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The interplay between real-space topological lattice defects and the reciprocal-space topology of energy
bands can give rise to novel phenomena, such as one-dimensional topological modes bound to screw
dislocations in three-dimensional topological insulators. We obtain direct experimental observations of
dislocation-induced helical modes in an acoustic analog of a weak three-dimensional topological insulator.
The spatial distribution of the helical modes is found through spin-resolved field mapping, and verified
numerically by tight-binding and finite-element calculations. These one-dimensional helical channels can
serve as robust waveguides in three-dimensional media. Our experiment paves the way to studying novel
physical modes and functionalities enabled by topological lattice defects in three-dimensional classical
topological materials.
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There are two distinct types of topological phenomena
that commonly occur in crystalline materials. The first is
band topology defined in reciprocal space, which gives rise
to topologically protected boundary modes in topological
insulators and related materials [1,2]. The other involves
topological lattice defects defined in real space, which are
protected against local perturbations [3,4]. These two types
of topological phenomena are usually studied separately,
but when they are simultaneously present in a material,
their interplay can give rise to many unique phenomena [5–
19]. For example, it has been theoretically predicted that a
screw dislocation in a three-dimensional (3D) topological
insulator (TI) can host one-dimensional (1D) topologically
protected helical modes [5]. The existence of helical modes
is determined by the nonzero value of B ·Gν=2π, where B
is the Burgers vector of the dislocation (defined in
real space), and Gν is a reciprocal vector defined as
Gν ¼

P
3
i¼1 νibi, where bi are the primitive reciprocal

lattice vectors and νi are the three weak topological indices
[20]. This “bulk-dislocation correspondence” is a modifi-
cation of the more well-known bulk-boundary correspon-
dence principle, taking the topology of the lattice
dislocation into account. Similar phenomena have been
theoretically studied in the context of strong and weak 3D
electronic TIs [5–7,11], 3D photonic Chern crystals [21],
and weak 3D photonic TIs with a synthetic dimension [22].
Dislocation-induced topological modes have technological
possibilities as a way to embed robust 1D waveguides in 3D
TIs. Compared to other topological waveguide designs

such as hinge modes in 3D higher-order TIs [23–25],
dislocation-induced topological modes can have larger
bandwidth (they span the entire bulk gap, unlike hinge
modes which usually exist inside a surface gap), and can
easily support multimode transport (by increasing the
Burgers vector or the spin Chern number).
Thus far, however, there have been few experimental

observations of dislocation-induced topological modes.
Some signatures of these modes have been found in real
materials through conductivity measurements [26] and
local density of states measurements [27]. Classical wave
systems such as photonic crystals and acoustic crystals
have been used to demonstrate localized modes bound to
dislocations in 2D photonic Chern insulators [28] and weak
2D magnetomechanical TIs [29], disclination waveguiding
in 2D valley photonic crystals [17], and fractional mode
density at lattice defects in 2D topological crystalline
insulators [30,31]. However, the topological helical modes
induced by a screw dislocation in a 3D TI [5] have not
previously been realized.
In this Letter, we present direct experimental observa-

tions of dislocation-induced topological helical modes
in a 3D acoustic TI. The sample consists of stacked 2D
acoustic TIs implementing a weak 3D acoustic TI with
Gν ¼ ð0; 0; 1Þ2π=az. A screw dislocation with B ¼
ð0; 0; azÞ is fabricated into the center of the sample.
With this setup, the bulk-dislocation correspondence pre-
dicts a pair of gapless helical modes inside the topological
band gap [5]. The existence of the helical modes is
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determined experimentally with field-mapping measure-
ments, resolved over the effective spin and spanning the
entire sample, both on the surface and in the bulk. The
experimental results are corroborated by tight-binding
calculations and full-wave simulations.
The design process is schematically illustrated in Fig. 1.

We start with a 2D TI that hosts a pair of topologically
protected helical modes on its edges [32,33], as shown in
Fig. 1(a). Aweak 3D TI can be constructed by stacking the
2D TIs in the z direction. The bulk band gap is maximized
by letting the couplings between adjacent layers vanish. In
that case, the gapless surface states on the side surfaces of
the weak 3D TI are intrinsically 2D: they propagate only in
the xy plane of each decoupled layer [Fig. 1(b)]. A screw
dislocation along z is then introduced by a “cut and glue”
procedure, as shown in Fig. 1(c). In tight-binding models as
well as the real experimental sample, this can be accom-
plished by modifying the couplings between certain sites
near the center of each layer. The introduction of the
dislocation gives rise to a pair of dislocation-induced
helical modes, which are connected to the helical edge
modes on the bottom and top layers, as shown in Fig. 1(c).
To design the structure, we begin with a tight-binding

model for a 2D TI described by a Hamiltonian of the form

H ¼
�
H↑ðϕÞ 0

0 H↓ðϕÞ
�
; ð1Þ

where the submatrices H↑;↓ describe 2D Chern insulators
consisting of square lattices with complex couplings, as
depicted in Fig. 2(a). Each is a copy of the Hofstadter
model [34] with magnetic flux ϕ ¼ �π=2 (thus H↓ ¼ H�

