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Non-Hermitian skin effect and photonic topological edge states are of great interest in non-Hermitian
physics and optics. However, the interplay between them is largely unexplored. Here, we propose and
demonstrate experimentally the non-Hermitian skin effect constructed from the nonreciprocal flow of
Floquet topological edge states, which can be dubbed “Floquet skin-topological effect.” We first show the
non-Hermitian skin effect can be induced by structured loss when the one-dimensional (1D) system is
periodically driven. Next, based on a two-dimensional (2D) Floquet topological photonic lattice with
structured loss, we investigate the interaction between the non-Hermiticity and the topological edge states.
We observe that all the one-way edge states are imposed onto specific corners, featuring both the non-
Hermitian skin effect and topological edge states. Furthermore, a topological switch for the skin-
topological effect is presented by utilizing the phase-transition mechanism. Our experiment paves the way
for realizing non-Hermitian topological effects in nonlinear and quantum regimes.
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Topological insulators are a new phase of matter that
is constituted by insulating bulk and conducting edges.
They have been extensively explored in condensed matter
physics [1,2], photonics [3—11], phononics [12—14], and so
on. In photonics, shortly after the observation of topologi-
cally protected edge states in microwaves [4], the topologi-
cal states in the optical frequency range relying on artificial
gauge fields were experimentally realized [5,6]. One para-
digmatic example is the photonic Floquet topological
insulator [5] consisting of a honeycomb array of helical
optical waveguides. The periodic driving results in the
artificial gauge field and Floquet topological phases. The
one-way topological edge states that are immune to back-
scattering were predicted and observed. The realizations
of the topological states in classical-wave systems show
potential in lasing [15-18] and quantum sources [19,20].

Characterized by complex eigenenergies and nonorthog-
onal eigenstates, non-Hermitian physics [21-23] governing
systems interacting with the environment has led to many
frontiers, such as PT-symmetric physics [24-34] and non-
Hermitian topological phases [35-45]. Recently, the non-
Hermitian skin effect (NHSE) [46—61] has drawn a lot of
attention both in theory and experiment. The NHSE
features the coalescence of the extended bulk states into
the edges of 1D systems, which can be well described by
the non-Bloch band theory [52]. The interplay between the
NHSE and aforementioned topological states brings us a
new concept of the hybrid skin-topological effect [62—67].
Different from the higher-order non-Hermitian skin
effect [68—72], the action of the coalescence of extended
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eigenstates for the skin-topological effect is only on the
topological edge modes [63,64]. Therefore, the number of
the skin-topological modes is proportional to the length
size of the system. To date, such an effect has only been
demonstrated by introducing asymmetric coupling into
higher-order topolectrical circuits [72], whereas the inter-
action between the one-way propagating topological edge
states and NHSE remains a challenge in experiments.

In this Letter, we bridge this gap by adopting a 2D optical
array of lossy helical waveguides and observe the photonic
Floquet skin-topological effect. First, by introducing stag-
gered loss into a 1D optical array of helical waveguides, we
realize the Floquet non-Hermitian skin effect. Next, we pile
up the 1D lattice and arrive at a 2D non-Hermitian Floquet
topological insulator. The complex spectrum of the non-
Hermitian system shows that the gapless unidirectional edge
states spanning across the topological band gap (correspond-
ing to a nonzero Chern number of 1) can acquire the
nontrivial point-gap winding topology [63,64,73], which
indicates the existence of the NHSE that induced by the
nonreciprocal flow of these edge states. In experiments, we
observe that all the one-way edge states are imposed onto a
specific corner, which reveals the existence of the skin-
topological effect that features both the non-Hermitian skin
effect and topological edge states. The sign of the winding
number determines which corner of the sample is the
topological funnel of light. Moreover, by introducing a large
enough on-site energy difference and closing the Floquet
topological band gap, a topological switch [64,74] for the
skin-topological effect is demonstrated.
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FIG. 1. Floquet NHSE in a 1D optical array. (a) Schematic of a
1D non-Hermitian optical array consisting of helical waveguides.
The additional optical loss is introduced into the blue waveguides
by setting breakpoints. (b) Complex quasienergy spectrum of the
1D optical array. The spectral loop under PBC indicates the
existence of the point-gap topology. (c) Floquet skin eigenmodes
(gray curves) and the summing eigenmodes (red curve). The
parameters for simulations are coupling strength ¢ = 1.5 cm™!,
optical loss y = 0.4 cm™!, lattice constant d = 14v3 pm, helix
radius R = 8 pm, and the period Z = 1 cm. (d),(e) Simulation
and experimental results of the Floquet NHSE. The light shifts
continuously to the left indicating the collapse of the eigenstates
into the left boundary.

