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Topological network transport in on-chip phononic crystals
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Rapid developments for topological materials have promoted the search for topological transport in the fields

of condensed-matter physics and materials science. However, topological network transport, proposed in twisted
bilayer graphene and soon after being explored in other two-dimensional materials, is still elusive despite
extensive experimental efforts. Here, we implemented on-chip phononic crystal networks based on a network
unit cell with six channels consisting of triangular prisms on a silicon substrate arranged in a honeycomb array.

The topological network bulk transport in the gap of the bulk states of the original phononic crystal and the
network edge transport in the gap of the network bulk states were visualized directly. These results offer a
controllable platform for exploring topological transport in networks and may enable the realization of on-chip
microultrasonic devices, such as splitters, filters, and signal processing in a monolithic elastic network.

DOLI: 10.1103/PhysRevB.107.245122

I. INTRODUCTION

Topological transport that exhibits robust propagation of
the edge state is immune to defects and disorders, and is
protected by the bulk topology. The discovery of functional
topological transport for electronic, electromagnetic, acoustic,
and elastic waves is an exciting field, along with the rapid
development of topological physics [1-5]. As a well-known
paradigm, valley topological insulators, characterized by val-
ley Chern numbers, possess an abundance of valley-related
transports [6—12], such as abnormal energy partition [10—-12].
For elastic waves, topological transport is of great significance
in the fields of nondestructive material testing, high-sensitivity
sensing, and information processing [13—-19]. Owing to the
controllability of sample fabrication and experimental mea-
surements, elastic wave systems provide a flexible platform
for exploring topological physics [20-27]. A benefit from
the development of micromachining technology, it is possible
and intellectually attractive to achieve the sample size of the
geometry in the um range for manipulating the elastic wave
in megahertz regime [23-27]. This can reach the level of
sensing and information processing applications. For instance,
topological elastic edge states in a single channel and a four-
channel structure formed by two distinct valley phases have
been observed in on-chip phononic crystals (PCs) [28,29].

“These authors contributed equally to this work.
fCorresponding author: dengwy @scut.edu.cn
Corresponding author: phjylu@scut.edu.cn
SCorresponding author: phxghuang @scut.edu.cn
ICorresponding author: zyliu@whu.edu.cn

2469-9950/2023/107(24)/245122(8)

245122-1

Therefore, it is highly desirable to explore topological trans-
port to design robust and steerable elastic wave devices for
topological materials.

Recently, owing to its fascinating electronic behavior,
twisted bilayer graphene has garnered considerable interest
and shown various unusual phenomena in applications such
as unconventional insulators and superconductors [30-32]. In
the presence of a perpendicular electric field, twisted bilayer
graphene with a tiny twist angle has a band gap and hosts
the in-gap network states formed by the valley edge states in
the domain wall between the AB and BA stacking [33-39].
Subsequently, a network of valley topological domain walls
with staggered potentials in monolayer graphene was pro-
posed as an alternative way to explore topological network
transport [40,41]. In twisted bilayers of graphene, different
domains are obtained by stacking and twisting the graphene
sheets, which arise from the Moiré pattern. While in the net-
work of valley domain walls, different domains are directly
fabricated from the original valley phases. There are two types
of network transport: Network bulk states and network edge
states [41], which can be attributed to the superlattice effect
and cannot emerge in the original lattice.

In the network of valley domain walls, the network bulk
and edge states are derived from the edge states between
distinctly topological phases in the superlattice, thus they both
exist in the bulk band gap of the underlying cell, and transport
in the channels of the superlattice network. Especially, the net-
work edge states appear only on the sawtooth boundary while
they disappear on the trident boundary, and their distribution
on the upper or lower sawtooth boundary is further determined
by the connectivity of the superlattice. And the superlattice
structure is easier to be adjusted for the needs of different
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FIG. 1. Topological minimal network transport. (a) Photo of a minimal network with six channels in an on-chip PC, composed of two
alternating distinct valley topological PCs, marked A and B. The inset is the scanning electron microscope image, showing an enlarged view
of the rectangular area outlined by the blue box. (b) Corresponding schematic of the six channels labeled 1-6 in the minimal network. « and B
represent the angles between channels 1 and 2 (or 3), and channels 6 and 4 (or 5), respectively. (c) Schematic side view of the unit cell of PC.
The PC is phase A for 0° < 6 < 60°, and phase B for —60° < 6 < 0°. (d), (¢) Measured and simulated displacement field intensities of the
edge state at a frequency of f = 1.11 MHz. The excitation source is marked by the green star. The green dashed lines denote different channels.
The white dashed lines represent the inner and outer boundaries of the sample. The PCs are located in the region of the inner hexagon. (f)
Fourier spectrum of the measured displacement field illustrated in (d). The white hexagon indicates the first Brillouin zone.

