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Topological materials for classical waves, e.g., electromagnetic and acoustic waves, have attracted
growing interest, mainly due to the robustness, low loss, and new artificial degree of freedom conferred
by their boundaries. Surface acoustic waves (SAWs), as widely used information carriers of microdevice
relevance, are ubiquitous in today’s wireless communication and sensing networks. Herein, we report
the implementation of a SAW topological insulator based on a monolithically integrated platform. By
using a miniature acoustic resonator array working tens of megahertz on a piezoelectric half-space, we
successfully endow electrically pumped Rayleigh-type SAWs with the “spin-momentum locking” feature,
enabling solid-state acoustic waves on the “one-dimensional interface of the two-dimensional surface
on the three-dimensional volume” detour arbitrarily and pass through defects and intersections with
much smaller losses than those incurred with any other solutions. These revolutionary topological SAWs
may open an avenue for monolithic electronic-(photonic)-phononic circuits with ultrahigh performance
and advanced functionalities in, e.g., future mobile communicating, sensing, and quantum-information

processing.
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I. INTRODUCTION

Surface-acoustic-wave (SAW) technology is the most
representative phonon technology to date. These minia-
ture “earthquakes on chips” can be found in versatile
scenarios, including wireless communications, sensors,
consumer electronics, diagnostics, industrial monitoring
systems, satellites, and deep-space exploration units [1].
Similar to light propagation in transparent media, SAW
transmission in rigid materials exhibits extremely low loss.
Advantageously, because phonons have much slower prop-
agation speeds than photons (by a factor of 1/10%), the
device and equipment footprints are much smaller when
SAWs are used to load, process, and modulate signals
in any band. Particularly, when working at frequencies
between tens of MHz and several GHz, planar SAWs have
appropriate wavelengths to participate in optomechanical
interactions in integrated optics [2—4], manipulate parti-
cles in fluids [5,6], and detect and control elementary
excitations in solids in both the classical and quantum-
mechanical regimes [7-9].
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In recent years, various topological states in electronic
systems have been topics of intensive investigation in
condensed-matter physics [10—12]. Since the existence of
topological properties depends largely on the band struc-
ture itself, the topological states and features found in
electronic systems can also be implemented in bosonic
systems, leading to the emergence of topological photon-
ics [13-22], mechanics [23—27], and acoustics [28—44].
An underlying motivation behind these explorations is
that they offer an unparalleled transport mechanism with
backscattering suppression, leading to a revolutionary
reduction in transmission losses, arbitrarily designed trans-
mission paths, and defect robustness in device processing,
regardless of the system. However, although the field of
topological acoustics has yielded some groundbreaking
work in both fluids [37] and solids [38—41], even in minia-
turized systems [42—44], a topological state for SAWSs has
not yet been verified.

In this paper, we report the realization of a SAW (in
particular, Rayleigh wave) topological insulator (TI), as
well as an experimental demonstration of an analog of
the quantum spin Hall effect (QSHE) at the TI bound-
aries, implemented monolithically on an interdigital trans-
ducer (IDT)-based platform operating at frequencies of
tens of megahertz. The Rayleigh-SAW transmission on
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these designable TI boundaries exhibits the so-called
“spin-momentum locking” property, which fundamentally
suppresses unwanted but crucial backscattering. Regard-
less of the presence of sharp bends in high degrees of
freedom or structural defects encountered, it has been con-
firmed that the transmittance is not significantly reduced,
thus demonstrating the TI boundaries can serve as rev-
olutionary ideal SAW waveguides with low loss and
high flexibility. In fact, our miniaturized microwave-
acoustic experiment itself provides a practical chip-scale
topological prototype for SAWSs, which monolithically
integrates SAW TI materials, electrical pumping source,
and receivers together, opening a promising route for
future high-performance electronic-(photonic)-phononic
integrates circuits (in terms of energy efficiency, informa-
tion capacity, and signal integrity) with various functional-
ities.

