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Reconfigurable topological modes in acoustic non-Hermitian crystals
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Non-Hermiticity, usually represented in the context of gain and loss, gives rise to many exotic topological
phenomena and offers more opportunities to steering topological functions. In modern acoustics, it has been
widely perceived that the topological mode will be altered if topological phase changes. Our work shows
otherwise in non-Hermitian acoustic crystals. We experimentally demonstrate an acoustic quadrupole topological
insulator, whose topological corner, edge, and bulk modes could be arbitrarily engineered at any desired positions
with its topological phase maintained. These non-Hermiticity-controlled topological modes bestow a bulk
structure with unique features beyond the classical bulky state, offering a reconfigurable and versatile approach to
manipulating topological phenomena. This non-Hermitian scheme can be readily generalized to other topological
systems in various dimensions, such as the three-dimensional photonic/phononic lattices, which offer advanced
and externally controllable recipes for manipulating topological phenomena.
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I. INTRODUCTION

The fascinatingly robust topological phenomena, such as
the localized zero-dimensional high-density states in one-
dimensional (1D) topological insulators, the 1D pathways
in the two-dimensional (2D) spin/valley Hall insulators, and
2D surface transport in three-dimensional (3D) topological
insulators [1–3] are typical topological bulk-boundary cor-
respondences [4] with quantized dipole moments [5]. In
addition, topological insulators can host quadrupole moments
with energy localizations at the corners or hinges [6–8], which
were experimentally demonstrated in versatile platforms,
ranging from elastic wave [9], microwave [10], topolectrical-
circuit [11], optical wave [12], to airborne acoustic wave
[13]. Although the quadrupole topological insulators (QTIs)
provide a solid foundation to effectively guide and localize
energy, their flexible reconfigurability remains a challenge.
For example, the topological corner states can only penetrate
the bulk structure by introducing sufficient perturbations to
induce a topological phase transition in the interior [14–16].
In fact, the indispensable bulk sites, which occupy an over-
whelmingly large proportion of the entire structure, are not
directly involved in transportation or localization [17]. There-
fore, the development of desired topological devices toward
miniaturization and integration is restricted. Here, we present
a non-Hermitian approach to this issue.
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Non-Hermiticity, arising from loss/gain or nonreciprocity,
enables much richer topological phenomena, including the
non-Hermitian skin effect with unconventional bulk-boundary
correspondences [18–20], and non-Hermiticity-controlled
topological phase transitions [21–25]. In addition, the non-
Hermitian operators may give rise to the coalescence of two or
more eigenvalues, known as exceptional points (EPs) [26,27],
which leads to intriguing phenomena such as loss-induced
lasing [28], unidirectional invisibility [29], and unidirectional
sound focusing [30]. Recently, it was demonstrated that when
the non-Hermitian parameter crosses the EP, the topologi-
cal interface states can propagate along arbitrary gain and
loss domain walls in a 2D photonic lattice [31]. Moreover,
non-Hermiticity shows the capabilities to flexibly control the
higher-order topological states at domain walls with arbi-
trary shapes [32]. But, how to experimentally realize the
reconfigurable higher-order topological modes (TMs) remains
unexplored.

In this paper, we experimentally demonstrate the flex-
ible control of topological interface pathways and corner
localizations in an acoustic QTI with the assistance of non-
Hermiticity. The non-Hermitian modulation is implemented
by introducing additional loss to a particular portion of the
lattice [colored in blue in Fig. 1, termed as high-loss sub-
area (HLS)], while keeping the other sites intact [colored in
red in Fig. 1, termed as low-loss subarea (LLS)]. Multiple
TMs emerge at the interfaces of the HLS and LLS when the
loss contrast exceeds the EPs, which contributes to guiding
or localizing energy without changing the global topological
phase of the lattice. Hence, the non-Hermiticity can serve as
a key ingredient to control the TMs on demand by designing
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FIG. 1. Non-Hermitian modulation of the topological modes in
a quadrupole topological insulator. (a), (b) Schematics of the QTI
with the imbalanced loss distributions. Sites colored in blue (red)
have high loss (low loss). Connecting lines colored in orange (black)
represent positive (negative) hopping. The dotted black box marks
one basic unit cell. (c), (d) Topological corner-mode profiles for the
tight-binding models illustrated in (a) and (b), respectively. (e), (f)
Topological edge-mode profiles for the tight-binding models illus-
trated in (a) and (b), respectively. In (c)–(f), the areas inside the
dotted black boxes possess additional losses. Both the size and the
color of the dots in (c)–(f) represent the intensity.

different patterns of the HLSs (Fig. 1), making the bulk sites
useful.

