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Bound states at partial dislocation defects in
multipole higher-order topological insulators
Sasha S. Yamada 1, Tianhe Li2, Mao Lin2, Christopher W. Peterson1, Taylor L. Hughes2 & Gaurav Bahl 3✉

The bulk-boundary correspondence, which links a bulk topological property of a material to

the existence of robust boundary states, is a hallmark of topological insulators. However, in

crystalline topological materials the presence of boundary states in the insulating gap is not

always necessary since they can be hidden in the bulk energy bands, obscured by boundary

artifacts of non-topological origin, or, in the case of higher-order topology, they can be

gapped altogether. Recently, exotic defects of translation symmetry called partial dislocations

have been proposed to trap gapless topological modes in some materials. Here we present

experimental observations of partial-dislocation-induced topological modes in 2D and 3D

insulators. We particularly focus on multipole higher-order topological insulators built from

circuit-based resonator arrays, since crucially they are not sensitive to full dislocation defects,

and they have a sublattice structure allowing for stacking faults and partial dislocations.
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Topological insulators are generally characterized by quan-
tized topological invariants that are defined with respect to
the bulk symmetries of a system1–3. Here we focus on a

particular class of topological crystalline insulators (TCIs), that
are characterized by electric multipole moments, which are
quantized by the crystal symmetries4,5. For example, inversion
symmetry quantizes the electric polarization (i.e., dipole moment per
unit cell) of an insulator6, and this manifests as gapless modes and
fractional charge density (per unit cell) localized at the boundaries of
a material6–9. The symmetry-enforced quantization generalizes to
higher electric multipole moments, e.g., quadrupole and octupole
moments, which become quantized in crystals in the presence of any
symmetry under which they flip their sign10. Quantized quadrupole
and octupole insulators are a subset of higher-order topological
insulators (HOTIs), and they host gapless states and/or fractional
charges not on their surfaces, but at their corners10–19.

Since the topology of multipole HOTIs is protected by crystalline
symmetries, one would naturally expect these insulators to be sen-
sitive to crystallographic defects10,20–27. Single dislocation20,23,25,28–32

and disclination26,27,33–37 defects have been investigated as bulk
probes of topology for TCIs where they trap bound states and/or
fractional charges. Likewise, local deformation of the unit cells that
host fractional charge can reveal bound states at crystallographic
defects26. In classical metamaterials, instead of fractional charge
density, the spectral mode density and fractional mode density serve
as suitable experimental analogues26,27,38. In order to be consistent
with previous literature, and due to its applicability to condensed
matter systems, we adopt the charge terminology for the remainder
of this manuscript.

Unfortunately, conventional full dislocation defects are not useful
probes of multipole HOTIs as they will not elicit a topological bound
state or fractional charge response (see Supplementary Fig. S1)10,24.
Additionally, disclinations have some notable shortcomings in
experiments: (i) in solid-state systems they cost a large amount of
elastic energy and are difficult to isolate, (ii) in engineered materials
they are not convenient to implement experimentally as single dis-
clination defects require a massive rearrangement of the global
structure of the lattice, (iii) while they may bind fractional charge in
2D multipole insulators, they are not guaranteed to do so in 3D
multipole insulators, and (iv) even when exhibiting fractional charge,
disclination cores are often not accompanied by mid-gap topological
bound states26,27, which precludes the use of the most convenient
experimental probes, i.e., spectroscopy. More generally, arrays of
partial dislocations are much easier to realize than arrays of dis-
clinations, and we describe how they can also trap topological modes
in nominally trivial insulators, hence applications based on networks
of coupled topological bound modes may be more amenable to
partial dislocation geometries.

Here, we demonstrate that partial dislocations can trap 0D
bound states in multipole HOTIs. To this end, we construct 2D
and 3D multipole circuit-based resonator arrays and measure
topological modes localized to partial dislocation defects. Inter-
estingly, we find that the partial-dislocation induced bound state
is robust irrespective of whether the defect terminates within the
bulk or at the boundary of the material.

Results
Partial dislocation defects. In this work we consider partial dis-
location defects as topological probes. These defects can occur
naturally in solid-state systems and are formed by the insertion of
lines/planes of incomplete unit cells in a 2D/3D lattice. Partial
dislocations are intimately related to stacking faults. Indeed, if a
stacking fault spans only a portion of the entire crystal plane, its
boundary point/line is a partial dislocation in 2D/3D. It follows that
these definitions restrict the scope of our discussion to topological

realizations that have spatially distributed sublattice degrees of
freedom so that stacking faults and partial dislocations can exist.