I1. RESULTS AND DISCUSSION

A. Design of a surface acoustic topological insulator on
a piezoelectric LiNbOj3 substrate

We investigate the SAW topological phenomenon
by preparing artificial periodical microstructures on a
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half-space. These microstructures are called SAW phononic
crystals (PnCs) [45—54]. Specifically, in this research, this
microstructure is composed of miniaturized acoustic res-
onators (i.e., micropillars) arranged in a honeycomb lat-

tice, as illustrated in Fig. 1(a). This quasi-two-dimensional

(2D) artificial material is referred to as surface phononic
graphene [53], because the SAWs on its surface have a
band structure similar to that of electrons in graphene, with
Dirac points at the Brillouin zone (BZ) corners [54]. To
facilitate SAWSs’ electrical pumping and transduction, the
half-space substrate is usually piezoelectric, e.g., lithium
niobate (LiNbO3) [48,49]. Note that these Dirac points are
protected by the symmetry of the honeycomb lattice but
not accidental degeneracy. Therefore, it is easy to obtain,
regardless of the materials used for the substrate and the
resonators.

Based on the SAW Dirac points at the BZ corners,
we adopt a highly effective method, namely, zone fold-
ing [15,18], to achieve quadruple degeneracy (i.e., double
Dirac cones) to simulate electronic spins in this acous-
tic system. Specifically, we slightly adjust the original
honeycomb Ilattice, in which a composite hexagonal unit
cell containing six micropillars is created, as shown in
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(a) Schematics of the PnC for SAWs used in this study, i.e., a honeycomb lattice composed of identical miniaturized resonator

pillars on a LiNbO; half-space. (b) Enlarged view of each micropillar made of copper (Cu) with an inverted truncated conical shape
due to our fabrication process. (c) Top view of the unit cells of the SAW-PnC: (I) original diamond cell with two micropillars and
(II) threefold-larger hexagonal cell with six micropillars for the zone-folding implementation. Originally, the honeycomb lattice has a
pillar-center distance R = ay. (d), (¢) SEM images of two elaborately fabricated SAW PnCs, one with a shrunken lattice (R =0.91ag)
and another with an expanded lattice (R =1.07 ay), respectively. Insets are tilted views of the two samples, where the scale bars
represent 10 um. (f), (g) Calculated band structures of the two PnCs. The blue lines and dots represent Rayleigh-type SAW modes.
The pink lines and dots represent ineffectual bulk acoustic wave modes brought by the calculation; see Notes S2 and S3 within the
Supplemental Material. The two PnCs are SAW insulators with an overlapping band gap from approximately 72 to 74 MHz. Essentially,
there is a band inversion for their p,/p, and d,,/d.>_,> modes (like p/d orbitals of electrons), corresponding to a topological transition
from an SAW ordinary insulator [OI, zero spin Chern number (Cy)] to a SAW topological insulator (TI, none-zero Cy). (h), (i) Simulated
field profiles of the vertical displacement at the top surface of the six micropillar unit cells for the p/d eigenmodes, corresponding to
the Rayleigh-type SAW OI and TI, respectively. The black arrows indicate the directions of the surface mechanical vibrations.
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Fig. 1(c), to implement zone folding while leaving the
system symmetry unchanged. This operation provides us
with a Rayleigh-type SAW Dirac semimetal with artifi-
cial spin analogs. Next, we can use it to form two SAW
insulators with different topological properties. Formally,
we modify the distance of each micropillar from the cen-
ter of the hexagonal cell, depicted as R in the figure, to
form different kinds of SAW PnCs. Initially (R = ay), SAW
PnC is a standard honeycomb lattice with Dirac points.
When R increases or decreases, the SAW Dirac points
will disappear, and the PnC will thus transition from a
SAW semimetal to a SAW insulator. Experimentally, we
prepare two types of SAW PnCs, as shown in the SEM
images presented in Figs. 1(d) and 1(e), with R equal
to 0.91ay and 1.07ay, respectively. The lattice periods of
the two SAW PnCs are the same (3ay, 42 um). More-
over, all the micropillars are geometrically identical, with
rp, h, and 6 equal to 4.3 um, 7.2 um, and 84°, respec-
tively, as shown in Fig. 1(b). Our samples are prepared
using a LIGA-like process [54]. Calculated band struc-
tures of these two SAW PnCs are shown in Figs. 1(f)
and 1(g). According to the acoustic energy distribution
of each eigenmode, all SAW modes can be distinguished
[54,55]. Due to the breaking of parity symmetry [15], in
the vicinity of the original Dirac frequency, a SAW band
gap of approximately 2 MHz (2.7%) appears in both, with
a frequency overlap from approximately 74 to 76 MHz.
The original double Dirac cone forms two pairs of dis-
persions located at the top and bottom of the SAW band
gap.

