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The interplay between band topology and disorder can give rise to intriguing phenomena. One paradigmatic example
is the topological Anderson insulator, whose nontrivial topology is induced in a trivial system by disorders. In this work,
we study the effect of purely non-Hermitian disorders on topological systems using an one-dimensional acoustic lattice with
coupled resonators. Particularly, we construct a theorectical framework to describe the non-Hermitian topological Anderson
insulator phase solely driven by disordered loss modulation. Then, the complete evolution of non-Hermitian disorder-induced
topological phase transitions, from an original trivial phase to a topological Anderson phase, and finally to a trivial Anderson
phase, is revealed experimentally through both bulk and edge spectra. Interestingly, the non-Hermitian disorders induced
topological modes are also proved to be immune to both the weak Hermitian and non-Hermitian disorders. These results
pave the way to the studies on disordered non-Hermitian systems for novel wave manipulation.
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1 Introduction

Topological insulators (TTs), exhibiting nontrivial boundary states, are generally immune to weak disorders, while they
cannot survive from strong disorders owing to Anderson localization [1]. Surprisingly, it was theoretically discovered that in
some cases disorder may also induce, rather than inhibit, topological states [2]. Such disorder-induced topological phases,
dubbed topological Anderson insulators (TAIs), have stirred extensive theoretical explorations [2-7] and were experimentally
demonstrated in various engineered systems with controlled disorders, including cold atomic wires [8], photonic crystals [9,10],
phononic crystals [11,12] and electric circuit [13]. Recently, the concept of TIs was generalized to the open systems described
by non-Hermitian Hamiltonians, which possess exotic features without Hermitian counterparts [14], such as non-Hermitian
skin effect [15] and modified bulk-boundary correspondence [16,17]. These intriguing properties of non-Hermitian systems
contribute to generating unique topological phenomena that were rarely studied in Hermitian systems. One natural question
is how disorder and topology can interact with each other under non-Hermitian settings. Some theoretical explorations
reveal the possibilities of realizing non-Hermitian TAIs [18-24]. More recently, it was experimentally demonstrated that a
TAT phase can be realized in a non-Hermitian system with Hermitian disorders (i.e., disorders on the Hermitian components
of a non-Hermitian Hamiltonian) [25] and in an originally Hermitian system with non-Hermitian disorders (acoustic gain and
loss) [26]. But actually, the gain medium is challenging to be obtained, which greatly hinders the practical demonstrations
of the non-Hermitian devices.

In this work, we theoretically study a non-Hermitian TAT model in a purely lossy configuration and experimentally realize
it in engineered acoustic metamaterial lattices through ingeniously controlling on-site sound dissipations. When suitable
non-Hermitian disorder is added to a trivial Hermitian lattice, the system enters a topological phase with the appearance
of topological edge states. We also explore the robustness of these topological modes by adding the random Hermitian and
non-Hermitian disorders, respectively. These results demonstrate the possibilities to switch the topological phase merely
by introducing disordered on-site dissipations, which is easily achieved and can be straightforwardly generalized to various
systems in different dimensions. Distinct from the experimental demonstrations of Hermitian TAIs, the strengths of on-site
non-Hermiticities can be flexibly tuned with external approaches, without reshaping the lattice structures, which greatly
simplify the realizations of TAIs and may push them to practical applications.

2 Theoretical model
We start by considering a one dimensional (1D) Su-Schrieffer-Heeger (SSH) chain [27], as illustrated in Figure 1(a). A
finite-sized SSH chain contains N pairs of sites (labeled A and B atoms) with alternating intracell and intercell hopping
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Figure 1 1D SSH chain in periodic Hermitian and disordered non-Hermitian systems. (a) Schematic Hermitian
SSH model. Each unit cell has two sites, A and B, with the intracell and intercell coupling amplitudes being ¢ and m,
respectively. (b) Schematic SSH model with disordered non-Hermitian staggered potential. The non-Hermitian disorder
strengths on sites Ag,_1 and Ba,, Ba,—1 and Ag, are ya,-1, y2n (n = 1,2, N/2), respectively. (c), (d), Hlustrations of
the density of state for the finite-sized SSH lattices in (a) and (b), respectively, where t > m.

amplitudes (denoted by ¢ and m). When ¢ > m, this system is trivial with no states can be found in the gap region, as
sketched in Figure 1(c). Such a trivial phase can be turned into a topological one by changing the coupling strength [28]
or adding disorders to the couplings [11]. Here, however, we show another approach to drive a topological phase transition,
which relies on disorders applied to the on-site dissipations. As presented in Figure 1(c),(d), the non-Hermitian disorders
can close the trivial bandgap and opens a topological one with the emergence of in-gap edge states.

