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Observation of boundary induced chiral
anomaly bulk states and their transport
properties

Mudi Wang1, Qiyun Ma2, Shan Liu2, Ruo-Yang Zhang 1, Lei Zhang 3,4,
Manzhu Ke 2, Zhengyou Liu 2,5 & C. T. Chan 1

The most useful property of topological materials is perhaps the robust
transport of topological edge modes, whose existence depends on bulk
topological invariants. Thismeans thatweneed tomake volumetric changes to
many atoms in the bulk to control the transport properties of the edges in a
sample. We suggest here that we can do the reverse in some cases: the prop-
erties of the edge can be used to induce chiral transport phenomena in some
bulk modes. Specifically, we show that a topologically trivial 2D hexagonal
phononic crystal slab (waveguide) bounded by hard-wall boundaries guaran-
tees the existence of bulk modes with chiral anomaly inside a pseudogap due
to finite size effect. We experimentally observed robust valley-selected trans-
port, complete valley state conversion, and valley focusing of the chiral
anomaly bulk states (CABSs) in such phononic crystal waveguides. The same
concept also applies to electromagnetics.

The discrete valley degree of freedom, which is a simple yet elegant
way to enable topologically protected transport, is attracting much
attention in both electronics1–9 and classical wave fields10–19 due to its
simplicity. Similar to the spin in spintronics, the valley index is an
information carrier. Moreover, chiral valley transport8–18 is robust
against weak disorder, as the intervalley scattering is usually small due
to the large separation of the valleys in momentum space. In the valley
transport realized to date, the most common approach is to create
topological boundary states8–18 at the interface of two crystals carrying
different valley Chern numbers according to the bulk-edge
correspondence2–21 and the valley Chern numbers are created by
lowering/breaking the symmetry of the bulk crystal.

Here, we propose a mechanism for providing robust transport
using chiral anomaly bulk states (CABSs), and the effect is phenom-
enologically the same as valley transport. The CABSs require only
boundary modifications of a simple non-topological crystal, which
apply to both acoustics and electromagnetics. Such simplicities are
helpful for a wide range of practical applications. In addition,

boundary-condition controlled valley-selected transmission can be
easily implemented, as we will show below. Optical frequency reso-
nance structures based on CABSs can behave like valley Hall topolo-
gical laser systems if the photonic crystal has gain, except that the
amplified light comes from chiral bulk modes rather than
boundary modes.

Results
Construction of boundary-induced CABSs
We consider a hexagonal PC slab (lattice constant a is 12.0mm)
composed of circular rods (7.0mmdiameter, 10mm thickness) with a
rigid boundary (on the xz plane) imposed front and back, which are
axes perpendicular to the top and bottom plates (xy plane), as shown
in Fig. 1a. Such a configuration is effectively a waveguide. The bulk
band diagram of the periodic 2D PC is shown in Fig. 1b. The mirror-y
(My) symmetry of the PC’s unit cell about themiddle line (dashed line)
ensures that the bands canbe classified asMy evenorodd along Γ-K, as
shown in the inset of Fig. 1b. For the evenmode (red band), the normal
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velocity fields of the eigenstates are zero at the mirror plane (black
dashed line), while for the odd mode (blue band), the velocity field of
the eigenstates is themaximumat themirror plane. Thesemodes cross
at the K point.

When the front and back rigid boundaries are imposed by ter-
minating the PC along the middle lines of the unit cells in the outer-
most layers of the sample, the normal velocity component must be
zero, soonly the evenbulkmodewith zeronormal velocity component
at the mirror plane is compatible with the boundary condition, while
the odd modes with a non-zero normal velocity component in the
mirror plane is incompatible with the hard-wall boundary condition
and hence forbidden. Hence, a boundary-condition imposed chiral
anomaly can emerge in the PC, as shown by the red band in the pro-
jectedband structureof the PCwaveguide in Fig. 1c. These chiral states
are bulk modes, as they are spatially extended and independent of the
width of the PC waveguide. They are K or K′ valley-locked in the
pseudoband gap (the shaded area in the right panel of Fig. 1c, which is
caused by the finite size effect). The left panel of Fig. 1c shows the
pressure (colors) and energy flux (arrows) fields and the pressure
phase (colors) field of the CABSs.

