RESEARCH ARTICLE

S. K. Ivanov,* S. A. Zhuravitskii,

N. N. Skryabin, I. V. Dyakonov,

A. A. Kalinkin, S. P. Kulik,

Y. V. Kartashov, V. V. Konotop,
V.N.Zadkov................ 2300024

Macroscopic Zeno Effect in a
Su-Schrieffer-Heeger Photonic
Topological Insulator

'.) Check for updates

The macroscopic Zeno effect in a topo-
logical photonic system is demonstrated.
It manifests itself as a counterintuitive in-
crease of transmission in a topological
edge state with an increase of the absorp-
tion in half of the structure. This effect
strongly depends on the intricate topol-
ogy of the system and remains robust
against disorder, offering potential appli-
cations for light control in non-Hermitian
systems.


http://crossmark.crossref.org/dialog/?doi=10.1002%2Flpor.202300024&domain=pdf&date_stamp=2023-09-08

RESEARCH ARTICLE

www.lpr-journal.org

Macroscopic Zeno Effect in a Su—Schrieffer—Heeger

Photonic Topological Insulator

Sergey K. Ivanov,* Sergei A. Zhuravitskii, Nikolay N. Skryabin, Ivan V. Dyakonov,
Alexander A. Kalinkin, Sergei P. Kulik, Yaroslav V. Kartashov, Vladimir V. Konotop,

and Victor N. Zadkov

The quantum Zeno effect refers to the slowdown of the decay of a quantum
system due to frequent measurements. It has been extended beyond quantum
systems, manifesting itself in such phenomena as the suppression of output
beam decay by sufficiently strong absorption introduced in guiding optical
systems. In this case, the phenomenon is termed as macroscopic Zeno effect.
Here the observation of the macroscopic Zeno effect in a topological photonic
system is reported. The phenomenon is based on the suppression of decay for
only a subspace of edge modes that can propagate in the system and does not
rely on the existence of exceptional points. By introducing controlled losses in
one of the arms of a topological insulator comprising two closely positioned
Su—Schrieffer—Heeger arrays, the macroscopic Zeno effect is demonstrated,
which manifests itself in an increase of the transparency of the system with
respect to the topological modes created at the interface between two arrays.
The phenomenon remains robust against disorder in the non-Hermitian
topological regime. In contrast, coupling a topological array with a
non-topological one results in a monotonic decrease in output power with

increasing absorption.

1. Introduction

The phenomenon of topological insulation is a rich source of
new fundamental effects and potential applications utilizing the
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robustness of topological edge states!'
resulting in a broad interdisciplinary
concept covering diverse areas of
science.571  Topologically  nontrivial
systems are renowned for their distinc-
tive and exceptional robustness against
local deformations, which makes them
conceptually perfect settings for the
implementation of various routing and
switching schemes. In optics, various
switching and coupling mechanisms
have been explored, such as Floquet
insulators realized with helical waveg-
uide arrays® and Su—Schrieffer-Heeger
(SSH) chains.[>1! The resonant switch-
ing of topologically protected edge states
and valley Hall edge states have been
theoretically studied in refs. [12, 13]. The
studies conducted in refs. [14, 15] in-
vestigate the resonant coupling between
two topological edge states occurring
at the interface between two arrays.
The switching of excitations between
the opposite edges of a topologically nontrivial sample under
pumping was experimentally observed in refs. [16, 17]. The dis-
covery of many intriguing phenomena in topological physics was
made with the use of dissipative non-Hermitian systems,[!#23]
which provide a plethora of alternative designs for controlling
light.[2*27] Progress here has led to the experimental observation
of topological non-Hermitian edgel?*% and bulk(*%! states, topo-
logical light steering,3!! funneling,3? and topological insulator
lasing'[z,l}}—?}s]