The non-Hermitian disorder configuration is shown in Figure 1(b), with the corresponding Hamiltonian reads:

N N-1
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where CZ /B (ca/B,;) is the creation (annihilation) operator on site (A/B,j), 251 (72;) is additionally introduced loss to
atom A (B) in the (2j — 1)th unit cell and atom B (A) in the 2jth unit cell. The non-Hermitian parameter vo;_1 and 7,
(j =1...N/2) are uniformly distributed within the interval [—0.5W, 0] and [—1.3W, —0.8W], respectively, with W being the
disorder strength. This disordered loss configuration enables the unequally effective reduction of coupling strengths between
different sites. Under this disorder configuration, the Hamiltonian has a pseudo-anti-Hermiticity symmetry, which is crucial
for defining the topological invariant for this system (see Supporting Information).

3 Quantized topological phase
To clearly show the disordered non-Hermiticity induced topological phase transition, we calculate the bulk polarization for
the disordered system. The polarization P, in real space for 1D system is defined as [24, 29, 30]

P, = %Im{log[det(UlTQUr) det(Q)]}. (2)

where Q = exp(i27i/N), & is the coordinate operator, and N is the lattice size. U; and U,. are the occupied and normalized
left and right eigenstates (real part of the eigenvalues is less than zero), respectively.

Figure 2(a) shows the calculated phase diagram of a lattice with 200 sites, determined by the non-Hermitian disorder
strength W and the intracell coupling ¢. In all the calculations, the intercell coupling m is fixed to be 1. The intracell coupling
t = 1 is the critical point between the trivial and topological phase for the clean Hermitian system. When ¢ < 1, the system
is in topological phase (P, = 0.5) without non-Hermitian disorders. From the phase diagram in Figure 2(a), we observe that
P, is robust to weak and moderate non-Hermitian disorders, possessing a quantized topological phase closely around 0.5. As
the disorder strength W is increased to sufficient strong, a relatively rapid drop in P, can be observed, leading to the system
driven to be trivial. Surprisingly, the trivial system (¢ > 1) in clean limit can be driven to be topological by increasing the
non-Hermitian disorder strength WW. Here, the averaged polarization P, along the white dashed line in Figure 2(a) (t = 1.25)
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Figure 2 Topological phase transition driven by non-Hermitian disorders. (a) The averaged phase diagram of the
model illustrated in Figure 1(b) showing the trivial and topological phases as a function of the intracell coupling amplitude ¢
and non-Hermitian disorder strength W. The intercell coupling amplitude m is fixed to be 1. The polarization P, is calculated
with the lattice size N = 100 and averaged over 150 disorder configurations. (b) The numerically calculated polarization P,
versus W along the white dashed line in (a). The cyan dots are the unaveraged data for 150 disorder configurations. The
averaged result is denoted by the orange line. (¢) The averaged real part of the eigenfrequency as a function of non-Hermitian
disorders W. In (b) and (c), the intracell and intercell coupling amplitudes ¢ = 1.25 and m = 1, indicated by the white
dashed line in (a). (d) The averaged intensity profiles for all the eigenstates of the finite-sized lattice with N = 100, ¢ = 1.25,
m =1, and W = 3.5 (denoted by the orange dashed line in (¢)). All the results are averaged over 150 disorder configurations.

is plotted in Figure 2(b). For weak disorder (W < 1.8), the originally trivial system remains to be trivial (P, = 0). With the
addition of disorder, P, sharply rises to approximate 0.5 and maintains around this value for W < 4.5. Once the disorder
is added to be sufficient strong (W > 4.5), the averaged P, (orange line in Figure 2(b)) rapidly decays to be around 0.25.
The cyan dots denote the results for all the 150 samples with strong disorders, which seem to distribute randomly within
the range of 0 to 0.5. Such a random distribution of P, may be attributed to the large number of states near zero energy,
making the quantization unavailable [24].

To clearly visualize the topological phase transition, we numerically calculate the eigenspectra as a function of W with
t = 1.25. As plotted in Figure 2(c), with the increase of the disorder strength, the trivial bandgap gradually narrows and
finally closes when W is around 1.8. When W is further increased, a topological bandgap, driven by the moderate non-
Hermitian disorders, opens with the appearance of in-gap edge states (see Figure 2(d)). The opened bandgap is gradually
enlarged and then narrowed by further adding the disorders. As the non-Hermitian disorders are strengthened to be sufficient
strong (W > 4.5), the reopened bandgap will vanish, accomplishing with the appearance of a series of modes around zero
energy.