Specifically, for the case of R=0.91ay (R < ap), both
modes at the high frequencies of the band gap have
quadrupolelike vibrational properties, such as the dy>_;»
and d,, orbitals of electrons, whereas both modes at
the low frequencies are dipolelike, such as the p, and
p, orbitals of electrons, as shown by the vertical dis-
placement fields depicted in Fig. 1(h). For R=1.07 aq
(R> ap), the situation is reversed, with p, and p, at
high frequencies and d,_,» and d,, at low frequen-
cies, as shown in Fig. 1(i). From the characteristics of
this standard band inversion, it can be inferred that the
two SAW-PnC bands have different topological proper-
ties. According to theoretical analyses, the band of the
SAW PnC with R <ag has zero spin Chern numbers
(i.e., is topologically trivial); therefore, this PnC can be
called a SAW ordinary insulator (OI). In contrast, the
band of the SAW PnC with R > a( has nonzero (£1) spin
Chern numbers (i.e., is topologically nontrivial); there-
fore, this PnC can be called a SAW TI. Consequently,
artificial spin %% properties for the bulk states can be
achieved through linear combinations of these symmetric
p/d modes [15]. Note that all the SAW modes mentioned
above are true Rayleigh-type modes (see Appendices A
and B).

B. Experimental demonstration of helical edge states
for SAWs

To further construct useful SAW edge state(s), three dif-
ferent TI-Ol interfaces, i.e., a zigzag interface, an armchair
interface, and a straight (deformed armchair) interface,
are investigated. For the abovementioned TI-OI interfaces,
although they all have SAW edge states with compara-
ble properties, in some cases, an obvious minigap will
appear within the edge state frequencies due to the rela-
tively large symmetry mismatch between the micropillar
lattice and the anisotropic piezoelectric substrate [56] (see
Appendix C). For example, this minigap is obvious for the
zigzag TI-Ol interface, with a relative bandwidth greater
than 1%. Fortunately, the minigaps for the armchair and
straight TI-OI interfaces are imperceptible, with relative
bandwidths less than 0.012%, i.e., so small that we cannot
even detect or use them in practice. For conciseness and
ease of demonstration of the SAW TI-OI boundary, i.e.,
the topologically protected SAW transmission channel, we
therefore choose the straight TI-OI interface and fabricated
the sample depicted in the SEM image shown in Fig. 2(a).
Figure 2(b) shows the projected SAW band diagram of this
interface (both numerically calculated and experimentally
measured). An obvious pair of SAW helical edge states
appear gapless between the overlapped OI-TI band gap.

Experimental results obtained with a laser Doppler
vibrometer fully confirm the existence of the TI-OI helical
edge states. In the experiment, planar SAWs of different
frequencies are incident on the TI-OI interface. When the
frequency is in the passband of the TI-Ol, e.g., at 72 MHz
in Figs. 2(c) and 2(d), no edge modes but only bulk SAW
modes will be observed around the interface. When the
frequency is in the overlapping insulating band of the TI-
Ol, e.g., at 75 MHz in Figs. 2(e) and 2(f), the SAWs are
highly located and propagate along with the TI-OI inter-
face. The measured and calculated results are consistent,
as shown in Video SI within the Supplemental Material
[54]. These two edge states are hybrids of a symmetric
vibrational mode S = (px + dva—y2)/ V2 and an antisym-
metric vibrational mode 4 = (p, +d,,)/ V2, formed as
S+iA and S—id, respectively. The S and A bases are
protected by pseudo-time-reversal symmetry (7 1% =-1),