We start from a 1D optical array consisting of helical
waveguides [shown in Fig. 1(a)]. This 1D optical array
contains two sublattices A and B and the sublattice A is
endowed with considerable loss, as marked in blue. The
paraxial propagation of light in this non-Hermitian system
can be described by the tight-binding equation [5]:

.0, iAl2): .
! 6z - %Coé A(2) rmnl/’m —WYuWn (1)

where v, is the electric field amplitude in the n th wave-
guide, ¢ is the coupling strength between the two nearest
waveguides, r,,, is the displacement pointing from wave-
guide m to n, and (mn) indicates the summation is taken
over nearest-neighboring waveguides. The second term
describes the on-site dissipation of the waveguides. The
loss at the sublattice A (B) is setto be y,, =y (y,, = 0). This
z-dependent equation describing paraxial light propagation
can be mapped to a time-dependent Schrodinger equation
and the z axis plays the role of time. The periodic driving
is equivalent to adding a time-dependent vector potential
A(z) = koRQ[sin(Qz), — cos(Qz), 0] to the optical array,
where ky = 27n /A is the wave number of light in the back-
ground medium (ny = 1.45 is the refractive index of the
medium and 4 = 635 nm is the wavelength of light). The
distance between the two nearest waveguides is a = 14 pm
and the lattice constantis d = 14\/§ pm. The helix radius is
R = 8 pm and the period is Z = (2z/Q) = 1 cm.

For the above tight-binding model with z-periodic
Hamiltonian, its eigenvalues and eigenstates can be calcu-
lated from the numerical effective Hamiltonian Hy. The
details of the calculations are shown in Supplemental
Material [75], Sec. II. The complex quasienergy spectrum
of this 1D optical array under periodic boundary condition
(PBC) and open boundary condition (OBC) is shown in
Fig. 1(b), as labeled by gray dotted curves and black dots,
respectively. We can see that the complex spectrum under
PBC forms a closed loop and drastically collapses into a
line under OBC. The eigenfunctions shown in Fig. 1(c)
reveal that the eigenstates all localize at the left boundary,
which is the direct result of the NHSE. The closed loop in
the complex spectrum results in the nontrivial point-gap
topology, which can be characterized by the winding
number [46,77] for Floquet systems

2n dkx
w= . 2 O, log det[Hg(k,) — Eo], (2)

i

where E| is a reference quasienergy for numerical calcu-
lations. The winding number for the 1D optical array is
w = 1 indicating the existence of the NHSE. The result of
the generalized Brillouin zone can further verify this point
(Supplemental Material, Sec. III [75]).