potential applications. Therefore, the network states may
provide flexible schemes for field manipulation. However,
constructing these topological networks is still a challenge
due to the difficulty in atomic-scale engineering [42]. The
solid evidence for these unusual network bulk and edge states
remains elusive, thus it is desirable to achieve the network
states in the elastic platform.

In this study, we realized the networks on an on-chip
PC and observed the topological network bulk and edge
transports. First, we achieved a minimal topological network
with six channels consisting of triangular prisms on a silicon
substrate arranged in a honeycomb array. Thereafter, we con-
sidered the minimal network as an enlarged network unit cell
to construct the network lattice and observe the topological
network bulk transport in the bulk gap of the original PC. We
further observed the topological network edge transport in the
gap between the bands of the network bulk states, which relies
on the boundary conditions. All the results, including the
topological minimal network transport, topological network
bulk, and edge transport, were visualized both in simulations
and experiments with good agreement.

II. TOPOLOGICAL MINIMAL NETWORK
WITH SIX CHANNELS

We start with the topological minimal network transport
with only six channels, which is an enlarged unit cell of the

latter network. As shown in Fig. 1(a), a hexagonal sample
with six channels was fabricated using deep silicon etching
technology. Each channel comprises two distinct topologi-
cal valley phases, A and B, and all the channels intersect
at the center of the hexagonal structure. The corresponding
schematics of the six channels labeled as 1-6 are illustrated
in Fig. 1(b). The orange and purple colors represent phases
A and B, respectively. The angle between channels 1 and
2 (or 3) is «, and that between channels 6 and 4 (or 5) is
B. The projected dispersion of a domain wall illustrated in
Supplemental Material I [43] indicates that the valley edge
states with positive group velocities (blue arrows) in channels
1-3 and 6 are locked with the K valley, whereas those (red ar-
rows) in channels 4 and 5 are locked with the K’ valley. When
the elastic wave enters from channel 1, owing to negligible
intervalley scattering, only channels 2, 3, and 6 are allowed for
wave propagation, whereas channels 4 and 5 are prohibited.
The unit cell of phase A was composed of a triangular pillar
on top of a silicon plate, which exhibited a positive rotation
angle 6 with respect to the x axis, as shown in Fig. 1(c). Owing
to the fabrication technique, the side surface of the pillar had
a trapezoidal shape. The geometric parameters are the lattice
constant ¢ = 500 wm, the height and side length of the trian-
gular pillars d = 247 um, s; = 350 um, and s, = 280 um, and
the thickness of the bottom plate 7 = 72 um. Elastic waves on
a thin plate, referred to as Lamb waves, are modulated by the
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periodic arrangement of pillar scatterers. Positive and negative
0 results in different valley topological phases [28]. When
6 = 0°, the dispersion hosts the Dirac cones at the K and K’
points, which are guaranteed by the C3, symmetry of the unit
cell. For other 6, the mirror symmetry along the x direction
is broken, which opens a band gap at the Dirac point and
gives rise to valley topological phases described by the valley
Chern number Cy = +1/2. Specifically, for 60° > 6 > 0°,
the valley phase with Cy = 1/2 is named phase A; and for
—60° < 6 < 0°, the valley phase with Cy = —1/2 is named
phase B. In the following discussion, 6 is fixed at &= 20°. Un-
der this condition, a bulk band gap ranging 1.01 — 1.16 MHz,
opens at point K (or K’). By putting the two distinct valley
phases together, helical edge states will emerge at the interface
and form the channels.