By and large, the exploding development of topological op-
tics can be explained by the mathematical similarities of the
optical models and the Schrédinger equation governing elec-
trons in solids. Such an analogy extends to both Hermitian
and non-Hermitian settings. An interesting fundamental phe-
nomenon that can be analyzed from this perspective is the quan-
tum Zeno effect. This phenomenon, introduced first in quantum
physics, reveals in the strong suppression of the decay of a quan-
tum system subjected to frequent measurements. The quan-
tum Zeno effect was predicted theoretically as a counter-intuitive
phenomenon?¢37] (see also ref. [38]) and its subsequent experi-
mental demonstration has triggered extensive fundamental(39-*3
and applied**1 studies. Nowadays, it is widely understood
that the Zeno effect is a ubiquitous phenomenon, extending far
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beyond quantum systems and that it can be viewed as a macro-
scopic dissipative phenomenon, hence the term the macroscopic
Zeno effect. An analogy between the quantum Zeno effect and the
decay of light in an array of optical waveguides was shown in ref.
[48]. A general analogy between the meanfield description of a
frequently measured quantum system and a dissipative macro-
scopic system emulated by a dissipative dimer was shown in ref.
[49]. Optical realizations of the macroscopic Zeno effect using
two coupled waveguides, one of which is lossy, were proposed
in refs. [50-52]. The macroscopic Zeno effect has been observed
also with the light propagating in a waveguide tunnel coupled to
the semi-infinite array.l*]

In this study, we experimentally demonstrate this effect
in a topological non-Hermitian system consisting of two fi-
nite SSH®* waveguide arrays, where controllable dissipation is
introduced in one of the arrays. The SSH arrays comprise evanes-
cently coupled waveguides placed in close proximity along a line.
This work has three primary objectives. First, we experimentally
demonstrate the macroscopic Zeno effect that is characterized
by a counter-intuitive enhancement of the transparency of the
whole sample with the increase of losses in a part of it. Second,
we show that the occurrence of the macroscopic Zeno effect
crucially depends on whether the system is in topological or in
trivial phase. When both SSH arrays are in topological phases,
the presence of two coupled topological edge states enables light
switching between them. Introducing controllable linear losses
in one of the arrays we observe the optical Zeno effect for such
topological edge states that coexist with delocalized bulk modes
in this complex system. On the other hand, the Zeno effect is
not observed when the array in the topological phase is placed
in contact with the array in a trivial phase, since in this case
switching between arrays is inhibited and introduced losses lead
only to monotonic decrease of the transparency of the system.
Third, we demonstrate that the control and even complete arrest
of switching between topological arrays can be achieved by
increasing losses in one of the arrays. This indicates that non-
Hermitian topological systems can support controllable robust
transport processes even under the extreme complexity intro-
duced by dissipation, an important feature for contemporary
topological applications and for design of new compact switching
devices.

It must be stressed that even though some features of switch-
ing dynamics in our setting may look similar to those in a pas-
sive parity-time (P7) dimer explored in previous experiments,
where the PT —symmetry breaking was observed!?*] and where
reduction of losses for the output beam was related to the exis-
tence of an exceptional point (EP) separating different phases of
the system, the topological system studied here and the macro-
scopic Zeno effect itself are conceptually different from the above
mentioned effects based on the P7T symmetry. Indeed, as will be
shown below, our system does not obey the P7 symmetry (even
passive one) and its spectrum does not have the EPs. Unlike in
ref. [24], the Zeno effect reported here is observed only in a topo-
logically nontrivial phase for a subspace of the edge states, rather
than for the whole space of the modes guided by the system. Re-
spectively, the mathematical structure and physical background
of a minimal two-mode model that can approximately describe
dynamics of our system is completely different from the model
for two coupled waveguides used in ref. [24].
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2. Results
2.1. Theory

We start with the theoretical description of the topological states
in the dissipative SSH lattices shown in Figure 1a. Under the
paraxial approximation, the dimensionless light field amplitude
y is governed by the Schrodinger equation

0y
i =Hnw 1)
where r = (x, y) are the transverse coordinates normalized to the
characteristic transverse scale w, = 10 pm, z is the propagation
distance scaled to the diffraction length xw}, x = 2zn /A is the
wavenumber, 4 = 800 nm is the wavelength, n, ~ 1.45 is the real
part of the unperturbed refractive index of the fused silica glass,
where our structures are inscribed, V = (9,,d,), and the Hamil-
tonian is given by

H(r) = —%Vz —V(r) - iW(r) 2)

The real part of the optical potential, V(r), describes two SSH
arrays of the waveguides placed along the x-axis

-1 o0

Vi =) Voo =y =¥ + D Vol — L,y =) (3)

n=-oo n=0

n

nodes of the left (1) and right (r) SSH grids, and o, , are the widths
of the individual waveguides (they are elliptical due to the fs-
writing procedure, i.e., o, # 0,) along the x- and y-axes. The in-
dex n in Equation (3) enumerates waveguides in the left (n < 0)
and right (n > 0) arrays. In the dimensionless units the modula-
tion depth is p,. = k?w}én, /n, with 6n, being the refractive index
contrast. Spatially inhomogeneous losses are present only in the
right array, that is,

where V,(x,y) = p,. exp(—x*/c. —y*/0?), %" and y)" are the

©

W =TY Vix—x,y-y) =22

4

n=0 Pre ( )
The depth of the imaginary part of the potential p,, that is, I' is
considered as a control parameter.