II. THEORY

We start with the tight-binding model (TBM) for a QTI that
supports a topological nontrivial band gap, where the intracell
hopping is smaller than the intercell hopping. The orange
and black connecting lines in Figs. 1(a) and 1(b) denote the
positive and negative hoppings, respectively. In this QTI, the
interior bulk sites are insulating, whereas the edge-transport
pathways and corner localizations are topologically protected.
If we uniformly add loss to all the sites of this QTI, still
no in-gap states appear in the bulk as the uniform loss will
not change its topological properties [31,33]. However, when
two different losses are applied to the red and blue sites in
Figs. 1(a) and 1(b), respectively, topological corner [Figs. 1(c)
and 1(d)] and edge modes [Figs. 1(e) and 1(f)] will emerge
along the interfaces with different loss areas. Both topological
edge and corner modes can be flexibly relocated in various
interfaces simply by tailoring the HLS pattern.

FIG. 2. Evolution of the eigenfrequency versus the loss contrast.
(a), (b) Calculated real parts of the complex eigenvalues for the lattice
illustrated in Fig. 1(a) and Fig. 1(b), respectively. (c), (d) Calculated
imaginary parts of the complex eigenvalues for the lattice illustrated
in Fig. 1(a) and Fig. 1(b), respectively. Red, blue, and gray circles,
respectively, represent the eigenvalue evolution of corner, edge, and
bulk modes as a function of the loss contrast (�γ = γ2 − γ1). Red
dashed lines denote the value used in the following measurements. In
all calculations, the loss coefficient γ1 = 2.4, the intracell coupling
strength ε1 = 1, and intercell coupling strength κ1 = 4.56.

The imbalanced energy dissipation along the interface
breaks the insulating interior, generating internal topological
modes. The loss contrast �γ = γ2 − γ1 (γ1 and γ2 are the
loss coefficients in the LLS and HLS, respectively) is the key
factor, which is evidenced by the calculated results based on
the TBM, as shown in Fig. 2. When �γ = 0, the finite-sized
lattice is a standard QTI with corner modes pinned at the
zero energy, and gapped edge and bulk modes distributed
symmetrically about the zero energy. With the growth of the
loss contrast, more corner (red circles in Fig. 2) and edge (blue
circles in Fig. 2) modes emerge from the original edge and/or
bulk regions. For the lattice configuration in Fig. 1(a), corner
modes evolve from the two branches of edge modes [Fig. 2(a)]
and coalesce to an EP (see note S1 in the Supplemental
Material [33]) at �γ/κ1 = 2. Meanwhile, the edge modes,
originating from the gapped bulk modes, gradually merge into
the existing edge states as the loss contrast increases.

Furthermore, by reshaping the loss configurations as pre-
sented in Fig. 1(b), the loss-induced corner modes reside not
only at the edges but also in the bulk sites [see Fig. 1(d)]. As
a result, two pairs of corner modes originate from the edge
and bulk modes and coalesce at �γ/κ1 = 2 and �γ/κ1 =
2.8, respectively, forming two EPs as presented in Figs. 2(b)
and 2(d). After crossing the EPs, they share the same real
part of eigenenergy but different imaginary parts. The modes
with lower imaginary parts mainly locate in the LLS, while
those with higher imaginary parts reside in the HLS, which
confirms that they decouple with each other, and become
topologically protected corner modes with robustness against
various defects (see note S2 in Ref. [33]).