In general, dislocation defects are characterized by a Burgers
vector. The Burgers vector quantifies the difference in the number of
translations required to trace a loop around an ordinary point of the
lattice compared to tracing a loop around a dislocation core. When a
dislocation core replaces the ordinary point, then the original loop
that was traced around the ordinary point fails to perfectly close, and
the deficit or excess in the displacement is the Burgers vector24,39.
Usually this Burgers vector is a lattice translation vector, but since
partial dislocations are formed by incomplete unit cells, their Burgers
vector is always a fraction of a lattice vector. If we apply the results of
Ref. 40 we can classify the 2D and 3D multipole HOTIs as having
embedded topology and embedded higher-order topology, respec-
tively. As such, we expect them to be sensitive to partial dislocations.
We also note that recent work by Queiroz et al.39 explores partial
dislocation defects and their interaction with topology. They
introduce an index theorem that can be adapted to our multipole
systems, but which does not explicitly predict nor forbid topological
modes bound on such partial dislocations.

Instead of developing the involved machinery needed to describe
the embedded topology classification we provide an explicit, and
self-contained, the argument for how 2D and 3D multipole HOTIs
react to the presence of a partial dislocation (interested readers can
see Supplementary Note S1 for a generic procedure for determining
whether a partial dislocation will trap a topological bound state using
the theory of40). As a specific example, we first consider the 2D
quadrupole insulator model from Ref. 10, which is formed on a
square lattice with an alternating weak and strong coupling pattern,
and a π-flux threading each plaquette (see Fig. 1a). The resulting
model has four degrees of freedom per unit cell, and the π-flux
ensures that the bulk and edge bands are spectrally gapped. For
different choices of the intra- and inter-cell couplings, this system
has four natural, gapped configurations (Fig. 1a), of which only the
one having weak intra-cell coupling in both directions has a non-
zero, quantized quadrupole moment per unit area of qxy= 1/2, in
units of elementary charge e10. (Strictly speaking, since we are
allowing for couplings which break C4 symmetry but preserve
mirror symmetries in x and y, this system is a boundary obstructed
topological phase.) There is an interesting subtlety in that, for an
infinite or periodic lattice, one can change which configuration has
the non-vanishing quadrupole moment just by redefining the choice
of unit cell. This is not unique to the quadrupole HOTI, and is also
present for the properties of any obstructed atomic insulator7,41.
Hence, while we cannot give an absolute statement about which
configuration has the non-zero quadrupole moment without fixing a
unit cell choice, we can distinguish the differences between the
configurations by making domain walls between them. We will now
show that the insertion of a partial dislocation creates exactly such
spatial domains between obstructed and trivial atomic limits, and
hence leads to an observable response.

As a frame of reference for the partial dislocation discussion let
us fix our unit cell choice so that Phase I is a non-trivial
quadrupolar HOTI having qxy= 1/2. To construct the partial
dislocation we now insert a row of partial unit cells into the lattice
as in Fig. 1b. This partial dislocation is characterized by a
fractional Burgers vector B ¼ ð1=2Þŷ in units of lattice constant
(left panel of Fig. 1b). To clearly illustrate the effect of the partial
dislocation, we can now choose to redefine the unit cells in one
quadrant to incorporate the partial dislocation and once again
form complete quadrupolar unit cells. We note that this is merely
a change of perspective, i.e., we are not modifying the micro-
structure of the lattice. For our example in Fig. 1b, we group the
partial dislocation with the lower right quadrant of the lattice.
Compared to the original unit cells (Phase I in Fig. 1a), the
redefined unit cells in the lower right quadrant are in Phase II and

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-29785-5

2 NATURE COMMUNICATIONS |         (2022) 13:2035 | https://doi.org/10.1038/s41467-022-29785-5 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


no longer host a non-trivial quadrupole moment. This shows us
that the partial dislocation has introduced a spatial phase
boundary between a trivial and non-trivial quadrupolar HOTI.
As a result, we expect fractional charge and a 0D topological
bound state to be localized at the higher-order boundaries (i.e., the
corner of the phase boundary), which sits at the dislocation core.
In Supplementary Figs. S13–S17 we demonstrate how the 1/2
quantized fractional charge associated with a partial dislocation
within a quadrupole system can be observed using the methods
previously demonstrated in26,38. This is a generic indicator of the
topological sensitivity to partial dislocations, which can further-
more guide the observation of associated localized bound states.

