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Non-Hermiticity significantly enriches the properties of topological models, leading to exotic features
such as the non-Hermitian skin effects and non-Bloch bulk-boundary correspondence that have no
counterparts in Hermitian settings. Its impact is particularly illustrating in non-Hermitian quasicrystals
where the interplay between non-Hermiticity and quasiperiodicity results in the concurrence of the
delocalization-localization transition, the parity-time (PT)-symmetry breaking, and the onset of the non-
Hermitian skin effects. Here, we experimentally simulate non-Hermitian quasicrystals using photonic
quantum walks. Using dynamic observables, we demonstrate that the system can transit from a delocalized,
PT-symmetry broken phase that features non-Hermitian skin effects, to a localized, PT-symmetry unbroken
phase with no non-Hermitian skin effects. The measured critical point is consistent with the theoretical
prediction through a spectral winding number, confirming the topological origin of the phase transition.
More interestingly, we also provide the first experimental evidence for mobility edges which are induced by
non-Hermiticity. Our Letter opens the avenue of investigating the interplay of non-Hermiticity,
quasiperiodicity, and spectral topology in open quantum systems.

DOI: 10.1103/PhysRevLett.129.113601

Non-Hermiticity arises in open systems and can lead to
intriguing properties with no Hermitian counterparts [1–
28]. Exotic non-Hermitian phenomena such as the parity-
time (PT) symmetry and exceptional points [4–11], the
non-Hermitian skin effects [12–25], and the non-Bloch
bulk-boundary correspondence [12,13] have attracted much
attention. The interest is further stimulated by their exper-
imental observation in open systems [29–35], with potential
applications in precisionmeasurements, nonreciprocal quan-
tum device, and topological transport. So far, these experi-
ments either focus on non-Hermitian models with no spatial
degrees of freedom, or on lattices with discrete translational
symmetry. The properties of non-Hermitian quasicrystals
remain largely unexplored experimentally.
In closed quantum systems, quasicrystals play host to a

wealth of properties [36–43]. For instance, in the one-
dimensional Aubry-André-Harper (AAH) model, a finite
strength of quasiperiodicity drives the system from an
extended metallic state into an Anderson insulator where
the bulk eigenstates become exponentially localized [36–
40]. The AAH model can also be mapped to the Hofstadter
model, and hence to the integer quantum Hall system,
revealing a deeper connection with band topology [44–46].
Variations of the AAH model feature different forms of
quasiperiodic disorder, as well as interactions, which can
further give rise to more exotic phases such as the many-
body localized [47–49] or the critically localized states
[50–52]. In a recent series of theoretical studies, it has been
shown that specific non-Hermitian variants of the AAH

model can feature a topological phase transition character-
ized by a spectral winding number [7,53–57]. Remarkably,
such a critical point is a simultaneous demarcation for the
delocalization-localization transition, the PT-symmetry-
breaking transition, as well as for the onset of the non-
Hermitian skin effects when an open boundary condition
(OBC) is imposed [53]. Given the uniqueness of such a
multicritical point, the experimental simulation of non-
Hermitian quasicrystals and the underlying rich critical
physics is desirable.
In this Letter, we experimentally simulate a non-

Hermitian, PT-symmetric AAH model using photonic
quantum-walk dynamics. Building upon our previous ex-
periments of quantumwalkswith non-Hermitian skin effects
[32,33], we further introduce position- and polarization-
dependent phase operators to implement quasiperiodicity.
Through dynamic observables such as the Lyapunov expo-
nents [23,58], the dynamic inverse participation ratio (DIPR)
[52], and the time-evolved photon counts, we confirm key
properties of the phases on either side of the multicritical
point, as predicted by the spectral winding number.
More interestingly, the measured DIPR further provides

evidence for the presence of a mobility edge in the system.
Mobility edge [59–64], a critical energy separating local-
ized and extended excitations, is a key concept for under-
standing localization. While the original AAH model does
not naturally allow mobility edges due to self-duality [37],
recent theoretical studies have shown that mobility edges
can emerge under the interplay of non-Hermiticity and
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quasiperiodic disorder [65,66]. Our experiment constitu-
tes the first experimental observation of non-Hermiticity-
induced mobility edges, and offers a valuable quantum
mechanical platform for future studies of non-Hermitian
quasicrystals.
A time-multiplexed nonunitary quantum walk.—We sim-

ulate non-Hermitian quasicrystals using a one-dimensional
photonic quantum walk, governed by the Floquet operator

