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He Gao®,' Haoran Xue®,>" Qiang Wang,> Zhongming Gu®,' Tuo Liu®,! Jie Zhu,"3 and Baile Zhang ®>4*
' Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong SAR, China
Division of Physics and Applied Physics, School of Physical and Mathematical Sciences, Nanyang Technological University,

Singapore 637371, Singapore
3The Hong Kong Polytechnic University Shenzhen Research Institute, Shenzhen 518057, China
4Centre for Disruptive Photonic Technologies, Nanyang Technological University, Singapore, 637371, Singapore

® (Received 14 January 2020; revised manuscript received 5 March 2020; accepted 8 April 2020;
published 6 May 2020)

Non-Hermiticity alters band topology in the presence of loss and/or gain in topological systems, which not
only introduces new definitions in topological classifications, topological invariants, and the bulk-boundary
correspondence, but also gives rise to unprecedented applications such as topological insulator lasers. Most
existing non-Hermitian topological systems derive their topological phases from Hermitian components, rather
than being driven by non-Hermiticity itself. Here we report on the experimental observation of topological
edge states induced solely by non-Hermiticity in an acoustic crystal. The acoustic crystal consists of a periodic
one-dimensional chain of coupled acoustic resonators with tunable loss. In the Hermitian limit, or when the
loss is negligible, the crystal exhibits no band gap and hosts no topological edge states. By introducing loss, we
show that a band gap is induced, which can be either topological or trivial, depending on the loss configuration.
In the topological case, topological edge modes are found inside the band gap. These results demonstrate that
non-Hermiticity is able to drive a topological phase transition from a trivial system to a topological one, offering
the possibilities for actively steerable topological wave manipulations in applications ranging from acoustics to

photonics.

DOLI: 10.1103/PhysRevB.101.180303

Introduction. Over the past decades, topological phases
of matter have been systematically studied under the con-
dition of Hermiticity [1-3]. A Hermitian system can be
classified into the ten Altland-Zirnbauer symmetry classes
according to internal symmetries [4], and is associated with
real eigenenergies and orthogonal eigenstates, which give
rise to well-defined topological invariants and bulk-boundary
correspondence [5,6]. On the other hand, non-Hermiticity
naturally arises in many cases, especially in classical wave
systems where loss and/or gain are introduced intentionally
or inevitably [7,8]. In such situations, non-Hermiticity signifi-
cantly enriches topological phases beyond the Hermitian clas-
sification [9,10] and alters the bulk-boundary correspondence
with unconventional modifications [11-17].

Various interesting phenomena have been observed. In par-
ticular, researchers have demonstrated the interaction between
topological insulators and gain and loss, observing phenom-
ena such as selective enhancement of topological edge states
[18], parity-time-symmetric topological interface states [19],
topological interface created by gain and loss [20], and lasing
from topological boundary states [21-23]. More recently,
observations of non-Hermitian skin effect and breakdown of
conventional bulk-boundary correspondence have also been
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reported [24-26]. Non-Hermiticity also alters the spectrum
of topological semimetals significantly, splitting the band
degeneracies into exceptional objects [27-29].

Most existing non-Hermitian topological systems derive
their topological properties from Hermitian components. In
other words, the systems are topological in the Hermitian limit
and the non-Hermicitiy generally brings in perturbations to
the topological systems. On the other hand, recent theories
have shown that non-Hermiticity can play a critical role rather
than just bringing in perturbations. It has been proposed that
non-Hermiticity can drive a topologically trivial system to
undergo a topological phase transition and acquire topological
properties [16,30-34]. This non-Hermiticity-induced topolog-
ical phase transition opens a new direction for studying non-
Hermitian topological physics and offers novel possibilities
for active functional topological devices.