This argument can be similarly extended to 3D octupolar TCIs
having partial dislocation planes. We begin with an octupolar
HOTI model of Ref. 10 composed of unit cells having eight

degrees of freedom. The configuration where all of the x, y, z
intercell couplings are stronger than the respective intracell
couplings hosts a non-trivial octupole moment oxyz= 1/2, in units
of elementary charge e. Now we can insert a partial dislocation by
inserting a plane composed of half of the octupole model’s unit
cells into the original lattice. The edge of the inserted plane is a
partial dislocation line, and the Burgers vector associated with
that line is B ¼ ð1=2Þẑ in units of the lattice constant. Similar to
our illustration for the quadrupolar TCI, we can consider
redefined the unit cells that group the partial dislocation with
the lower right sector as shown in Fig. 1c. In doing so, we find
that the redefined unit cells no longer host a non-trivial octupole
moment, and the partial dislocation forms a phase boundary with
the original lattice configuration. We thus expect 0D topological
bound states to be localized at locations where the dislocation line
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Fig. 1 Origination of topological phase boundaries due to partial dislocations in 2D and 3D multipole HOTI materials. a Possible connections in the
minimal model of single quadrupolar TCI unit cell and corresponding topological phase diagram. Intra-cell couplings are labeled as γx,y and inter-cell
couplings are labeled as λx,y. The dashed lines denote negative coupling. The dimerized limit is illustrated in the phase diagram, so only the dominant
connections are shown. b Equivalence between quadrupolar TCI (blue unit cells) in the topological phase with partial dislocation (red unit cells) and phase
boundary between trivial (orange unit cells) and nontrivial (blue unit cells) quadrupolar phases. The dislocation core is denoted as ⊢. The unit cells are
depicted in their dimerized limit. c Same as (b), but for an octupolar TCI. Here, the partial dislocation is a plane defect and thus terminates along a line
within the bulk. The unit cells shown in the inset are depicted in their dimerized limit.
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terminates on a surface, or if it is closed, where the dislocation
line makes a 90-degree turn to form a corner.

Although we considered specific models in simple limits, our
arguments can be generalized to any insulator where stacking faults
act as spatial domain walls between trivial and obstructed atomic
insulators. Indeed, such insulators will exhibit localized fractional
charge at partial dislocation defect cores. A large class of such
insulators, i.e., those composed of lower-dimensional topological
subsystems (e.g., embedded topological insulators) are expected to be
responsive to partial dislocation defects40. Remarkably, such
insulators may trap bound states, even if the overall system is
nominally topologically trivial (Supplementary Figure S2). Addi-
tionally, to serve as a bulk probe of higher-order topology, one can
use partial dislocations to characterize the fractional corner
anomaly34,38. For example, the 2D quadrupole TCI studied here
traps fractional charge (or bound states) at the defect core of both x̂-
and ŷ-oriented partial dislocations, and thus manifests a fractional
corner anomaly (Supplementary Fig. S3). In general we expect that
considering defects with Burgers vectors along the different crystal

directions of the material that naturally meet at a corner will trap
fractional charge consistent with the fractional corner anomaly of
the obstructed atomic limit phase34,38.

Experimental Implementation. With an aim to observe these
phenomena, we constructed partial dislocations in multipole
HOTIs using metamaterials composed of coupled electronic
resonators. In this metamaterial approach, each resonator
represents a spinless orbital, and the coupling between resonators
is analogous to the hopping of electrons between atoms. The
metamaterials were assembled using unit cells composed of
modular circuit boards, each of which contains a four-resonator
plaquette whose connectivity can be fully reconfigured, including
the choice of 0 or π-flux threading the plaquette. This also allows
for arbitrary choice of boundary conditions, e.g., open or periodic
boundaries. We consider each individual module as a 4-site unit
cell in the quadrupole model, and a pair of stacked modules as an
8-site unit cell in the octupole model as shown in Fig. 2a, d.
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measurements for all sites in (c) and (f) are presented in Supplementary Figures S7 and S10.
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Additional information on the design of the modular circuit
boards is presented in Methods.