The fact that boundary conditions at the edge can select theparity
of allowed bulk mode can be understood heuristically using a simple
model in the continuum limit. Suppose that the thickness of the
waveguide is L, two hard boundaries are located at y = 0 and L. We can

consider a Dirac-like Hamiltonian

H yð Þ= σxkxvD � i∂yσyvD +m yð Þσz ð1Þ

near the K valley, with a step mass term

m yð Þ=
m1 y<0

0 0≤ y ≤ L

m2 y>L

8
><

>:
: ð2Þ

In the domain of 0≤ y≤ L side, theHamiltonian has a bulkmirror-y
symmetry:

σxH yð Þσx =H �yð Þ: ð3Þ

The Eigen solutions at kx =0,ω=0 are
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Fig. 1 | Boundary condition induced CABSs. a Schematic of the PC with a hard
boundary. b Bulk band diagram. Inset images: the corresponding pressure (colors)
and energyfluxfields (arrows) of the eigenstates in the unit cell. The red (blue) band
is even (odd) with respect to the mirror plane marked by the dotted line. c Band
dispersion of the PCwith a hard boundary, where the periodic boundary condition

is in the x-direction and its width is 12 layers (each layer is
ffiffi
3

p
2 a wide) along the y-

direction. Left panel: pressure (colors) and energy flux (arrows) fields and the
pressure phase (colors) field of the CABS. The pseudogap (shadow region) is
caused by the finite width of the PC waveguide. d The distribution of Dirac massm
along y-direction in the continuum model (see text).
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We note that the mass terms (either positive or negative) give a
gap and hence an exponentially decaying solution. The continuity of
the wave function at y=0and L requires that this equation have only

two solutions: (1) m1 > 0, m2 < 0, and ψ=
� 1
1
�
(bulk even mode with

respect tomirror-y operator σx) when 0 ≤ y≤ L; (2)m1 < 0,m2 >0, and

ψ=
� 1
�1

�
(bulk oddmode) when 0 ≤ y ≤ L. This means that when the

twomðyÞ≠0 domains (y≤0 and y ≥ L) have opposite mass terms, the
sign of the Dirac masses sgn m1

� �
= � sgnðm2Þ can select only one of

the bulk modes with a certain mirror-y parity (a Jackiw–Rebbi zero
mode within this framework)22 to be confined in the middle domain.
In the limit ∣m1∣= ∣m2∣=m0 ! +1, the waves cannot penetrate the
two outside domains. Since the real boundary of the acoustic
waveguide is rigid, where the normal velocity component must be
zero, only the mirror-y even bulk mode at the Dirac point is com-
patible with the rigid boundary condition. Compared with the above
effective Dirac Hamiltonianmodel, we found that the Dirac stepmass
withm1 = �m2 ! +1 rather than the other case with m1 = �m2 !
�1 can bemapped to the rigid acoustic boundary of the waveguide,
since only the former one can support a mirror-y even bulk mode

ψ=
� 1
1
�
. This means the step Diracmass withm1 = �m2 ! +1 is the

sole solution, as shown in Fig. 1d, which endows the CABSs (Fig. 1c).
The sign of themass term depends, of course, on the selection of one
particular valley (the K valley) and the mass terms will switch signs if
we consider the K′ valley instead. It is known that tuning the
boundary potential of graphene can result in chiral states23–29. Here,
we show that simply terminating the PC along the middle lines of the
unit cells in the outermost layers of the sample with a hard boundary
can guarantee the existence of the chiral states by symmetry com-
patibility selection (See Figs. S1, S2 and the corresponding descrip-
tions for the other boundaries).