In experiments, we fabricate the 1D optical array of
helical waveguides by utilizing the femtosecond laser
writing method [5]. The optical loss in sublattice A is
introduced by setting break points periodically into the
waveguides [78]. The details of the experiments can be
found in Supplemental Material, Sec. VI [75]. To observe
the 1D Floquet NHSE, a laser beam with a wavelength of
635 nm is initially launched into the center waveguide of
the 1D array. We perform a series of measurements at
different propagation lengths of z = 2, 4, 6, 8, and 10 cm.
The simulation and experimental results are shown in
Figs. 1(d) and 1(e). The white dashed circles mark the
location of the input waveguide. As we can see, the light
propagates continuously to the left, which indicates the
collapse of the extended eigenstates onto the left boundary.
The experimental results agree well with those from the
beam-propagation simulations. This result can also be
clearly seen from the dispersion relationship displayed in
Supplemental Material, Sec. III [75]. The eigenmodes with
low (high) loss have negative (positive) group velocity.
Consequently, the left-propagating modes with low loss
survive. This observation unravels the existence of 1D
NHSE induced by structured loss as well as periodic
driving and provides a cornerstone for the next exploration
of the interplay between the NHSE and photonic topo-
logical edge states.

Having observed the Floquet NHSE in a 1D array, we
investigate the interaction between the non-Hermiticity and
topological edge states. We pile up the 1D Floquet lattice
composed of helical waveguides and arrive at a 2D
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FIG. 2. Hybrid skin-topological effect in a non-Hermitian 2D
photonic Floquet topological insulator. (a),(b) Complex quasie-
nergy spectrum under x-PBC/y-OBC. The blue (red) dots
correspond to the right (left)-propagating edge mode with
relatively larger (negligible) loss. The spectral loop in the
topological band gap reveals the nontrivial point-gap topology
indicating the existence of the NHSE of light at the boundary. (c),
(d), Complex quasienergy spectrum under x--OBC/y-OBC. The
skin-topological modes (black dots) emerge and localize at the
upper-left corner of the sample (corner I).

photonic non-Hermitian Floquet topological insulator with
a nonzero non-Hermitian Chern number [36,73] of C =1
(the detailed calculation is shown in Supplemental
Material, Sec. IV [75]). The structured loss is introduced
into one sublattice of the honeycomb lattice, as depicted in
Fig. 2(b). The nontrivial topology guarantees the existence
of the topological boundary states when we consider a
finite sample. The complex spectra for two cases of
x-PBC/y-OBC (periodic boundary along the x axis and
open boundary in the y direction) and x-OBC/y-OBC are
shown in Figs. 2(a) and 2(c). Apart from the bulk states
marked by gray dotted points, there exist two counter-
propagating edge states localized at the opposite edges
spanning across the topological band gap in the complex
spectrum, as displayed in Figs. 2(a) and 2(b). The blue (red)
dots correspond to the right (left)-propagating edge mode
with relatively larger (negligible) loss. The complex spec-
tral loop in the topological band gap reveals the nontrivial
point-gap topology characterized by the winding number of
w = 1, which results in the NHSE [46] induced by the one-
way edge flow of light. For the case of double OBC
(x-OBC/y-OBC), the closed loop in the complex spectrum
drastically collapses [Fig. 2(c)] and all non-Hermitian
topological edge modes localize at the upper-left corner
[labeled as corner I in Fig. 2(d)], whereas the bulk states
stay extended (Supplemental Material, Sec. V [75]). The
solid (dashed) white arrows pointing to the propagating
direction of the edge states correspond to the flow of light

FIG. 3. Simulation (a),(c) and experimental (b),(d) results of the
Floquet skin-topological effect. By moving the input tilted
Gaussian beam along the outer perimeter, we observe the output
light distribution at the end facet of the sample after 10 cm long
propagation. (a),(b) The light propagates along the edge of III-II
and bypasses the sharp corner II without backscattering. (c),(d),
The light propagates along the edge of II-I and accumulates at
corner I, which reveals the existence of the Floquet skin-
topological corner modes.

with negligible (larger) loss. As a result, all the energy of
the topological edge states accumulates at corner I, which
indicates the existence of the so-called hybrid skin-
topological modes. Note that if we add the loss configu-
ration on the sublattice B, the point-gap winding will
change to w = —1, which gives rise to the skin-topological
modes at corner III.