↑)
[35,36]. The design can be further simplified through the
transformation ½ψA;ψB�T ¼ u−1½ψ↑;ψ↓�T , where [37,38]

u ¼ 1ffiffiffi
2

p
�
1 i

1 −i
�
: ð2Þ

This replaces the original complex couplings by real
couplings of either positive or negative sign, as shown

in Fig. 2(b). Such a lattice can be realized in acoustics using
acoustic resonators coupled by properly designed channels
[39–41]. Figure 2(c) shows the spectrum of the resulting 2D
TI, with open boundary condition along x and periodic
boundary condition along y. There are two nontrivial band
gaps traversed by helical edge modes, whose mode profiles
are shown in Fig. 2(e). Finally, following the procedure
depicted in Fig. 1, we stack the 2D TI to form a weak 3D
TI, and introduce a central screw dislocation. This involves
replacing the intralayer couplings along the line segment
y ¼ 0, x > 0 in each layer [where ðx; yÞ ¼ ð0; 0Þ denotes
the center of the layer] with interlayer couplings imple-
menting the “spiral staircase” pattern shown in Fig. 1(c).
Figure 2(d) shows the calculated spectrum for a lattice of

size 16 × 16, with periodic boundary conditions imposed
along x and y to remove the surface modes on the sides.
With this simulation geometry, there is an extra dislocation
at (8,0) in addition to the dislocation at (0,0). In the plot,
dislocation-induced helical modes can clearly be seen
within the bulk band gap. Each dispersion curve of
dislocation modes is two-fold degenerate, corresponding
to the two modes at the two dislocations; red (blue) denote
spin ↑ (↓) for the modes evaluated at (0,0). The mode
profiles are shown in Fig. 2(f).
We now introduce an acoustic lattice that realizes the

above tight-binding model. It consists of two types of
building blocks: acoustic resonators and coupling tubes;
similar designs have previously been used to create acoustic
realizations of other tight-binding models [39–47]. A photo-
graph of a one-layer sample (without a dislocation) is shown
in Fig. 3(a), and a schematic of part of it is shown in Fig. 3(b).
Each cuboid resonator supports a dipolar mode at around
2144Hz, and is connected to its neighbors through a series of
coupling tubes. The coupling tubes shown in red (blue) in
Fig. 3(b) correspond to positive (negative) couplings. Details
about the acoustic structure are given in the Supplemental
Material [48].
Prior to dealing with the full 3D lattice, we verify the

features of the 2D lattice using simulations and experi-
ments. We consider a finite acoustic lattice of size 8 × 8

(a) (b) (c)

FIG. 1. Construction of a 3D weak TI with a screw dislocation. (a) A single 2D TI with helical edge modes. (b) 2D TIs stacked along z
to form a weak 3D TI. In the limit of zero interlayer couplings, the surface modes of the weak 3D TI are simply the helical edge modes of
the decoupled 2D layers. (c) A screw dislocation is introduced by a cut-and-glue procedure; the helical edge modes on the bottom and
top layers connect to modes running along the dislocation.
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[Fig. 3(a)]. The simulated eigenfrequencies are plotted in
Fig. 3(c), with the two bulk band gaps shaded in gray. The
modes inside the band gaps are indeed edge modes, as can
be seen from the eigenmode profile plotted in Fig. 3(d).
Throughout this work, we will focus on the second band
gap at ∼2200 Hz, which is larger.
To verify the existence of the edge modes experimentally,

we put a speaker at the left edge [yellow star in Figs. 3(e) and
3(f)] and measure the acoustic field (both amplitude and
phase) in each resonator. Details of the experimental pro-
cedure are given in the SupplementalMaterial [48]. The spin-
resolved fields are obtained as ½ψ↑;ψ↓�T ¼ u½ψA;ψB�T .

Figures 3(e) and 3(f) show the measured intensity distribu-
tions at 2165 Hz for spin-up and spin-down, respectively.
Evidently, the two fields counterpropagate along the edge, as
expected of spin-polarized helical edge modes.
Building on this 2D acoustic TI design, we construct a

weak 3D acoustic TI with a screw dislocation according to
the procedure in Fig. 1. The fabricated sample is shown in
Fig. 4(a). It consists of four layers of the 2D acoustic TI
with a central screw dislocation, with Burgers vector
B ¼ ð0; 0; azÞ. A close-up view of the dislocation is shown
in Fig. 4(d). Figure 4(b) shows the simulated dispersion
for the 3D acoustic structure, which agrees well with
the dispersion obtained using the tight-binding model
[Fig. 2(d)]. We can clearly see the emergence of the
dislocation-induced helical modes, with a typical mode
profile shown in Fig. 4(c).
To probe the dislocation-induced helical modes exper-

imentally, we inject sound into one of the resonators at the
center of the top layer; the source position is indicated by a

(a)

(c)

(e) (f)

(b)

(d)

FIG. 3. Design and demonstration of a 2D acoustic TI. (a) Photo
of the fabricated sample for the 2D acoustic TI. (b) Unit cell for
the acoustic lattice, with the red and blue coupling tubes enabling
positive and negative couplings. (c) Simulated eigenfrequencies
for the acoustic lattice shown in (a). The shaded gray regions
denote the bulk band gap. (d) Eigenmode profile for one of the in-
gap edge modes. (e) and (f) Measured field distributions at
2165 Hz for spin-up mode (e) and spin-down mode (f).