We note that the projected band structure in Fig. 1c is essentially
the same as that of a finite strip of topological valley crystal2–18, and as
such, we expect similar transport properties, as will be shown later.
However, the mechanism here is essentially different from a valley
crystal. The usual topological valley crystal achieves chiral boundary
modes by employing a carefully designed bulk material character-
ized by a bulk topological invariant (valley Chern number). Here, the
PC with mirror symmetry achieves CABSs by employing a particular
edge configuration: themirror symmetry of the PC ensures that there
exists an even mode and an odd mode, while the rigid boundary at
the mirror plane of the unit cell allows only one mode (either even
mode or odd mode) to propagate.

Experimental observation of the CABSs
Experimental samples, as shown in Fig. 2a, are fabricated with 3D
printing technology using resin, which can be regarded as an
acoustically rigid material. We drill some holes on the top cover of
the sample, through which sound pressure and phase can be mea-
sured. The acoustic field distribution at 15.5 kHz is shown in Fig. 2b.
For each excitation frequency, we measure the pressure field along
the horizontal magenta dashed line shown in Fig. 2b. The corre-
sponding Fourier transform gives the dispersion along kx . The color
map of Fig. 2c shows the measured intensity distribution in
momentum space in the frequency window between 14.0 and
17.0 kHz, indicating the dispersion relation of the CABSs around the
K valley (note the absence of intensity at the K′ valley). This result
agrees well with the theoretical dispersion plotted with the red lines.
Fixing the excitation frequency at 15.5 kHz, the pressure field dis-
tribution (containing both the amplitude and phase information) in
the rectangle delineated by the magenta dashed lines is measured,
and the Fourier spectrum is shown in Fig. 2d.We note that only states
near the K valley are detected in the experiment, indicating the
excitation of CABSs locked at the K-valleys. This is consistent with the
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Fig. 2 | Experimental measurement of the CABSs. a Photo of the sample.
b Simulated acoustic pressure field distributions at 15.5 kHz for a point source (red
star) on the left of the straight PC. c Experimentally measured dispersions (colors)
compared to the simulated dispersions (white dots and red lines). d Experimental

Fourier spectra (indicatedby a colormap) at a frequencyof 15.5 kHz, as obtainedby
a Fourier transformation of the measured field distribution inside the domain
delineated by the magenta dashed lines in b.
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dispersion relation of the CABSs shown in Fig. 1c, indicating a posi-
tive group velocity at K. The experimental results agree well with the
theory.

Properties of the CABSs
Due to the valley-locking property, CABS transport should have
immunity against sharp bends or disorder at the same level of pro-
tection as valley Hall type topological transport. To verify this, PC
waveguides with a 120-degree bend and some disorder in the interior
(cylinder diameter randomly distributed between 5–9mm) are fab-
ricated, as shown in Fig. 3a, b, respectively. The acoustic point source
is placed on the left of the two PCs, and the distribution of the
acoustic field (15.5 kHz) remains extended, which means that the
sharp bend or weak disorder does not compromise the transmission
of the sound wave. The observed robustness of transport can be
understood as follows. For Fig. 3a, the PCs in domains 1 and 2 have
the same projected band structure, and they all permit the sound
wave to pass through the K valley from the left. For Fig. 3b, despite
the introduction of structural disorder inside the PC (as specified in
the figure caption), the sound wave can pass through the PC without
noticeable transport deterioration. This occurs because the CABSs
are valley-locked and intervalley scattering from the K valley to the K’
valley is weak, as the valleys have a large separation inmomentum. In
the experiment, we scan the acoustic field inside the domains
enclosed by the magenta rectangles in Fig. 3a, b, and their Fourier
spectra (the experimental results of some other frequencies are

shown in Fig. S3, and the theoretical transmission contrast is shown
in Fig. S4) all show that for the frequencies in the CABS region, only
the states near the K valley are excited, while the K′ valley states are
strongly suppressed.