U ¼ MSP2RðθÞMSP1RðθÞ; ð1Þ

where the coin operator

RðθÞ ¼
X
x

jxihxj ⊗
�
cos θ − sin θ

sin θ cos θ

�
;

under the polarization basis fjHi; jVig, with jHi (jVi)
the horizontally (vertically) polarized state and x labeling
the lattice sites. The shift operator is given by S ¼P

x jx − 1ihxj ⊗ jHihHj þ jx þ 1ihxj ⊗ jVihVj. Non-
Hermiticity is introduced through the partial measurement

M ¼
X
x

jxihxj ⊗
�
eγ 0

0 e−γ

�

with γ the gain-loss parameter. The position-dependent
phase operators satisfy

P1 ¼ P−1
2 ¼

X
x

jxihxj ⊗
�
e

i
2
cosðxπϕÞπ 0

0 e−
i
2
cosðxπϕÞπ

�

with ϕ ¼ ð ffiffiffi
5

p
− 1Þ=2, the inverse of the golden mean.

For the quantum-walk dynamics, the Floquet operator U
repeatedly acts on the initial state jΨð0Þi, with the time-
evolved state given by jΨðtÞi ¼ UtjΨð0Þi, where t labels
the discrete time steps. The quantum walk is therefore a
stroboscopic simulation of the time evolution driven by an
effective Hamiltonian H, defined as U ¼ e−iH [32,33].
In the absence of the phase operators Pi (i ¼ 1, 2), the

quantum walk governed by U features non-Hermitian skin
effect [32,58]. Therein, the interplay of the effective spin-
orbit coupling (the coupling between polarization and
spatial modes) and the polarization-dependent loss, leads
to a finite, nonreciprocal probability current in the bulk that
is responsible for the accumulation of population at
boundaries, the namesake phenomenon of non-Hermitian
skin effects. The quasiperiodicity is then introduced
through the phase operators P1;2, which can be understood
as a polarization-dependent quasiperiodic potential for the
effective Hamiltonian. The resulting Floquet operator U
thus realizes a stroboscopic simulation of the dynamics of a
generalized non-Hermitian AAH model that features non-
reciprocal hopping and quasiperiodic modulation of the on-
site potential [67].
As illustrated in Fig. 1(a), we adopt a time-multiplexed

scheme for the experimental implementation of U [67].
Pulses from the photon source are attenuated to the single-
photon level using a neutral density filter, ensuring a
negligible probability of multiphoton events [68,69].
Similar to the setup in Ref. [58], the various operators
are implemented using beam splitters and half-wave plates,
and are integrated into two optical fiber loops through
which each photon passes twice for each discrete time step.
Here, different walker positions are encoded into the time
domain, thanks to the polarization-dependent time delay
introduced through the two optical fiber loops. With these,
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FIG. 1. Simulation of non-Hermitian quasicrystals. (a) A time-multiplexed implementation of the photonic quantum walk. ND: neutral
density filter; HWP: half-wave plate; AOM: optical switch acousto-optic modulator; EOM: electro-optic modulator; (P)BS: (polarizing)
beam splitter; APD: avalanche photodiode. (b) Phase diagram of the spectral winding numberω. Insets are the typical eigenspectra of the
two phases on the complex plane with a fixed γ ¼ 0.1, and θ ¼ π=8 for ω ¼ 1 and θ ¼ 3π=8 for ω ¼ 0. The phase boundary here not
only marks the onset of the non-Hermitian skin effect, but also the PT-symmetry breaking point and the delocalization-localization
transition. (c) Top panel: spatial distribution of all eigenstates of U under the OBC, for the phase with ω ¼ 1 (left) and ω ¼ 0 (right),
respectively. Middle panel: the real components of the eigenenergies E of the effective Hamiltonian H (under PBC) with increasing θ,
colored according to their respective inverse participation ratio IPR. Lower panel: the imaginary components of the eigenenergies with
increasing θ (under PBC), colored according to the IPR. For the numerical simulations, we take the lattice size N ¼ 200 and γ ¼ 0.1.
Black and red vertical dashed lines (θ=ðπ=4Þ ≈ 1.05 and θ=ðπ=4Þ ≈ 1.25) indicate the location where a mobility edge emerges and ends
in the eigenspectrum, respectively.
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the position-dependent phase operators P1;2 are realized
through an electro-optical modulator that imposes a time-
dependent phase within each discrete time step. Finally, we
implement a polarization-dependent loss operator ME ¼
e−γM, and the experimentally realized time-evolved state
jΨEðtÞi is related to jΨðtÞi through jΨðtÞi ¼ e2γtjΨEðtÞi.
Winding number and phase diagram.—The quasi-

crystalline features of U are best illustrated using the phase
diagram characterized by a spectral winding number. To
calculate the winding number, we consider a periodic
boundary condition (PBC) with N lattices sites, and with
an auxiliary magnetic fluxΦ threaded through the resulting
ring. This is equivalent to making the replacement γ →
γ þ iΦ=ð2NÞ in U. Subsequently, the spectral winding
number is defined as [7,53]