To explore the wave propagation in the six-channel net-
work, the sample with « = = 60° is fabricated, as shown
in Fig. 1(a). A needlelike source with a diameter of 5 um
bound on a piezoelectric ceramic is placed at the left en-
trance of channel 1 to excite the edge states. The detailed
sample preparation and experimental methods are discussed
in Supplemental Material II [43]. The measured intensity dis-
tribution of the z component of the displacement field ||
at f =1.11 MHz is shown in Fig. 1(d). As expected, the
elastic waves were split into channels 2, 3, and 6. Owing
to the mirror symmetry of channel 1, the field intensities in
channels 2 and 3 remained the same. Interestingly, the field
in channel 6 was significantly smaller than those in channels
2 and 3 because the mode coupling between channels 1 and
2 (or 3) is stronger than that between channels 1 and 6 in
space. Specifically, the measured transmission of channel 6
was 0.185, whereas those of channels 2 and 3 were 0.407.
The corresponding simulated results are shown in Fig. 1(e)
and are consistent with the experimental results. By Fourier-
transforming the measured field illustrated in Fig. 1(f), only
three bright spots were observed at the K points, indicating
negligible intervalley scattering. This confirms the robustness
of the edge states and that the states in channels 4 and 5 are
prohibited. The absorbing materials, that is, the photoresist
and silica gel, were coated on the border of the sample (white
dotted frame) to avoid reflection waves.

In the above discussion, the field ratio between different
channels was fixed for a certain structure. One question that
remains unanswered is how to manipulate the specific field
distributions in different channels. When o« = 60°, the con-
figurations of channels 1, 2, 3, and 6 are the same as those
illustrated in Fig. 1(d). Because there are no field distributions
in channels 4 and 5, it seems that 8 plays no role to the
field distributions in other channels. However, when 8 was
increased from 60° to 90°, the measured field in channel 6
became comparable to those in channels 2 and 3, as shown
in Fig. 2(a). In contrast, when B was reduced to 30°, the
measured field in channel 6 disappeared. The measured trans-
mission of channel 2 (or 3) was approximately 10 times that
of channel 6, as shown in Fig. 2(b). When 8 was fixed at
60° and o was decreased to 30°, the measured field distribu-
tions obtained [Fig. 2(c)] were similar to those illustrated in
Fig. 2(b), where the transmissions in channels 2 and 3 are sig-
nificantly stronger than those in channel 6. The corresponding
simulated results [Figs. 2(e)-2(g)] are consistent with the ex-
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FIG. 2. (a)—(c) Measured intensity distributions of valley edge
states with different configurations specified by « = 60°, g = 90°
(a), « = 60°, B =30° (b), and o = 30°, B = 60° (c). Insets: The
zoomed-in photos at the intersection, marked by the white dashed
boxes. (e)—(g) Simulated intensity distributions of the valley edge
state corresponding to (a)—(c). The green stars denote the positions
of the point source. (d),(h) Transmission coefficients of channels 2
and 6 compared with channel 1 as a function of orientation angle
o with B = 60° (d) and B with ¢ = 60° (h), respectively. The dots
represent the simulated results and the lines are the empirical curves
fit with dots. The operating frequency was set as f = 1.11 MHz.

perimental results. Therefore, we can conclude that, although
the waves are not allowed to transmit into channels 4 and 5,
they play a crucial role in the manipulation of transmissions
in other channels. Schematics of the studies on the effect of
o and B are illustrated in Figs. 2(d) and 2(h) respectively,
where one of them is extended to a range of approximately
15-105° with another angle fixed at 60°. While changing o
with g8 fixed at 60°, the transmission ratio between channel
2 and channel 1 can be roughly fitted using the function
(o) = 0.48718-6.32432 x 1073 x o? and, correspond-
ingly, the transmission ratio between channel 6 and channel
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FIG. 3. Topological network bulk transport. (a) Photo of the PC sample of the topological network. (b) Schematic of the topological
network of the domain wall channels. The orange and purple regions correspond to the distinct valley PCs in phases A and B, respectively.
(c) The network unit cell with six channels is the same as the topological minimal network, corresponding to the yellow hexagon in (b). The
lattice constant L is fixed at 11a. (d) Simulated bulk band dispersion along the high-symmetry lines in the first Brillouin zone of the network.
The color indicates the weight of the out-of-plane polarized modes. Gray areas denote the bulk bands of the original valley PC. Inset: The
first Brillouin zone for the network unit cell. (e), (f) Measured and simulated field distributions of the network bulk states at a frequency of
1.11 MHz in the topological network, respectively. The green stars denote the positions of the excitation source.