In the previous works8–18, robust transport enabled by topolo-
gical boundary states was adjusted by controlling bulk topological
invariants. If we want to change the existence and the property of the
edge modes, the bulk should be changed. In a way, we modify the
properties of many atoms to change the edge property, which is of
measure zero compared to the bulk. However, the transmission of
CABSs here can be controlled conveniently by modifying the
boundary. This is simpler than othermethods in the sense that we are
modifying a few atoms, which then change the transport of the bulk
in a certain frequency range. As shown in Fig. 4a, the sound wave
cannot pass through the 60-degree-bend PC without reflection, as
the projected band in domain 1 along the x-direction and domain 3
along the x′ direction (shown in Fig. 4d, e) have different valley
polarizations for the rightward propagative wave group velocity. For
Fig. 4b, the width of PC is reduced by

ffiffi
3

p
2 a in domain 4 comparedwith

that in domain 1, and the projected band is changed, as shown in
Fig. 4f. Both domain 1 and domain 4 allow CABSs with K valley states
to exist and hence, the sound wave can pass through the 60-degree-
bend PC. This shows that the group velocity of CABSs in the valleys
can be flipped by changing only the width of the PC (band dispersion
regulation by changing its width is shown in Fig. S2), thereby allowing
transport control by adjusting the edge morphology. As shown in
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Fig. 3 | Robustnessof theCABSs against defects. a,b Simulated acoustic pressure
field distributions at 15.5 kHz for a point source (red star) on the left of the 120-
degree-bend PC and the disordered PC (the cylinder diameters of the 32 units are

randomly distributed between 5–9mm in the black rectangle). Inset picture: the
corresponding experimental Fourier spectra of the acoustic field in the magenta
dashed rectangle in a, b.
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Fig. 4b, this is verified experimentally that the wave (15.5 kHz) excited
by a source on the left can transmit through the sharp bend and only
K valley states are excited in domains 1 and 4 and the K′ valley states
are deeply suppressed.

The transport of bent CABSs can also be controlled by the char-
acteristics of the boundary of the waveguide at the joint. For example,
wemodify the boundary of the PC inFig. 4a to the configuration shown
in Fig. 4c. The only difference is themorphology of the boundary at the
joint. With this very small change (Fig. S6 shows the influence of
boundary morphologies), the sound wave (15.5 kHz) can pass through
this new configuration from domain 1 to domain 3, meaning that the
valley polarity completely changes from the K valley to the K′ valley by
edgemodification at the joint (Seemore discussions in Supplementary
Information). In photonic crystal waveguides, it is known that good
coupling can be achieved by designing coupling regions30–33 by facil-
itating impedance matching or by providing resonance coupling.
However, the mechanism is rather different, as these conventional
waveguide states carry neither chiral anomaly nor valley information.

In the chiral anomaly approach, the mechanism works for the entire
frequency range inside the pseudogap, and the transport remains a
single mode that is independent of the width of the waveguide. This
phenomenon is confirmed by the experimental Fourier spectra in the
area enclosed by themagenta dashed rectangles in Fig. 4c, which show
that theCABSs areK-locked in domain 1 andK′-locked in domain 3, and
the reflection is greatly suppressed during transmission. The complete
valley conversion shown here has potential applications in valley
information transforms1–19.

The CABS also allow for the valley-locked focusing of waves by
designing a suitable boundary configuration. Figure 5a shows the
transport of the CABSs excited by a point source on the left through a
slopped domain, where the layer number drops sharply from 12 to 2.
The Fourier spectrum of the field in the area enclosed by the magenta
dashed rectangle shows that only the K valley states are excited. This
means that in this area, forward-moving CABSs (locked to K) channel
the energy into the narrow guide on the right, with no noticeable
reflection to the CABSs locked to K’. Moreover, we measure the

a

b

c

d

e

f

1

1

1

3

4

3

x
x’

K K'

K

K'K

K'

K K'

K

K'K

K'

modify the boundary

Max.Min.

Max.Min.