4 Experimental implementation

To experimentally implement the non-Hermitian TAI, we fabricated acoustic lattice composed of coupled resonators. Each
resonator is a hollow rectangular cavity with dimensions 80 mm x 40 mm x 10 mm. The coupling between adjacent resonators
is enabled by a thin channel whose width determines the coupling strength. All the resonators have additional dissipation
with disordered strengths, introduced by drilling small holes in the top side of the cavity and inserting sound absorptive
materials in the holes (see Figure 3). The loss strength can be flexibly tuned by changing the number and position of the
small holes. Here, we design fifteen types of cavities with different losses (from loss level 1 to loss level 15). The spectra for
the cavity with all the designed loss are accordingly measured, from which the effective loss factor can be extracted (details
see the Supporting Information).

We first fabricate a Hermitian lattice composed of 16 coupled resonators without any disorder. Since the intracell and
intercell coupling amplitudes (¢, m) of this Hermitian system are designed to be 29.18 Hz and 23.43 Hz, respectively, it is a
trivial system without in-gap states, as revealed by the simulated eigenfrequencies in Figure 3(b). We respectively excited
and measured the spectrum of each cavity in this lattice, and repeated this process for all the cavities. The measured
responses in the edge resonator (the first cavity) and bulk resonator (the ninth cavity) are shown in Figure 3(c). In the edge
spectrum (blue line in Figure 3(c)), a gap around 2130 Hz appears, confirming the existence of a trivial bandgap. Similar
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Figure 3 Experimental demonstrations of non-Hermitian TAI. (a), Photo of the experimental sample with moderate
non-Hermitian disorder strength. The sample consists of 16 cavities, which are coupled through thin waveguides. The sites
with disordered sound dissipations are inserted with different amount of sound absorptive materials. (b), (e) and (h) Simulated
eigenfrequency profiles for the lattices without disorder, with moderate disorder and with strong disorder, respectively. (c),
(f) and (i) Measured spectra for the lattices without disorder, with moderate disorder and with strong disorder, respectively.
The blue line presents the result measured in the first resonator of each sample, while the blue line denotes that in the ninth
resonator. (d), (g) and (j) Measured acoustic intensity profiles for the lattices without disorder, with moderate disorder
and with strong disorder, respectively. The blue bar and green bar denote the distributions at a frequency being 2130 Hz
(indicated by the blue dashed line in (¢), (f) and (i) ) and 2100 Hz (indicated by the green dashed line in(c), (f) and (i)),
respectively.

spectrum is observed in the bulk resonators, as indicated by the green line in Figure 3(c). Furthermore, we measured the
acoustic intensity profiles for the whole lattice at the frequency around the dip (2130 Hz) and the left peak (2100 Hz) in
the bulk spectrum. We can see that the sound energy is almost uniformly distributed throughout all the sites for these two
frequencies, while the intensity for 2100 Hz is higher than that for 2130 Hz (Figure 3(d)). Both the simulation (Figure 3(b))
and experimental measurements (Figure 3(c) and 3(d)) clearly confirm this system to be trivial without the existence of
topological edge states.

Now we proceed to explore how to apply the non-Hermitian disorders to the Hermitian lattice for achieving the non-
Hermitian TATIs. The expected phase transition process is indicated by the white dashed line in Figure 2(a). We fabricated
another two non-Hermitian systems with moderate and strong disorder strengths, respectively. For different non-Hermitian
configurations, we can accordingly select the corresponding types of loss from the designed lossy structures. In the two lattices
with non-Hermitian disorders, all the cavities are added disordered additional loss, which are implemented with the sound
absorptive materials inserting in the small holes. For the lattice with weak non-Hermitian disorder strength, the disorders
in the (4n — 3)th and 4nth cavities are randomly chosen from loss level 1 to loss level 5, while those for the (4n — 2)th
and (4n — 1)th (n = 1...4) cavities are chosen from loss level 8 to loss level 13. As to the strong non-Hermitian disorder
configuration, the disorders in the (4n — 3)th and 4nth cavities are randomly chosen from loss level 1 to loss level 7, while
those for the (4n — 2)th and (4n — 1)th (n =1...4) cavities are chosen from loss level 11 to loss level 15.