L201108-2



RECONFIGURABLE TOPOLOGICAL MODES IN ACOUSTIC … PHYSICAL REVIEW B 107, L201108 (2023)

FIG. 3. Measured acoustic responses of the lattice with a rectangular HLS. (a) Photo of a sample with 6 × 12 site cavities. Inset illustrates
one unit cell of the lattice. Length, width, and height of the cuboid cavities are 80, 40, and 10 mm, respectively. Coupling thin tubes have the
same length of 40 mm, while the cross-sectional areas are 2.5 × 2.5 mm2 for the intracell tubes (±ε1) and 5 × 5 mm2 for the intercell tubes
(±κ1). (b) Response spectra measured at cavities 1, 2, and 3 labeled in (a), corresponding to the edge-evolved corner (in red), bulk-evolved
edge (in blue), and bulk (in gray) modes, respectively. (c)–(e) Measured acoustic intensity profiles at 2141, 2114, and 2100 Hz around the
peaks of the corner, edge, and bulk spectra, respectively, indicated by the dashed black lines in (b). Not only the height but also the color of the
bar can represent the intensity.

III. EXPERIMENT

We use coupled resonant cavities to experimentally im-
plement the above TBMs [13,34–36]. Each unit cell in the
designed acoustic QTI contains four cuboid acoustic cavities
linked through thin tubes [inset in Fig. 3(a)]. Its quantized bulk
quadrupole moment can be described by the quantized edge

polarization p
v+(−)

y
x = pv+(−)

x
y = 0.5 (see note S3 in Ref. [33]),

following the nested Wilson-loop approach [7]. The sign of
hopping can be directly adjusted by changing the location
of the linking tube, without affecting the hopping ampli-
tudes [37,38]. The intracell and intercell hopping strengths are
ε1 = −5.5 Hz and κ1 = −25.6 Hz, respectively (for details
see note S3 in Ref. [33]). For a single cavity, its resonant fre-
quency and intrinsic loss are f0 = 2141 Hz and γ1 = 0.0062,
respectively. By perforating the cavities with small leaky holes
(the radius is 1.2 mm) and then inserting sound-absorptive ma-
terials [21,38], the additional loss �γ = γ2 − γ1 (γ2 = 0.060)
is introduced (details are given in note S4 of Ref. [33]). Here,
�γ/κ1 = 4.5, denoted by the red dashed line in Fig. 2, is
sufficiently enough to exceed the EPs and separate the corner,
edge, and bulk modes.

A rectangular acoustic lattice with coupled 6 × 12 cavities
[Fig. 3(a)] is fabricated by stereolithography 3D printing to
experimentally produce topological corner and edge modes,
as predicted by the above calculations. For the sample in
Fig. 3(a), the middle region (consisting of 6 × 4 cuboid cav-
ities) is added with additional loss, which corresponds to the

TBM in Fig. 1(a). Small pieces of sound-absorbing sponge
(black) are inserted into the leaky holes of these cavities to
compensate the frequency shift brought by the additional loss
[21,38]. Each site cavity is drilled with two identical holes on
the upper and lower sides (the radius is 1 mm) for inputting
and measuring the sound signals. Without measurements, the
holes are sealed by the matched cover lids [round protrusions
in Fig. 3(a)]. In the experiment, the exciting signal and mea-
suring microphone are located at the same cavity, and this
process is repeated for all the cavities (see note S7 in Ref. [33]
for more experimental details). The non-Hermiticity-enabled
TMs distributed in the LLS dominate that in the HLS because
they possess approximately the same quality factors as the
original TMs (around 71; see Fig. S5 in Ref. [33]), whereas
for the TMs in the HLS, the quality factor are very small
(around 9). Therefore, the measured acoustic intensity spectra
for cavities in the HLS are very low in amplitudes, and the
intensity spectra for cavities in the LLS that we focused on are
sufficiently high to characterize the TMs and the band gap.

We first probe the bulk band-gap property, so that a bulk
cavity marked as “3” in Fig. 3(a) is excited and measured.
Its response spectrum [the gray plot in Fig. 3(b)] has two
peaks at 2100 and 2181 Hz, which correspond to the two
branches of bulk modes with lower imaginary parts around
14 Hz (see Fig. S5(a) in Ref. [33]). Then, we measure a bulk
cavity located in the middle of the interface with different
losses [marked as “2” in Fig. 3(a)], where the formed edge
modes are expected to emerge. The two peaks in the measured
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FIG. 4. Measured acoustic responses of the lattice with an L-
shaped HLS. (a) Photo of the sample with 8 × 12 site cavities. (b)
Measured spectra in cavities 1, 4, and 5 labeled in (a), respectively,
corresponding to the bulk-evolved corner (in red), bulk-evolved edge
(in blue), and bulk (in gray) modes. The green spectrum is measured
in cavity 2, which is occupied by a bulk-evolved corner mode and
two bulk modes. The spectrum in cavity 3 is similar to the green
one. (c)–(e) Measured acoustic intensity profiles at 2141, 2114, and
2100 Hz, corresponding to frequencies denoted by the dotted black
lines in (b). Both the color and height represent the intensity.