ω ¼ lim
N→∞

1

2πi

Z
2π

0

dΦ
∂Φ detfHðΦ=NÞ − Eg
detfHðΦ=NÞ − Eg ; ð2Þ

where H is the effective Hamiltonian of U, and E is a base
point in the complex energy plane. The quantum walk has a
spectral topology, if there exists an E such that ω ≠ 0.
In this case, the PBC eigenspectrum of the effective
Hamiltonian exhibits closed loops around the base point
E, implying a persist current in the bulk which is the origin
of the non-Hermitian skin effect under an OBC [20,21].
Otherwise, when ω ¼ 0, the PBC eigenspectrum ofH does
not have spectral topology, and the quantum walk does not
show the non-Hermitian skin effect under OBC. We show
in Fig. 1(b), the phase diagram of the system. In the region
with ω ¼ 1, the emergence of non-Hermitian skin effect is
confirmed in the top panel of Fig. 1(c), where all eigenwave
functions accumulate toward the boundaries under OBC.
Under quasiperiodicity, eigenstates of the system under-

go a delocalization-localization transition with increasing
θ. The localization of the nth eigenstate can be characte-
rized by the inverse participation ratio (IPR) [51] defined as

In ¼
X
x

jψnðxÞj4P
xjψnðxÞj2

; ð3Þ

where ψnðxÞ is the support of the nth eigenstate ofU on site
x. The state is delocalized (localized) when In is vanishingly
small (finite). As illustrated in the middle panel of Fig. 1(c),
the critical θ appears to be energy dependent across the
eigenspectrum, indicating the existence of a mobility edge.
Interestingly, the aforementioned spectral topological

phase boundary simultaneously marks the transition point
beyond which all eigenstates of the system are localized. In
Fig. 1(c), we indicate such a global delocalization-location
transition with a dashed vertical line in red. To the right of
the line, all In are finite, the system is fully localized, and
the winding number ω ¼ 0. To the left of the line, not all
eigenstates are localized (some states still feature finite In),
and the winding number ω ¼ 1. One may further identify a

transition point [indicated by the black dashed line in
Fig. 1(c)] where the first localized eigenstates (the ground
and the highest excited states) emerge in the spectrum. This
transition marks the onset of the mobility edge as θ
increases, but does not coincide with the spectral topo-
logical transition.
The spectral topological phase boundary is also the

critical point at which the PT symmetry becomes broken
under PBC. Because of the spectral topological origin of
the non-Hermitian skin effect, the region with ω ¼ 1 is
necessarily PT-symmetry broken. Intriguingly, as shown in
the lower panel of Fig. 1(c), in the region with ω ¼ 0, the
eigenspectrum of H is entirely real, indicating the con-
currence of the spectral topological transition, the global
delocalization-localization transition, and the PT-symmetry
breaking transition [53,67]. In the following, we experi-
mentally probe these transitions one by one.
Non-Hermitian skin effects.—We demonstrate experi-

mentally the mechanism leading to the non-Hermitian skin
effect through bulk dynamics [58]. While the direct
manifestation of the non-Hermitian skin effect is the
accumulation of population at open boundaries, it origi-
nates from a persistent, directional bulk current that can be
directly probed through bulk dynamics. For this purpose,
we initialize the walker near x ¼ 0, and record the photon
distribution at each time step up to t ¼ 10. For θ < θc, the
system possesses non-Hermitian skin effects. This is
reflected as the directional probability flow in the bulk,
as shown in Fig. 2(a). By contrast, for sufficiently large θ,
the system is in the Anderson-localized state, and the
probability would accumulate at the initial position, as
shown in Fig. 2(b).
The conclusion, while consistent with the phase diagram,

is further confirmed by measuring the Lyapunov exponent,
defined as [23,58]