The first disordered lattice, as shown in Figure 3(a), has moderate non-Hermitian disorder strength (W = 3.2m). With
this disorder strength, the originally trivial system (P, = 0) is driven to be topologically nontrivial (P, = 0.5), accompanying
with two topological edge states in the bandgap, as depicted in Figure 3(e). Practically, the required loss configurations



are realized by randomly choosing eight types of loss from the designed lossy structures. The spectra in the edge and bulk
resonators are measured, respectively, as given in Figure 3(f). We can observe a peak in the edge spectrum (blue line in
Figure 3(f)), while there exist two peaks in the bulk spectrum (green line in Figure 3(f)). The gap between the two peaks
in bulk spectrum corresponds to the reopened bandgap induced by the disordered non-Hermiticity. The peak with much
stronger intensity in the edge spectrum demonstrates the existence of the midgap edge state, around which the intensity
profile is denoted by the blue bar in Figure 3(g). At this frequency (2130 Hz), the sound energy is well localized at the two
ends of the lattice, very different from the bulk state (2100 Hz), which provides strong evidence for the observation of non-
Hermtian TAI. Then, we further increase the non-Hermitian disorder strength W to be around 5m (m=23.43 Hz). For this
strong non-Hermitian disorder strength, the averaged P, is around 0.25, and the system is driven to be gapless, as predicted
by the numerically calculated eigen spectrum in Figure 3(h). In both the measured edge and bulk spectra (Figure 3(i)),
only one peak around 2130 Hz is observed, demonstrating that no bandgap exists in this lattice. We also measured the
field distributions in the strong disorder regime, as presented in Figure 3(j). The acoustic intensity at the frequency around
the peak of the spectrum (2130 Hz) in Figure 3(i), indicated by the blue bar in Figure 3(j), shows that no apparent energy
localization in the boundaries of the lattice can be observed.

5 Robustness of the topological modes

As demonstrated above, the well-tailored non-Hermitian disorder pattern can produce the topological states. For a further
step, we will explore whether these disorder induced topological modes can survive under globally random disorders. We
first calculated the eigenfrequencies of the non-Hermitian lattice (W = 3.5) versus a Hermitian disorder using the according
tight-binding model, as presentd in Figure 4(a). The disorder on site ¢ is introduced by changing the real part of the on-site
terms as df;, uniformly distributed from —dgy to dy (dg is the Hermitian disorder strength). In this case, the frequencies
of the edge states remain to be around zero energy for a weak dy and then shift towards the bulk bands for large dg. In
addition, the lattice model is also examined by adding non-Hermitian disorders dy g, whose eigenfrequency profile is given
in Figure 4(b). This disorder is introduced to the on-site term, randomly distributed from idyg to —idyy (dvg is the
non-Hermitian disorder strength). By increasing dn g, the bandgap gradually narrows, while the zero-energy states remain
unchanged before the gap closes. These two cases show that the topological edge states can survive for weak Hermitian and
non-Hermitian disorders, demonstrating the robustness of the non-Hermitian TAI.

Frequency (Hz)

0 0.1 0.2 0.3 0 0.2 0.4 0.6 0.8

Hermitian disorder stréngth ©,) non-Hermitian disorder strength (J,,)

Figure 4 Robustness of the topological edge states. Numerically calculated eigenfrequencies based on the tight-binding
model for the non-Hermitian TAI with (a) Hermitian disorder 5 and (b) non-Hermitian disorder dyp, respectively.

6 Conclusion

These demonstrated experiments show the exact evolution of a non-Hermitian TAI in acoustic platform simply by using
only disspations. Distinct from the Hermitian TAI, non-Hermiticity induced TAI is simply implemented with on-site non-
Hermiticity, without changing the dimensions of the site cavities or the coupling waveguides. Specifically, we have presented
that an originally trivial system can undergo a phase transition and become topological when the added non-Hermitian
disorder is within a moderate region. The induced topological edge states also show the ability of being immune to weak
Hermitian and non-Hermitian disorders. When introducing sufficient strong disorders, the system will be driven to be gapless
and the non-Hermitian TAI will not hold. The evolution of non-Hermitian TAI phase clearly reveals the complex relation-
ship between disorder, non-Hermiticity and topology, demonstrating the key role of non-Hermitian disorders in exploring
topological phases. Since the non-Herimiticity can be flexibly and externally controlled, our experimental demonstrations
may facilitate TAI to practical applications. Besides, this scheme can be easily extended to other disordered systems in 1D
or higher dimensions, which may boost the experimental realizations of the rich interactions of non-Hermiticity with disorders.
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Universities.
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