To experimentally study the Floquet skin-topological
effect, a 2D non-Hermitian honeycomb lattice of helical
waveguides is fabricated. The breaks that can generate
large optical loss are introduced into the waveguides of
sublattice A. To excite the topological edge modes, a broad
tilted Gaussian beam is initially launched into the outer
perimeter of the sample. The momentum of the Gaussian
beam is controlled by a rotated mirror and set to be about
k.d = = (Supplemental Material, Sec. VI [75]). The white
ellipse indicates the position and shape of the launched
Gaussian beam. The total propagation length in the sample
is 10 cm (z axis). By moving the injected beam along the
outer perimeter, we can see in Figs. 3(a) and 3(b) that the
input light can propagate unidirectionally along the edge of
MI-1I, and circumvent the sharp corner II without back-
scattering. However, the situation changes drastically when
the input light encounters corner I, as shown in Figs. 3(c)
and 3(d). By moving the input Gaussian beam leftward
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FIG. 4. Topological switch for the skin-topological effect.
Introducing a large enough on-site energy difference of Am =
3.7¢, results in the topological phase transition. By moving the
input tilted Gaussian beam leftward along the upper edge, we can
see that the injected light penetrates into the bulk in both
simulations (a)—(c) and experiments (d)—(f). The skin-topological
effect is switched off by the phase transition.

along the edge, we observe that the injected light prop-
agates along the upper edge and stays trapped at corner I
without penetration into the bulk, which is the direct
observation of the hybrid Floquet skin-topological corner
modes. The experimental results [Figs. 3(b) and 3(d)] are
consistent with the simulation results [Figs. 3(a) and 3(c)].
At this corner I, the ratio of the light energy ‘“accumulated”
[Fig. 3(c)] is about 25.6%, which is generally consistent
with the value of 30.4% obtained from tight-binding
simulations (Supplemental Material, Sec. VII [75]). Note
that since the structured loss is introduced in our system,
the color bar is rescaled to the maximum in each panel of
Fig. 3 for better presentation. The observations in Fig. 3
together elucidate that the Floquet skin-topological effect
features both the NHSE and topological protection of the
propagating light.

For comparison, we fabricate a 2D Hermitian photonic
Floquet topological insulator with no structured loss. We
perform the experiments and observe that the initial tilted
wave packet can propagate counterclockwise along the
outer perimeter and bypasses corner I (Supplemental
Material, Sec. IX [75]).

A topological switch [64,74] manifests that topology can
provide a switch for the NHSE through topological phase
transitions. In our model, by introducing a large on-site
energy difference between the two sublattices, the topo-
logical phase transition occurs and the Flouget topological
band gap closes. The on-site energy difference of up to
Am ~ 3.7¢, can be induced in order to open a trivial band
gap through changing the laser-writing speed (see
Supplemental Material [75] for more details). Without
the topological band gap and topological edge states
providing asymmetric coupling for the NHSE, the complex
spectrum shows no point-gap winding and therefore no
Floquet skin-topological modes can be found. We adopt the
same experimental philosophy as shown in Fig. 3. As we
can see in Fig. 4, the injected light penetrates into bulk and

cannot accumulate at corner I. Therefore, the skin-
topological effect is switched off.

In conclusion, we have experimentally demonstrated the
Floquet NHSE in a 1D lossy optical array and Floquet skin-
topological effect in a 2D non-Hermitian photonic Floquet
topological insulator. By introducing structured loss into
the periodically driven optical waveguides, we have found
the point-gap topology in the complex spectra of the 1D
and 2D non-Hermitian photonic systems. In experiments,
we have fabricated the optical lattices by the standard
femtosecond laser-writing method and observed the topo-
logical funnel of light at the left boundary and corner I of
the 1D and 2D optical arrays, respectively. Moreover, a key
to switching on and off the skin-topological effect has been
realized by utilizing the topological phase transition.
Our Letter investigates the interaction between the
NHSE and photonic topological edge states and provides
the first example of the NHSE in an optical Floquet
topological insulator, which may pave the way for further
exploration of non-Hermitian topological effects [79,80] in
nonlinear [81-83] and quantum regimes [84—86].
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