(a) (b)

(d)(c)

(e) (f)

FIG. 2. Lattice model design. (a) Square lattices with magnetic
flux ϕ ¼ π=2 (left) and ϕ ¼ −π=2 (right) per plaquette. (b) A
lattice model for a 2D TI obtained by combining and trans-
forming the two lattice models in (a). Here, all couplings are real
and have the same amplitude, and red (blue) colors denote
positive (negative) couplings. (c) Edge spectrum for the lattice
shown in (b), calculated using periodic boundary conditions in y
and open boundary conditions in x. Black curves correspond to
bulk bands and red and blue curves denote spin-up and spin-down
modes on the left edge. (d) Dislocation spectrum for a weak 3D
TI built up by stacking the 2D TI in (b) with vanishing interlayer
couplings. The calculation uses lattice size 16 × 16 and periodic
boundary conditions in both the x and y directions. The couplings
at y ¼ 0 and x > 0 are all replaced by interlayer couplings. This
setup leads to two dislocations at (0,0) and (8,0). (e) Profile of the
edge mode marked by the red circle in (c). (f) Profile of the
dislocation mode marked by the red circle in (d).
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yellow star in Fig. 4(f). We then scan the acoustic fields
inside the whole sample [48]. Figure 4(e) plots the acoustic
pressure spectra measured at two different resonators on the
second layer (here the second layer refers to the layer right
below the top layer). The red curve comes from measure-
ments taken at a resonator next to the dislocation, which has
strong peaks at frequencies corresponding to the predicted
bulk band gaps, where the dislocation modes are expected
to occur. The black curve is derived from measurements
taken at a resonator that is 2

ffiffiffi
2

p
a away from the dislocation

(a is the spacing between adjacent resonators), and has less
pronounced peaks at those frequencies. This indicates that
the in-gap modes are localized around the dislocation.
Figure 4(f) shows site- and spin-resolved acoustic

intensity distributions measured at 2165 Hz. As can be
seen, the distributions for the two spins are very different.

For spin-up (upper row), the measured intensity is always
localized around the center. For spin-down (lower row), the
intensities in the second and the third layers are negligible,
indicating that only spin-up modes can propagate down-
wards along the dislocation. In contrast, when the source is
placed at the center of the bottom layer, the situation is
reversed (i.e., only spin-downmodes can propagate upwards
along the dislocation), as shown in the Supplemental
Material [48]. Thus, the direction of propagation along the
dislocation is locked to the spin. The observed spatial profile
and helical characteristics of the dislocation-induced topo-
logicalmodes agreewell with the simulation results shown in
Fig. 4(b).
To sum up, we have observed a pair of dislocation-

induced helical modes in an acoustic analog of a weak 3D
TI, thereby validating the long-predicted phenomenon of

(a)

(d)

(e)

(f)

(b) (c)

FIG. 4. Observation of dislocation-induced topological helical modes. (a) Photo of the fabricated sample for the weak 3D acoustic TI
with dislocation. (b) Simulated band structure for the lattice shown in (a). Here, gray dots correspond to bulk modes and red and blue
dots represent spin-up and spin-down dislocation modes. (c) Eigenmode profile for one of the dislocation modes. (d) An enlarged photo
of the sample center area. The Burgers vector B is denoted by the red arrow. (e) Measured acoustic pressure spectra when the excitation
is at the center of the first layer and the detection is at the second layer. Red and black curves are results obtained at one resonator next to
the center and away from the center, respectively. (f) Measured acoustic intensity distributions at 2165 Hz in the three layers counted
from the top layer. Red and blue colors represent spin-up and spin-down states, respectively. The subplots within the same column (i.e.,
the same layer) are normalized by the same value, while the subplots in different columns are normalized by different values.
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dislocation-induced 1D topological modes in 3D TIs [5,6].
Our results, together with other recent related experimental
efforts [18,49–51], coincide with growing interest in the
possibilities of combining band topology with lattice
defects [17,28–31]. One promising direction for future
research is to extend the current design beyond the tight-
binding regime. It has previously been shown that a smooth
helical modulation can generate chiral modes in a magnetic
Weyl crystal [21]; similarly, it may be possible to generate
helical modes in a time-reversal invariant phononic or
photonic crystal with four Weyl points, which would be
helpful for implementing waveguides with high bandwidth,
low loss, and multimode features. Moreover, although we
have focused on screw dislocations, there are other types of
lattice defects that may host topological modes with
different characteristics, which could be similarly studied
using acoustic structures. Finally, it would be interesting to
study non-Hermitian band topological effects [52–62],
which can have interesting interactions with topological
lattice defects [63–66], by using passive [57,58] or active
[59] methods to introduce non-Hermiticity into acoustic
structures.
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