spectrum [the blue one in Fig. 3(b)] have a smaller interval,
confirming the theoretical prediction in Fig. 2. By contrast, for
the corner spectrum measured in the lowermost cavity of the
interface [labeled as “1” in Fig. 3(a)], only one single peak
at the midgap frequency of 2141 Hz is observed [depicted
by the red plot in Fig. 3(b)]. By respectively exciting and
measuring all the sites, the site-resolved acoustic intensity
profiles at peak frequencies of the three spectra [denoted by
the black dotted lines in Fig. 3(b)] are obtained and displayed
in Figs. 3(c)–3(e), respectively. The energy profile at 2141
Hz in Fig. 3(c) demonstrates the emergence of eight corner
localizations. Besides the original four corners, four energy
concentrations appear at the interface corners. Moreover, the
edge-mode profile [Fig. 3(d)] shows that the overall inten-
sity along the edges and interfaces is higher than that in
the interior, distinct from the bulk mode [Fig. 3(e)]. All the
experimental results agree well with our full-wave simulations
(see note S6 in Ref. [33]).

Non-Hermiticity facilitates the topological edge transport
and corner localization with diverse patterns inside the lattice.
To reveal such flexible reconfigurability, the rectangular pat-
tern of the HLS is replaced by an “L” shape [Figs. 1(b) and
4(a)]. Surprisingly, in the inner bulk cavity [site 1 in Fig. 4(a)],
only one peak appears in the measured spectrum [red area
in Fig. 4(b)], similar to the one in Fig. 3(b). These results
evidence that the bulk-evolved corner modes have almost
the same characteristics as the edge-evolved ones as long as
they exceed the corresponding EPs. The green spectrum in
Fig. 4(b) depicts the intensity spectrum measured in cavity
2 (or cavity 3), which is located at the other turning corner
within the lattice. Unlike before, three separated peaks are
observed at 2103, 2141, and 2183 Hz, respectively, indicating
that a midgap corner mode coexists with the gapped bulk
modes in these two cavities. This response is evidenced by
comparing the corner-mode profile in Fig. 1(d) and bulk-mode
profile in Fig. S5(d) in Ref. [33], where the two blue dots
outside the black dotted lines correspond to the cavities 2
and 3 in Fig. 4(a). The bulk and edge spectra measured in
cavity 5 and cavity 4 are indicated by the gray and blue
colors in Fig. 4(b), respectively, consistent with the measured
results in Fig. 3(b), which further demonstrate their stability
regardless of the subarea patterns. Similarly, we also measure
the responses of the whole sample for the corner (2141 Hz),
edge (2114 Hz), and bulk (2100 Hz) modes, as shown in
Figs. 4(c)–4(e), respectively, which clearly demonstrate the
energy localizations at the predicted corners and edges.

IV. CONCLUSION

We have experimentally demonstrated the manipulations
of topological modes by constructing different types of non-
Hermitian interfaces, both sides of which are applied with
imbalanced losses. When the loss contrast is sufficiently
large, both the first-order and higher-order TMs can be ob-
served in the interfaces. By designing the interface patterns,
the energy localization modes can be flexibly controlled.
This non-Hermitian scheme is generally applicable to other
classical wave systems, such as the elastic lattice consisting
of resonant plates and connecting beams [24] and photonic
lattices [12,39]. Besides, other types of TMs, for example,
the higher-order topological defect modes in the honeycomb
or hexagonal lattices [34,40–42] and third-order TMs in the
three-dimensional octupole topological insulators [35] can
also be flexibly modulated. By making further efforts to intro-
duce active elements [43,44], the emergence of TMs can be
switched dynamically, which is beneficial to push the topo-
logical devices towards practical applications.
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