λðvÞ ¼ 1

t
log jðhx ¼ vtj ⊗ hHjÞjΨðtÞij; ð4Þ

where v is the shift velocity. The Lyapunov exponent reveals
the presence of the bulk probability flow, since by definition,
the location of its peak shows how the wave function
propagates along the lattice. Specifically, λðvÞ peaks at a
finite shift velocity v in the presence of non-Hermitian skin
effect; whereas it peaks at v ¼ 0 in the absence of non-
Hermitian skin effect [23,58]. Experimentally, we construct
λðvÞ following a ten-step quantum walk, by measuring the
photon distribution at each step. As shown in Figs. 2(c)
and 2(d), the experimental data confirm a directional trans-
port in the region withω ¼ 1. Here, the directional transport
is the origin of the non-Hermitian skin effect, as well as its
most apparent dynamic signature.
Localization and mobility edge.—To characterize the

localization properties, we measure the DIPR [52], defined
as D ¼ P

x P
2ðx; tÞ, where Pðx; tÞ is the corrected prob-

ability of the walker on position x at the end of
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time step t. The probability is normalized by dividing the
total photon count after the tth step, so that Pðx; tÞ ¼
jhxjΨEðtÞij2=

P
x jhxjΨEðtÞij2.

A vanishingly small DIPR at long times suggests the
delocalized, metallic phase; while a finite DIPR indicates
the onset of localization. As illustrated in Fig. 3(a), the
measured DIPR (blue) indicates a transition point near
θ=ðπ=4Þ ≈ 1.05, which is consistent with the black vertical
dashed line in Fig. 1(c). This is the location where some
eigenstates start to be localized, as a mobility edge emerges
in the eigenspectrum.
To reveal the global delocalization-localization transition

where all eigenstates become Anderson localized, we
construct the dynamic normalized inverse participation
ratio (DNPR), defined as Dnorm ¼ ½2tPxP

2ðx; tÞ�−1. As
shown in Fig. 3(a), the measured DNPR (red) becomes

vanishingly small near θ=ðπ=4Þ ≈ 1.25, consistent with the
global delocalization-localization transition in Fig. 1(c).
The measured DIPR and DNPR are, respectively, the

dynamic probe to the averaged IPR: Ī ¼ ð1=2NÞPnIn; and
the average normalized IPR: Īnorm ¼ 1=ð4N2ÞPn1=In
[54,70]. Key features in the numerical simulations
of these quantities agree well with our measurements [see
Fig. 3(b)], indicating a mobility edge in the range θ=ðπ=4Þ ∈
ð1.05; 1.25Þ.
Breaking parity-time symmetry.—We confirm the break-

ing of PT symmetry, by measuring the time evolution
of the overall corrected probability of photons. Here,
the overall corrected probability is defined as PðtÞ ¼
e4γt

P
x jhxjΨEðtÞij2, where the exponent e4γt recovers the

probability evolution underU. When the system is in the PT
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unbroken regime, the quasienergy is entirely real, and PðtÞ
would be on the order of unity. By contrast, when the system
is in the PT broken regime, PðtÞ should grow in time, as the
eigenenergies can acquire positive imaginary components.
These understandings are confirmed in Fig. 4, where time
evolutions at different θ show that the PT transition point is
consistent with the theoretical phase diagram.
Conclusion.—We experimentally simulate the dynamics

of a one-dimensional non-Hermitian quasicrystal using
photonic quantum walks, and reveal a tricritical point
where the spectral topological transition, the global
delocalization-localization transition, and the PT-symmetry
breaking transition simultaneously occur. Our experiment
thus unveils a highly nontrivial phenomenon that is absent
in Hermitian quasicrystals, and calls for further study of the
critical phenomena near these phase transitions.
Intriguingly, the coincidence of all three phase transi-

tions can be model dependent. In a recent theoretical study
[40], it is shown that, although the localization and the
PT-symmetry breaking transitions coincide in a general
class of non-Hermitian quasicrystals, they are not neces-
sarily accompanied by a change of the spectral topology.
While the study raises important open questions regarding
the conditions for the concurrence of phase transitions, our
experiment offers a highly tunable platform on which these
questions can be systematically addressed in the future.
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Note added.—After the submission of our Letter, a related
work [71] appeared, reporting the experimental observation
of a topological triple phase transition. In comparison, our
implemented model is different, exemplified by the pres-
ence of a mobility edge (absent in [71]). This is the first
experimental measurement of non-Hermiticity-induced
mobility edges based on a quantum-walk configuration.
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