1 can be empirically described by Ty () = e(~7-889-5921a%)
Similarly, we can have that T5;(8) = 0.4645 — 5.1492 x
1073 x % and Ty, (B) = e(7921-661256") for the case where B
changes with « = 60°. The angles o and § provide a flexible
way to tune the partition ratio between different channels. By
tuning o and B, the desired transmission in different channels
can be realized conveniently.

III. TOPOLOGICAL NETWORK BULK STATES

Based on the minimal network with six channels, we stud-
ied the topological network transport in the sample shown in
Fig. 3(a) with a size of 66 mm x 63 mm. The PC network of
the domain walls was constructed using a superlattice with a
hexagonal lattice, as illustrated in Fig. 3(b). The network unit
cell with lattice constant L is the reduced minimal network
discussed above, as shown in Fig. 3(c), hosting six channels
of the domain wall. Figure 3(d) shows the bulk band disper-
sion along the high-symmetry lines for L = 11a, where P,
denotes the ratio of the out-of-plane polarized Lamb waves
calculated using [, . |u.|*dr/ [,. |u|*dr in the network unit
cell. It is evident that four bands with the states dominated
by the out-of-plane polarization appear in the bulk band gap
of the original valley PC illustrated in Fig. 1(c), ranging
1.01-1.16 MHz (between the gray areas). These states are

confined to the channels of the domain walls in the network
unit cell and are thus the topological network bulk states.
They are protected by the valley topology and robust against
weak disorders and defects, similar to the edge states at the
interface between these two distinct valley phases. To excite
the network bulk state, a point source was placed at the middle
of the left boundary at a frequency of 1.11 MHz. As shown in
Fig. 3(e), the measured field diffuses throughout the sample,
which is consistent with the simulated results illustrated in
Fig. 3(f). The configurations of the network bulk bands and
the localizations of the network bulk states can be tuned by
the lattice constant L, as discussed in Supplemental Material
1T [43].

IV. TOPOLOGICAL NETWORK EDGE STATES

We then explored the boundary effect of the PC network
and determined the topological network edge states along the
x direction. As shown in Fig. 3(b), two types of boundaries,
the sawtooth and trident boundaries, exist along the x and
y directions, respectively. The projected band dispersion of
the network ribbon, with a periodic boundary along the x
direction and an open boundary along the y direction, is
shown in Fig. 4(a). Network edge states exist in the gaps
of the network bulk states (white circles), as indicated by
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FIG. 4. Topological network edge transport. (a) Projected band dispersions along the k, directions. Color maps represent the measured
data. The white circles mainly denote the simulated network bulk states, and the red lines represent the simulated network edge states. The
gray areas denote the bulk bands of the original valley PC. (b) Simulated projected band dispersions along the k, directions. No network
edge states are observed in the band gaps of the network bulk states (blue circles). (c), (d) Measured and simulated field distributions of the
network edge states [red sphere in (a)] in the topological network, respectively. Inset in (c): the corresponding Fourier spectrum of the measured
displacement field. (e), (f) Simulated field distributions of the network edge states in the presence of defects at two different positions (the
green dashed rectangles). The operating frequency is set at 1.08 MHz, and the green stars denote the positions of the excitation source.
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FIG. 5. (a)-(c) Schematic of three topological networks with different filling ratios of PCs in phases A and B. (d) Simulated bulk band
structure along the high-symmetry lines in the first Brillouin zone of the network in (c). (e) Simulated projected band dispersions along the k,
directions. (f) Eigenfield distribution of the edge state [red sphere in (e)] at a frequency of 1.08 MHz.