as“+S i +4 l -S i> -+ [15,31,39]. The mea-
sured time-domain SAW displacement fields of the two
edge states, shown in Figs. 2(g) and 2(h), clearly exhibit
clockwise (S + i4) and counterclockwise (S—id) features.
A SAW edge mode running forward shows a characteris-
tic spatiotemporal pattern: “+S§ - +4 - —S — ---.”
In contrast, the reverse edge mode also has a distinctive
but different way: “+ S — —4 — —§ — --. .” All these
dynamic visual results are conclusive evidence of SAW
artificial spin £% states locked with momentum, i.e., spin
+% only in the forward direction and spin —’ only in the
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(a) Adjacent SAW TI-OI sample used in our experiments. On the surface of a yz-cut LiNbO; substrate, planar SAWs of

different frequencies are evoked by broadband IDTs and incident on a straight TI-OI interface (yellow dashed line). (b) Experimentally
measured (heat map) and numerically simulated (solid lines) projected band diagrams of the interface, showing two gapless helical
edge states of SAWs. (c), (d) Measured and simulated out-of-plane displacement fields and energy distributions in the vicinity of the
TI-OI interface at 72 MHz, respectively. No TI-OI edge mode, but conducting SAWSs are observed inside the TI and OI everywhere.
(e), (f) Similar displacement fields and energy distributions at 75 MHz, i.e., in the TI-OI band gap, respectively. SAWs are observed
only localized and propagating along with the TI-OI interface. (g), (h) Experimentally recorded temporal evolution of the out-of-
plane displacement fields when the SAWs are selectively excited forward and backward along with the TI-OI interface, respectively,
confirming the SAW pseudospins £ represented in the S/4 basis: time-dependent anticlockwise SAW spin+’% (S+i4) and clockwise

SAW spin—Y (S—iAd), respectively.

backward order, which intuitively characterizes an SAW
analogous QSHE.

C. Basic elements in topological SAW-integrated
circuits.

According to current knowledge, bosonic spin flip-
ping from £’ cannot be achieved in a static, i.e., no
external field, no (wavelength-comparable) standing-wave
resonance environment (i.e., no effective “magnetic” impu-
rities). Hence, due to the spin-momentum-locked SAWs
offered by the TI-OI interface, SAW backscattering [the
conversion between forward (+k) and backward (—k)
transport SAW modes] can be intrinsically suppressed,

making SAW waveguiding along with the TI-OI interface
robust against various defects, e.g., fabrication imperfec-
tions. It is worth noting that it also provides a SAW
waveguide solution that can be bent arbitrarily. Experi-
mentally, both a vacancy defect and a sharp detour are
testably placed on the SAW TI-Ol interface to demonstrate
its ideal 2D SAW waveguiding capability. The left pan-
els of Figs. 3(a) and 3(b) show the experimental scheme.
Both simulated and measured SAW energy distributions
are shown in the right panels of the figures, confirming
both the robustness and flexibility of the SAW waveguid-
ing. The SAWs detour around the defect and sharp bends
while preserving almost all transmission energy. As a com-
parison, for previous SAW waveguides designed using
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line defects in SAW PnC (in principle, an OI-OI inter-
face), similar configurations severely inhibit SAW forward
propagation due to strong backscattering [54]. Moreover,
splitting and converging, as basic functions in integrated
circuitry, could also be achieved by the TI-OI interface. A
simple experimental demonstration is shown in Fig. 3(c).
When an incident SAW excited by the IDTs on the right
enters a beam splitter made from TI-OI interfaces, it is suc-
cessfully split into two beams without causing reflection.
Due to reciprocity, its time-reversal process, i.e., SAW con-
vergence, is natural. Additionally, high-quality 2D SAW
resonators accompanied by waveguides by introducing an
SAW whispering gallery made of a SAW TI-OI closed
loop is practically available, providing future on-chip 2D-
versatile SAW filters, multiplexers, modulators, switches,
etc., all with topological protection.