We first assembled a 2D quadrupolar TCI with a size of 4 × 4
unit cells (Fig. 2a), composed of 64 total sites on 16 modular
circuit boards. Radio-frequency (RF) power reflection measure-
ments were performed to obtain the local spectral density of states
(DOS) in the metamaterial38. Details on how the RF reflection
measurement is mapped to the DOS are presented in Methods.
Since the bulk quadrupole moment imparts second-order multi-
pole characteristics, we expect spectrally gapless modes localized
at the second-order boundaries, i.e., the corners of the 2D
system10,12–15,17. The bulk bands and edge bands are expected to
be gapped. These properties were experimentally confirmed in the
averaged DOS measurements for the corner, edge, and bulk
resonator groups as shown in Fig. 2b. We note that the band gaps
of the bulk and edge groups are not spectrally aligned due the
breaking of chiral symmetry at the boundaries of the terminated
lattice, which leads to a loading effect12,26. We further confirm
corner localization of the mid-gap modes by spatially mapping
the mode density over the entire array at the same frequency as
the corner mode (Fig. 2c). The spatial mapping shows that the
localization length of the corner modes is on the order of a single
unit cell, hence we do not expect finite-size effects to have a large
impact on our observations.

We similarly constructed a 3D octupole TCI with a 3 × 3 × 3
unit cell configuration, composed of 216 total sites on 54 modular
circuit boards, as shown in Fig. 2d. Since the bulk octupole
moment imparts third-order multipole characteristics, we
anticipate gapless modes at the third-order boundaries, i.e., at
the eight corners of a cube10,16,18,19. The lower-order features

corresponding to the bulk, hinge, and surface bands are all
expected to be gapped. This phenomenology was verified by
measuring the averaged DOS of the corner, hinge, surface, and
bulk groups as shown in Fig. 2e. Once again, the breaking of
chiral symmetry at the boundaries of our terminated lattice
causes the band gaps to be spectrally misaligned. Corner
localization of the gapless modes is again confirmed by spatial
mapping of the mode density (Fig. 2f).

Bound states at partial dislocations. With the benchmark
multipole HOTI characteristics confirmed, we now introduce
partial dislocations in these lattices. In the 2D quadrupolar TCI
(Fig. 3a), we first add a periodic boundary condition along the
y-direction to gap out the outer corner modes and hence mini-
mize boundary effects. We then introduce a partial dislocation
composed of 3 × 1/2 quadrupolar unit cells oriented along the
x̂-axis. As discussed earlier, we anticipate topological bound
modes to be localized near the higher-order boundaries of the
phase boundary formed by the inclusion of the partial dislocation.
However, the exact spatial distribution of these modes and the
associated 1/2 fractional charge signature depends on how the
boundaries of the partial dislocation are coupled to the original
lattice. We use this freedom to aid our observations, i.e., by locally
deforming the inter-site connectivity at the higher-order bound-
aries of the partial dislocation we are able to spatially isolate the
bound state to only one site (see Fig. S6). This deformation does
not disturb the protective reflection symmetry of the inserted
partial dislocation, nor does it destroy the topological phase
boundary, so the global properties of the structure remain
unchanged. A detailed example in which we track the charge
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distribution and bound states during the deformation is provided
in Figs. S13–S17, and confirms that the fractional charge remains
localized near the partial dislocation and consistently quantized to
1/2. Our experimental measurements shown in Fig. 3a confirm
that the bound states are both spectrally gapless and are spatially
localized at the higher-order boundaries of the partial dislocation.
Next, we showed that the observed bound states are robust
irrespective of whether the partial dislocation terminates within
the bulk or at the boundary of the TCI; as might be expected since
the boundary itself is gapped. To achieve this we extend the
partial dislocation to form a 4 × 1/2 unit cell configuration as
shown in Fig. 3b, where both ends terminate at the boundary.
Experimental measurements confirm that the two bound states
now simply relocate to the new higher-order boundaries of the
partial dislocation, confirming their robustness.

We now move on to investigate partial dislocation defects in the
3D octupolar system. Similar to the 2D quadrupolar HOTI, we set
up periodic boundary conditions along the ẑ-direction to eliminate
the outer corner modes and to minimize boundary effects. A bulk-
terminated partial dislocation was then introduced by changing the
middle layer of unit cells into a 3 × 2 × 1/2 configuration. We again
locally deformed the inter-site connectivity at the higher-order

boundaries of the partial dislocation to isolate the topological
bound mode to a single site. Details of the local connectivity are
presented in Fig. S6. Once again, the bound states associated with
the partial dislocation can be observed as gapless modes at the
higher-order boundaries of the partial dislocation. These results are
shown in the spatial map in Fig. 4a. As before, we confirmed
experimentally that these bound states survive when the partial
dislocation plane is extended to the outer boundary of the 3D
material, using a 3 × 3 × 1/2 unit-cell plane. These bound states are
again shown to be spectrally gapless and localized (Fig. 4b).

