different point stimu-
lations. Under their excitations, SAW field distributions and
calculated Q values of all topological resonant states are
shown in Fig. 6.

Figure 6(a) shows that, for the TDSs ¢y, ¢rv, @v, v,
and ¢y, which all confine the SAWs near the center of the
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FIG. 4. All calculated surface acoustic wave (SAW) resonant eigenstates in a larger heptagonal topological disclination structure (HTDS)
made of 252 unit cells and calculated quality factors (Q) of each state. (a) Topological disclination states (TDSs), (b) ordinary disclination

states (ODSs), and (c) bounded states (BSs).
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FIG. 5. All calculated topological resonant eigenstates in a larger heptagonal topological disclination structure (HTDS) made of 252 unit
cells and with an disorder. (a) HTDS with a disorder yielding a partially amorphous lattice, (b) topological disclination states (TDSs), and (c)

bounded states (BSs).

HTDS, only one point source is needed for their excitation.
Because these states have different spatial symmetries, the
positions and phases of their corresponding sources are also
different. Like the five TDSs, the four discovered BSs can
also be excited, and their Q are also in line with expectations.
Specifically, the BS ¢p needs to be excited by two (pairs of)
point sources with antisymmetric modes (i.e., the phase dif-
ference is 180°), and the positions of these two point sources
are located at the two vertices of the heptagonal field excited

by the state. The BSs ¢y and ¢ can be excited by only one
point source, located at the farthest corner of the field excited
by the states. The BS ¢ needs to be excited by two (pairs of)
point sources with antisymmetric modes, both located at the
two vertices of the heptagonal field excited by the state (same
as ¢r).

Under excitations, we calculated the Q values for different
SAW TDSs by the 3 dB bandwidth of their energy spectra.
Their Q values are roughly the same as those obtained by
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FIG. 6. Exicated surface acoustic wave (SAW) topological resonant states in the heptagonal topological disclination structure (HTDS)
made of 252 unit cells and measured quality factors (Q) of each excited state. (a) Topological disclination states (TDSs) and (b) bounded states

(BSSs).
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eigenstate calculation in Fig. 4, ranging from tens to thou-
sands. Since we did not perform any design optimization
for all of these topological resonant states, we believe that
topological resonant states with higher quality factors (e.g.,
Q > 10 000) are possible by design. This kind of SAW BSs
with topologically protected robustness may provide a case
study of collective modes in classical wave systems. For prac-
tical applications, they may also inspire ideas for developing
interdisciplinary and multifunctional SAW manipulators, sen-
sors, and information processors.

IV. CONCLUSION

In this paper, we investigate TDSs, i.e., a kind of collective
mode in topologically condensed matter, for the SAWs, via
constructing an HDTS using a SAW-TI. In contrast to previ-
ous studies in electromagnetic and mechanical systems, the
hybridity of solid-state acoustic waves on a surface allows
us to realize more diverse topological resonant states induced
by the disclination. Through simple structural transformation,
these topological resonant states can localize the SAWs well
around the center of the HTDS. They can be excited selec-
tively and efficiently with decent qualities exceeding 10* (or
even higher). Our proposed PnCs can be obtained by fabri-

cating metal (e.g., Ni, Cu, Au) pillar arrays on the surface
of the piezoelectric substrate (e.g., lithium niobate) [42—-44]
or directly etched on nonpiezoelectric (e.g., silicon) substrate
[53]. Meanwhile, these SAW resonant states can be excited
by fabricating additional electrodes, mechanical excitation, or
using laser ultrasound [54]. For the observations of the excited
SAW disclination states, a conventional vibrometer using
laser interferometry is sufficient [55]. Testing techniques such
as the use of microwave near fields [56] can also be em-
ployed. The realization of these SAW topological states offers
a methodology for SAW manipulations and provides ideas
for high-performance SAW sensing, information processing
(such as filters), energy harvesting, or future acoustic-based
quantum computing, etc.
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