D. SAW transmission line with TI-OI interfaces
embedded

We also conduct a comparative experiment of SAW
transmission lines, as shown in the diagram presented in
Fig. 4(a). Two broadband IDTs, one acting as a SAW emit-
ter and the other as a SAW receiver, are placed face to face
on the surface of a yz-cut LiNbO; substrate. Between the
two IDTs, we prepare a PnC ribbon consisting of TI and
OI sandwiches, forming ten straight TI-OI interfaces (not
all of which are shown in the diagram) along the direc-
tion of SAW emission. Figure 4(b) shows a false-color
SEM image of one of the straight SAW TI-OI interfaces
in our sample. For comparison, we also prepare samples
with only an OI region or only a TI region between the
two IDTs. The overall size of each sample is exactly the
same.

Measurement results for the SAW transmission spectra
from 70-80 MHz are shown in Fig. 4(d). For the cases
with only the TI or only the OI between the two IDTs,
their transmittance spectra are similar, and the transmit-
tance drops significantly after 73 MHz. In the first band
gap (73.72—76.08 MHz for the Ol case; 73.75—75.92 MHz
for the TI case), the reduction reaches approximately
30 dB, indicating excellent SAW insulation. In the higher-
frequency second band gap (over 76.84 MHz for the OI
case; over 76.74 MHz for the TI case), the SAW trans-
mittance is also extremely low. For the sample with ten
straight TI-OI interfaces, the transmittance situation is
significantly different. In the TI-OI band gap, since the
interface has begun to participate in SAW transmission, the
total transmittance is improved by nearly 20 dB, thus fully
proving the existence of the SAW edge states (consider-
ing that the samples are not otherwise different). To fully
validate our experimental results, we also perform numeri-
cal simulations. The calculated transmittance is consistent
with the experimental results, as shown in Fig. 4(e). Some
differences in the in-band suppression values are due to

leS

(@

(b)

FIG. 3. Left: schematics of different SAW TI-OI interfaces to
demonstrate (a) defect robustness. The orange dot indicates a ran-
dom vacancy defect, (b) geometrical flexibility, and (c) splitting
capability. The green and blue regions correspond to SAW OI and
TI, respectively, the yellow dotted lines indicate the TI-OI inter-
faces, and the scale bars represent 400 xm. Right: heat maps are
calculated elastic energy-density distributions for SAWs working
at frequency within the bulk TI-OI band gap (74.5 MHz); cyan
bars are experimental results measured along two straight lines
cut through the TI-OI interfaces in front of and behind the defect
(a), bends (b), and splitter (c).

the different distances from the IDTs to the PnCs between
our simulation model and the experimental sample. Addi-
tionally, the simulated spectra indicate the bulk modes’
excitation between the first and second TI-OI band gaps.
The main feature of topological edge states is their robust-
ness against imperfections and sharp bends. To verify this
property, we fabricate a sample consisting of “Z”-shaped
TI-OI interfaces, each with two 120° bends, as shown in
the false-color SEM image presented in Fig. 4(c). Accord-
ing to the results of both experiments [Fig. 4(d)], the
SAW transmission performance of the “Z”-shaped sample
is similar to that of the straight-interface sample. In the
TI-OI band gap, the SAW transmittance of the “Z”-shaped
sample is close to 20 dB higher than that of the TI and
OI samples, which indirectly demonstrates that the SAWs
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(a) Schematic of our experiments in a SAW transmission line. IDTs are used to excite and receive SAWSs. The black frame

surrounds a periodic SAW-PnC structure. (b), (c) Top-view SEM images of the fabricated samples, including straight and “Z”-shaped
topological interfaces, where the scale bars represent 200 um. The red and blue regions correspond to SAW-OI and SAW-TI, respec-
tively. (d), (e) Measured and simulated transmission spectra for the straight and “Z”-shaped TI-OI interfaces, respectively. The red-
and green-shaded regions represent the band gaps of the OI and TI, respectively. (f)—(h), (i)+(k) Elastic stored energy densities and
electric energy densities for the two distinctly shaped TI-OI interfaces at 75 MHz.

make a detour around the 120° bends with the considerable
transmission.