In this Rapid Communication we experimentally demon-
strate non-Hermiticity-induced topological edge states in an
acoustic crystal [35-39] with deliberately introduced loss
[40]. Before the deliberate introduction of loss, the crystal is
an array of coupled acoustic resonators with uniform on-site
loss. It exhibits no band gap and hosts no topological edge
states. When additional loss is deliberately introduced to two
of every four resonators, a band gap is opened. This band
gap can be either topological or trivial, depending on the loss
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FIG. 1. (a) Schematic of a 1D acoustic crystal of coupled acous-
tic resonators with y; =y, = 0. A large cell containing four res-
onators is shown. (b) Schematic of a 1D acoustic crystal of coupled
acoustic resonators with y; = 3, # 0. Here one unit cell consists
of four resonators. The resonators which are colored in blue have
additional loss. (c) and (d) Corresponding dispersions of the lattices
in (a) and (b), respectively. The color denotes the imaginary parts of
the eigenfrequencies. (e) Schematic of the loss-induced topological
edge states in a finite-sized crystal.
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where a = 304 mm is the lattice constant, « is the cou-
pling strength between resonators, fy is the resonance fre-
quency, and yp corresponds to the background loss which
shifts the imaginary part of all the eigenfrequencies. The
parameters y;, are used to describe the additionally in-
troduced loss. y; is the additional loss introduced to cer-
tain sites. y» is a control parameter and only takes values
of *y;, determining which two sites have additional loss.
As can be seen from Eq. (1), when y, = y;, the imagi-
nary parts of on-site terms are {—iyy, —i(yo + y1), —i(yo +
v1), —iY0}fo, which indicates the central two sites have addi-
tional loss. When y, = —y, the imaginary parts of on-site
terms are {—iyp, —iyo, —i(yo + 1), —i(yo + y1)}fo, which
indicates the right two sites have additional loss. This lattice
can be regarded as a non-Hermitian version of Su-Schrieffer-
Heeger (SSH) model [43], where the dimerized couplings
are effectively replaced with gain and loss [31,32]. Differ-
ent from adding gain and loss to the two sublattices of a
standard SSH chain [18,19], here one unit cell consists of
four sites instead of two, and the non-Hermiticity opens
a band gap rather than narrows down the band gap. The
nontrivial topology is captured by a biorthogonal polarization
[15,32,34,44]
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configuration. In a nontrivial loss configuration, a topological
band gap is observed with in-gap topological edge states.
In a trivial loss configuration, instead, a trivial band gap is
observed with no feature of any edge state.

Acoustic model. We start with a one-dimensional (1D) four-
site unit cell as shown in Fig. 1(a), where each site is a hard-
wall hollow acoustic resonator filled with air. Each resonator
has dimensions of 80 x 40 x 10 mm?®. The resonators are
coupled through thin hard-wall waveguides. The resonance
mode of interest for these resonators is the dipole mode
at 2136.3 Hz [41]. Here we neglect the influence of other
resonance modes [42]. There is a uniform background loss
of —iyy for each resonator due to the material absorption. The
dispersion of this lattice is shown in Fig. 1(c), which is folded
from that of one-site unit cell. It exhibits a trivial gapless band
structure. Then we introduce additional loss to the two sites
marked in blue in Fig. 1(b) [31]. Now each unit cell consists of
four resonators and a band gap opens because of the additional
loss [Fig. 1(d)]. As we will demonstrate in the following,
this band gap is topologically nontrivial with topological edge
states emerging at the edges of a finite sample [Fig. 1(e)].

Under single-mode approximation, the physics of this
acoustic lattice can be described by a tight-binding model,
whose k-space Hamiltonian is
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where [A*? (k)] = —i(u® (k)|9|uP (k)) is the biorthogonal
non-Ablien Berry connection. Here «, 8 = L, R denote left
and right eigenvectors, and m,n = 1,2 refer to the lower
two bands. Due to the absence of exceptional points, the
normalization (uf‘n(k)mf(k)) = 8, 1s satisfied for every k.
In general, the biorthogonal polarizations defined in Eq. (2)
are complex. Yet they satisfy p® = (pfL)* [34,44]. Thus, we
can define a real-valued polarization as p = (p'® + pfF)/2.
With numerical eigenvectors obtained from finite element
simulations [41], p is calculated to be 0.5 when y; = y, and
0 when y; = —y,, which we refer to as the topological phase
and the trivial phase, respectively.

The nontrivial bulk properties are linked to boundary
observables in a finite-sized sample. First, we consider a
1D chain with 12 coupled resonators and with only back-
ground loss, as shown in Fig. 2(a). The simulated eigen-
modes form a continuous spectrum. Then we introduce ad-
ditional loss to the two central sites, which corresponds to
the case y; = y» [see the inset to Fig. 2(b)]. A band gap is
opened, in agreement with the bulk dispersion in Fig. 1(b).
Moreover, inside the band gap there are two edge modes
[see Fig. 2(d) for their profile] as the consequence of the
nontrivial topology (p = 0.5). In contrast, if the additional
loss is introduced to the right two sites in the unit cell
(y1 = —y»), then p is 0 and no in-gap states are found
[Fig. 2(c)].
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FIG. 2. (a)—-(c) Simulated eigenfrequencies of a finite-sized
acoustic crystal with y; =y, =0 (a), y1 =2 #0 (b), and y; =
—y2 # 0 (c). Each finite-sized crystal consists of 12 resonators.
(d) Sum of the amplitudes for the two in-gap states in (b).