Discussion
In this study, we have demonstrated that partial dislocation
defects can trap bound states in both 2D and 3D multipole
HOTIs, which are insensitive to full dislocations. Furthermore,
when compared to other crystallographic defects, partial dis-
locations have the noteworthy property of being able to trap
bound states in insulators that have nominally trivial topology.
We anticipate that the bound states trapped by these defects can
be harnessed for potential engineering applications, such as
topological lasing, as our findings provide a pathway to
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selectively embed protected states deep within the bulk of both
topologically trivial and non-trivial insulators with appropriate
sublattice structure and embedded topology. This implies that
robust bulk modes can be created by defect networks deep inside
even a nominally trivial insulator, where they will be shielded
from the ambient environment, and without the concern that
they may couple to, and hybridize with, topological modes on the
edges/surfaces. One can also envision that implementing these
defect networks in a dynamic system, where the coupling
between sites is reconfigurable, could produce a device where
bound states can be moved throughout the bulk. More broadly,
partial dislocation defects are abundant in solid-state materials,
and may provide a powerful probe of topology in quantum
materials.

Methods
Design of metamaterial. Since topological crystalline insulators (TCIs) have
repeating unit cell structure, a modular approach was taken to design their circuit
implementation. Modular circuit boards were designed to have four resonators,
each of which is composed of a two 200-pF capacitors and one 1-μH inductor
arranged in a pi-network configuration. The fundamental resonance frequency of
each resonator was designed to be 15.9 MHz and was measured to be 15.9 ± 0.5
MHz due to the tolerance of individual passive components. Each resonator sup-
ports up to six connections (four in-plane and two out-of-plane), which are
enabled by reconfigurable solder jumpers. Each in-plane connection additionally
has the option of positive or negative coupling. Strong and weak coupling were
realized by connecting a either a 100-pF capacitor or a 10-pF capacitor between
two resonators in series. Arrays of the modular circuit boards were electrically
connected to construct the 2D quadrupolar and 3D octupolar TCIs. Schematics of
the circuit configuration used to implement the unit cells of these multipole TCIs
can be found in Supplementary Fig. S4. Periodic boundaries are enforced by
connecting the appropriate boundary resonators together (see Supplementary
Fig S5).

Spectral measurements. One-port reflection (S11) measurements were taken at
each resonator using a vector network analyzer (Keysight E5063A) to obtain the
spectral density of states (DOS), similar to the procedure in12,26,38. The probe used
for these measurements was a 50-Ω SMA connector that was locally grounded to
the device under test and terminated with a 24-pF capacitor. The power absorp-
tance, which is defined as the ratio of absorbed to incident power, was calculated as
Aðf Þ ¼ 1� jS11ðf Þ2j. From the power absorptance, we calculated the DOS D(f) for
each resonator as D(f)= A(f)/f2, which accounts for stronger coupling to our
capacitive probe at higher frequencies. Since each resonator supports a single-mode
within the measured spectrum, we normalized D(f) such that the local density of
states measured at each individual resonator across all bands integrates to 1. It
follows that for a N-resonator system, there are N modes in total.

We note that there is some band gap misalignment between resonators that
support different spectral features, e.g. resonators at the edges of our material
compared to resonators in the bulk. This misalignment is a consequence of both
uncompensated loading effects and disorder in our system. Loading effects in the
metamaterial can be understood by considering the systematic variation in the local
capacitive load at different resonators based on their connectivity. For example, in
our quadrupolar TCI a bulk resonator experiences a greater capacitive load than an
edge resonator because it is strongly coupled to a greater number of neighbors. This
increased capacitive loading cause the bulk bands to shift downward in frequency,
relative to the edge bands. In addition, the implementation of negative coupling
results in a systemic asymmetry of the positive and negative coupling rates. There is
also inherent disorder in the system, which is attributed to the manufacturing
tolerances of the discrete components used to construct the resonators.

Data availability
The primary data generated by this study (i.e., local DOS measurements) generated in
this study are provided in the Supplementary Information. The raw data that support the
findings of this study are available from the corresponding author upon reasonable
request.

Code availability
The codes that support the findings of this study are available from the corresponding
author upon reasonable request.
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