The reason we use multiple TI-OI interfaces in our
PnC ribbon is because of the following reasons: we need
broadband IDTs for experiments. The existing broadband
IDTs cannot have a small aperture (for surface-acoustic-
wave emission), so the aperture of our IDTs is much
larger than the effective width of a single SAW waveguide
(their specific size is about hundreds of micrometers com-
pared to tens of micrometers). Under such an experimental
framework, we can hardly measure the difference in Sy,
parameters due to a single SAW waveguide.

ITI. CONCLUSION

We experimentally demonstrate topological protected
SAWs (particularly the Rayleigh-type SAWSs) on a piezo-
electric LiNbO3 half-space. Employing the zone-folding
method and breaking the parity symmetry of a Rayleigh-
type SAW Dirac semimetal, two kinds of SAW insulators

with overlapping band gaps and different topological prop-
erties are formed. A revolutionary SAW transport mech-
anism is thus manifested at the boundaries of the two
insulators, with artificial pseudospin £ states for SAWs
locked with momentum. It offers a near-perfect “1D sur-
face of a 2D surface on a 3D volume” phononic channel
with extremely low loss and high flexibility. This may pave
the way for the next-generation high-performance phonon-
based information processing (in terms of energy effi-
ciency, information capacity, and signal integrity) on vari-
ous commonly used piezoelectric materials (e.g., LINbO3,
AIN, and GaN) or many emerging 2D piezoelectric mate-
rials. Due to its structural simplicity and (electromechan-
ical) transducing accessibility, the present prototype in
this work is thoroughly scalable to operate from sev-
eral MHz to tens of GHz. Moreover, by further opti-
mizing in its material selection, geometrical configuration
[54], and even through topology optimization [57], its
working bandwidth is expected to exceed 10% or even
higher.
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the I" point. From the perspective of the extended Brillouin zone, the real position of this mode is below the sound line. The fourfold
degeneracy appears at the I' point of the reduced (first) Brillouin zone is folded from two twofold degeneracies at the K and K| points
of the extended Brillouin zones, which are physically below the sound line.
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APPENDIX A: THE ORIGIN OF THE SAW
FOURFOLD DEGENERACY AT THE I' POINT

Figures 5(a) and 5(b) are two choices of unit cells of
the same phononic crystal in the honeycomb lattice and
their corresponding two types of Brillouin zones. Figure
5(c) shows that the fourfold degeneracy appears at the
I' point of the reduced (first) Brillouin zone is folded
from two twofold degeneracies at the Ky and K| points of
the extended Brillouin zones [58,59], and it is physically
below the sound line.

APPENDIX B: ANALYSIS FOR RAYLEIGH-TYPE
SURFACE-ACOUSTIC-WAVE MODES

We analyze all these degeneracy modes by adopting a
method reported in Refs. [55,60]. As the results shown in
Fig. 6, these degeneracy modes, whether they are at the
I point or at the K;/K| points, are the same. They are
confirmed true RSAW modes by their appearance, energy
distribution criterion, and penetration depth. We also pro-
vide a sketch of all these modes [54]; see Video SII within
the Supplemental Material.

APPENDIX C: INFLUENCE OF DIFFERENT TI-OI
INTERFACES

Three different TI-OI interfaces, i.e., a zigzag interface,
an armchair interface, and a straight (deformed armchair)
interface, as shown in Fig. 7, are investigated. An obvi-
ous minigap will appear within the edge state frequencies
for the zigzag interface due to the relatively large sym-
metry mismatch between the micropillar lattice and the
anisotropic piezoelectric substrate. Fortunately, the mini-
gaps for the armchair and straight TI-OI interfaces are
imperceptible.
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