the red lines, which can be attributed to the valley topology
of the network bulk states and boundary conditions of the
ribbon [41]. In the experimental sample, six layers of cladding
were added at the upper and lower boundaries to fill the
absorbing material, which did not change the dispersion of
the network edge states, as shown in Supplemental Material
IV [43]. The experimental result was obtained through Fourier
transformation of the displacement fields, as illustrated by the
color map, which agrees well with the simulated result. The
network edge states of the network unit cell shown in Fig. 3(c)
existed only at the lower edge and vanished at the upper edge
of the x-direction boundary. Figure 4(b) shows the projected
band dispersion of the network ribbon with an open boundary
along the x direction. No network edge states were observed
in the band gaps of the network bulk states for either the left
or right edges of the y-direction boundaries.

We further demonstrate the robustness of network edge
transport. The measured and simulated field distributions at
a frequency of 1.08 MHz in the middle band gap of the
network bulk states are shown in Figs. 4(e) and 4(f), respec-
tively, verifying the existence of network edge states at the
lower edge of the x-direction boundary. A point source (green
star) at the left boundary was used to stimulate the elastic

waves in the experiment. From the Fourier transformation of
the measured field, it is evident that the network edge states
are mainly located at the K valley when transported along
the positive direction, thus maintaining the valley-momentum
locking property. Therefore, the network edge states are topo-
logical and robust against bending and defects. Figures 4(e)
and 4(f) show the field distributions of the network edge states
in the presence of defects at two different positions, where
the defects were generated by digging out the network unit
cells. It was observed that the network edge states could still
propagate from the left side to the right side without changing
the strength, confirming topological network edge transport.
In addition, the network edge state is stable and unaffected
by the theta of scatterer arrays in the selected unit cell, as
discussed in Supplemental Material V [43].

A puzzling question arises: Why are there no edge states
at the upper edge of the x-direction boundary? To analyze this
problem, we first considered two special cases: the filling ratio
of the PC with phase A in a unit cell is significantly less than
that with phase B, and the second case is the opposite. The
first case is shown in the schematic of the network illustrated
in Fig. 5(a). PCs in phase A became isolated regions sur-
rounded by those in phase B, except for the lower boundary.
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Therefore, the discontinuity of the domain wall at the upper
boundary resulted in the absence of edge states. In contrast,
for the second case, as shown in Fig. 5(b), the discontinuity
of the domain wall occurred at the lower boundary, resulting
in the absence of edge states. Between them, a transition
occurs for a certain filling ratio of PC with phase A (or phase
B). The configuration in Fig. 3(c) demonstrates one more row
of phase B than phase A, as marked by the green dashed
box, where the edge states are confined to the lower edge.
By decreasing the filling ratio of phase B to the structure in
Fig. 5(c), the bulk band structure and associated projected
band dispersion were determined, as shown in Figs. 5(d)
and 5(e), respectively. In contrast, the field distribution of the
edge state [red sphere in Fig. 5(e)] was localized at the upper
edge rather than at the lower edge, as shown in Fig. 5(f).
Therefore, the edge states can be modulated by varying the
filling ratio of phase A (or phase B). The underlying physics
of this transition is attributed to the closing of the middle band
gap. The bulk band structure as a function of the filling ratio
of phase A is shown in Supplemental Material VI [43].

V. SUMMARY

In conclusion, we have realized elastic topological network
transport in on-chip PCs using silicon-based microfabrication.

Both topological network bulk and network edge states were
visualized directly. A network unit cell with six channels can
be used as an elastic wave splitter in which the input elastic
wave is only divided into the forward channel and two other
channels adjacent to the incident channel, and the energy
partition can be modulated by tuning the geometry angles
between different channels. The topological bulk and edge
transports are attributed to the superlattice effect and provide
schemes for controlling elastic waves. These on-chip topo-
logical network transports can be applied to microelectrome-
chanical systems and are available in acoustic arithmetic and
logical units that can be integrated with ultrasonic waveguide
devices.
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