Single resonator with additional loss. We now proceed
to experimentally demonstrate the above phenomena. To do
so, we first need to implement additional loss to a single
resonator. We start with a single 3D-printed resonator with
only background loss [see Fig. 3(a)]. There are two small
holes (r = 1 mm) at two sides of the resonator, allowing for
excitation and detection. The measured spectrum, as shown
in Fig. 3(c), has a single peak with a finite bandwidth caused
by the background loss. Then we introduce additional loss by
drilling small holes on the resonator [see inset to Fig. 3(b)],
which lead to sound leakage as well as resonance frequency
shift. To minimize the frequency shift, absorbing materials
are inserted into these holes (but not into the original cavity).
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FIG. 3. (a) and (b) Photos of 3D printed single resonators with
only background loss (a) and with additional loss (b). Values for the
parameters are: L =92 mm, W = 52 mm, H = 22 mm, r = 1 mm,
R =4 mm, d =2.4 mm, D =4 mm. The wall thickness is 6 mm.
(c) and (d) Measured spectra (red dots) for the sample in (a) and (b),
which are normalized to the peak value in respective spectrum. Blue
solid lines are corresponding simulation results.

As a result, the measured spectra shows a single peak with a
broader bandwidth. The estimated quality factor drops from
76 to 13 while the peak frequency almost remains the same
[Fig. 3(d)]. We also fit numerical simulations to the exper-
imental data here to obtain the effective loss parameter (as
imaginary part of sound speed) used in all simulations [41].

Observation of non-Hermiticity-induced topological edge
states. Having realized one single resonator with different
losses, we now study the physics of 1D finite lattices. First,
we fabricate a sample consisting of 12 coupled resonators
with only background loss [Fig. 4(a)], corresponding to the
gapless case in Fig. 2(a). We first measure the bulk spectrum
by placing the speaker and microphone at the fifth and ninth
resonators respectively as indicated in Fig. 4(a). As shown
in Fig. 4(b), the spectrum is continuous, consistent with the
simulation results in Fig. 2(a). Similar spectrum is obtained
when both speaker and microphone are located at the first
site [Fig. 4(c)]. Next, additional loss is introduced to the
central two sites within each unit cell [Fig. 4(d)]. According to
numerical results, now a topological band gap will open and
edge states should be found. As shown is Fig. 4(e), in the bulk
measurement two peaks are observed, indicating the existence
of a band gap. In the edge measurement [Fig. 4(f)], one single
peak is observed inside the band gap, which corresponds to the
non-Hermiticity-induced topological edge mode. In contrast,
when the additional loss is introduced to the right two sites
within the unit cell [Fig. 4(g)], the system is still gapped
[Fig. 4(h)]. However, there is no evidence of any in-gap state
[Fig. 4(i)], since now this gap is topologically trivial. These
observed results match well with numerical simulations. De-
tails for the simulations and experimental setups can be found
in [41].

Conclusion. In summary, we have observed topologi-
cal edge states induced solely by non-Hermiticity. This is
achieved in an acoustic crystal that consists of coupled acous-
tic resonators. The non-Hermiticity is introduced by creating
additional absorption channels. We start with a gapless system
with only background loss. Then additional loss is introduced
to open a band gap, which is either topological or trivial de-
pending on the loss configuration. Experimental measurement
is performed for both nontrivial and trivial loss configurations,
confirming the topological band gap with in-gap topological
edge states in the topological case.

Our results reveal the rich interplay between non-
Hermiticity and topology. Especially, rather than relying on
the Hermitian part to acquire topological properties, non-
Hermiticity itself suffices to drive a topological phase tran-
sition and induce nontrivial topology. This points to great
potential applications since non-Hermiticity can be modu-
lated externally, reconfigurably and actively. Our platform is
potentially extendable to two dimensions and realize other
non-Hermiticity-induced phenomena, such as higher-order
topological states [32], Landau levels [33], and reciprocal skin
effect [45]. Besides, the design here is based on a tight-binding
model. Increasing the coupling strength and the additional
loss, or extension beyond the tight-binding model will yield
a larger band gap. It is also desirable to extend this idea from
acoustics to photonics, where the topological edge states can
serve as a reconfigurable high Q cavity for applications such
as lasing.
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FIG. 4. (a) Photo of the 3D printed coupled acoustic resonator chain with y; = y, = 0. (b) Measured bulk spectrum for the sample shown
in (a). (c) Measured edge spectrum for the sample shown in (a). (d)—(i) Similar to (a)—(c) but with y; = y» # 0 [(d)—(f)] and with y, = —y» # 0
[(g)-(@)]. In the bulk measurement, a speaker and a microphone are respectively placed at the fifth and the ninth resonator to observe the bulk
transmission. In the edge measurement, both the speaker and the microphone are placed at the first resonator. In the spectrum plots, red dots
are measured from experiments and solid blue lines are obtained from simulations, which are respectively normalized. In the simulations, the
loss is considered as imaginary part of sound speed, whose values are determined from single resonator measurements [41].

Note added in proof. Recently, we became aware of a paper
by Liu et al. [46] where topological phases are induced by
non-Hermiticity in electrical circuit.
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