-1.0 -0.5 0.0  0.5 1.0
10

15

20

Fr
eq

ue
nc

y(
kH

z)

kx(��a)� �’

kx’ (��a)

�

�

�

�’

�’

�’

kx(��a)
-2/3

x
2/3

-2
/3

x’
2/

3

�

�

�

�’

�’

�’

k x’ 
(�
�a

)

-2
/3

x’
2/

3

�

�

�

�’

�’

�’

k x’ 
(�
�a

)

-2/3 2/3

-1.0 -0.5 0.0  0.5 1.0
10

15

20

Fr
eq

ue
nc

y(
kH

z)

��’

-2/3 2/3

kx’ (��a)
-1.0 -0.5 0.0  0.5 1.0

10

15

20

Fr
eq

ue
nc

y(
kH

z)
��’

-2/3 2/3

K K'

K

K'K

K'

K K'

K

K'K

K'

Fourier amplitude

Fourier amplitude

Fig. 4 | Control the transmission of CABSs by adjusting the boundary
modifications. a–c Simulated acoustic pressure field distributions at 15.5 kHz for a
point source in three different configurations of the 60-degree-bend PCs. The PC in
a is composed of two waveguides with the same band dispersion (with periodic
boundary conditions in the x- and x′-directions). The PC in b is composed of two
waveguides with inverted K and K′ valleys in the band dispersion. The width of the
waveguide in domain 4 is smaller than that of domain 1 by one layer. The PC in c is
composed of two waveguides with the same band dispersion, featuring some

boundary modifications at the coupling position (compared with a, a rigid
boundary is added at 60 degrees to the x axis at the position 2a away from the
bottom right corner along the -x axis). The modification of b, c is shown in Fig. S5.
The insetpictures inb, c are the experimental Fourier spectraof the acousticfield in
the corresponding magenta dashed rectangles. d–f Fourier spectra in momentum
space for domains 1, 3, and 4. The right panels display the corresponding projected
band structures along the x, x′ and x′ directions.
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pressures at the red points in Figs. 2b, 5a, and the results show a
significant intensity enhancement in the narrow channel. This valley-
focusing effect may be useful in field enhancement or energy
harvesting.

Triangular waveguide resonator based on the CABSs
The concept of using boundary conditions to induce chiral anomaly
bulk states is not limited to acoustic waves and it also works for pho-
tonic crystals. In Fig. 6a, we consider a dielectric photonic crystal
waveguide operating atmicrowave frequencies. The waveguide is a 12-
column 2D photonic crystal composed of a hexagonal lattice of
dielectric cylinders ðε= 12Þ in air (the unit cell is shown in Fig. S7) with
metallic boundaries on the top/bottom of the waveguide. While for
light wave frequencies (see Fig. S8), we use a dielectric strip ðε= 12Þ
whichhas an eight-columnhexagonal arrayof airholes in the air. As the

metallic boundary condition is inconvenient to implement in practice
in optical frequencies, we use an open boundary condition instead, i.e.,
the waveguide strip forms an interface with air ε= 1. From the band
dispersion diagrams in Fig. 6a for microwave frequencies and Fig. S8b
for optical frequencies, CABSs locked to the K (K′) valleys are found to
exist in the pseudogap formedbecauseof thefinitewidth effect. As the
transport is determined by the dispersion, we expect the same valley-
locked transport characteristics in EMwaves aswe have demonstrated
experimentally for acoustics. Such phenomena are indeed demon-
strated numerically, as shown in Fig. 6b (formicrowave frequency) and
Fig. S8c (for light wave frequency), where we see high transmission
through sharp bends.

Taking advantage of the CABSs, we design a triangular resonator
that operates at optical frequencies as shown in Fig. 6c (the unit cell
has the same parameters as those specified Fig. S8, except that we
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field distributions at 15.5 kHz for a point source (red star) on the left of the PC,
demonstrating the focusing effect. Right panel: the experimental Fourier spectrum

of the acoustic field in the magenta dashed rectangle. b The black squares and red
circle represent the experimentally measured intensity profiles along the red dot-
ted lines in Figs. 2b, 5a, respectively.
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Fig. 6 | Triangular waveguide resonator based on CABSs. a Photonic crystal
waveguide (microwave frequencies) bounded by perfect electrical conductor
boundaries above and below and periodic boundaries on the left and right. Right
panel: band dispersion of the photonic crystal waveguide and the corresponding
electric field (colors) and the phase (colors) field of a CABS in the pseudogap
(shadowed region). b Simulated electric field distributions at 11.9 GHz excited by a
point source (red star) on the right of the 120-degree-bend waveguide. Right

panels: the corresponding Fourier spectra of the electric fields in the magenta
dashed rectangle. c Triangular waveguide resonator (the layer number is 8 and the
permittivity of the dielectric is ε = 12 +0:002*i) coupled with an eight-layer wave-
guide which is excited by a point source on the right at 482 THz (light wave fre-
quencies). Note the uniformity of the resonancemode. d The resonator is changed
to a solid triangle with the same bulk system parameters. Note that the resonance
disappeared.
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added a very small gain so that ε = 12 +0:002*i). The triangular reso-
nator can be excited by a straight 8-column waveguide. The widths of
the waveguide and the triangular resonator are all 4

ffiffiffi
3

p
a, and the

spacing between the waveguide and the resonator is
ffiffi
3

p
2 a, as shown in

Fig. S9, and they have the same CABSs. Due to the valley-locked
transport, there is no back-reflection at the sharp bends. As a con-
sequence, the mode is uniform, and there is no standing wave node/
anti-node intensity variation along the wave-propagation direction. In
addition, and in contrast to valley Hall resonators and other topolo-
gical laser systems34–37, the mode is uniform even across the cross-
section of the waveguide because it is a chiral bulk mode and not an
edgemode. Suchuniformity of intensity can avoid spatial hole burning
and optimize the utilization of the gain medium during light amplifi-
cation. In Fig. 6d,we show for comparisonwhen the resonator is a solid
triangle (i.e., no empty space inside). The configuration in Fig. 6d has
more bulk modes than that in Fig. 6c, but the resonance effect has
become significantly weaker, and the Q factor is about three orders of
magnitude smaller (as shown in Figs. S10, S11), indicating the impor-
tance of the boundary condition.

Discussion
In this work, we found that the projected band structure of an ordinary
hexagonal phononic crystal with hard-wall boundary conditions is
essentially the same as that of a strip of a topological valley Hall pho-
nonic crystal carrying valley Chern numbers. In particular, there are
boundary-condition-induced chiral bulk modes that are locked to the
valleys and are counterparts to the valley-locked edge modes in topo-
logical valley Hall crystals. Such CABSs have similar robust transport
characteristics as the edge modes in valley Hall phononic crystals, and
their robustness is demonstrated both numerically and experimentally.
Compared to the topological boundary states8–18 obtained by using the
bulk to induce robust boundary conduction, the CABSs are obtained
using the boundary to control the bulk. In addition to experimentally
demonstrating that CABSs can carry information around sharp bends
and through structural defects, we also showed that boundary-
condition modification can induce valley-selected transport, complete
valley state conversion from K to K′ and achieve valley focusing. Our
work offers anewmechanism for controlling chiral valley transport, and
this concept can be applied to other kinds of waves, such as EM waves.

Methods
Simulations
All the simulations in this work were carried out using the acoustics
module of COMSOL Multiphysics. The speed of sound and the air
density used are 349m/s and 1.165 kg/m3, respectively. In Figs. 2b, 3a,
b, 4a–c, 5a, the open boundary conditions were assumed at the
entrance and exit ends, while the hard boundary conditions were
assumed in the other directions.

Experimental measurements
In the experiments, all the samples were fabricated by a 3D printing
technology using resin. The sound signal are scanned by a movable
microphone (diameter ~0.7 cm, B&K Type 4187) while fixing another
identical microphone as a phase reference. The phase and amplitude
of the pressure field can be obtained by a multiplex analyzer system
(B&K Type 3560B).

Data availability
The data that support the findings of this study are available from the
corresponding authors upon reasonable request.
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