In order to introduce a topological phase into this structure,
it is necessary to tune intra-cell and inter-cell couplings in each
unit cell (containing two waveguides).>* This can be done by in-
troducing a shift of the waveguides (in the opposite directions for
two waveguides in the unit cell), so that the inter-cell waveguide
spacing s becomes smaller than the intra-cell spacing d (see up-
per microscopic image of the array with seven cells in Figure 1a,
where d and s are indicated). At d = s the array represents an or-
dinary periodic structure with equal distance between all waveg-
uides. The truncated array shown in the upper line in Figure 1a
is topological if s < d. Then one observes the appearance of the
topological states localized at the array edges with eigenvalues
within the topological gap. Otherwise, at s > d, the array is in the
trivial phase and no edge states can be formed in the trivial gap
in the spectrum.

© 2023 Wiley-VCH GmbH
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Figure 1. a) Microphotographs of the SSH array in the topological phase with d = 33 um and's = 15 um (top row), two SSH arrays in the TT configuration
with d; =d, =33 um, s; =, = 15 um (middle row), two SSH arrays in the TN configuration with d; =s, = 33 um, s; = d, = 15 um (bottom row). b,c)
Real and imaginary parts of the propagation constant b for the TT configuration as a function of the imaginary depth p;,, of the right waveguides array.
d,e) Real and imaginary parts of the propagation constant for the TN configuration as a function of p;,,. Red dots correspond to the topological states
localized at the interface between the arrays. f) Profiles u(r) of the modes forming at the interface between two arrays for the TT configuration (top row)
and TN configuration (bottom row) for p;,, = 0. g) Real (left column) and imaginary (right column) parts of the mode profiles for the TT configuration
(top and middle rows show two existing modes) and the TN configuration (bottom row) for p;,, = 0.3. Different color scales are used for the real and
imaginary parts of u. In all cases, h = 39 um. Here and below p,, = 4.7 (6n ~ 5.3 x 1074, 6, = 2.5 um, and o, =75 um.

We further place two such arrays into close proximity and de-
note the distance between them as h. This distance is varied in
the experiments. Such a setup is illustrated in the middle and
bottom rows of Figure 1a. The first case (denoted below as TT)
shows the configuration where s, < d;; and both arrays are topo-
logically nontrivial. In the second case shown in the bottom line
of Figure 1a (denoted below by TN) the left array has the topo-
logical (s, < d,) configuration while the right array is in the topo-
logically trivial phase (s, > d,). Below we will show that only the
TT configuration supports light switching between two arrays,
provided that the right array is lossy.

Based on this concept, we put our focus on the analysis of the
dissipative system. The imaginary part of the potential, W(r), de-
scribes losses introduced only into the right array in our struc-
ture, that is, we assume that the left array is transparent. Parame-
ter p;,,, controls the amount of losses. We numerically calculated
the transformation of the spectrum for the TT and TN config-
urations with increase of p,,. The eigenmodes for Schrodinger
equation can be written in the form w (r, z) = u(r)e’?, where b is
the eigenvalue (propagation constant) of the mode and function u
describes the mode profile. For a conservative system, the prop-
agation constant b is real, while for a dissipative one b may be
complex. The dependence of the real and imaginary parts of b on
Pim for the TT configuration is shown in Figure 1b,c for the array
parameters close to the experimental ones, that is, for p,, = 4.7
(6n~53%x107%), d =d, =3.3 (33 um), 5,=s, = 1.5 (15 um),
6, =0.25 (2.5 ym), and o, = 0.75 (7.5 um). Red dots correspond
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to the modes localized at the interface between two topological
arrays. As can be seen, these branches belong to the topological
gap, which indicates that the structure is in the topological phase
for a sufficiently small p,,, (SSH topological insulator with non-
Hermitian domain wall was also discussed theoretically in ref.
[55])- Modes of the other two branches within the gap (black dots
close to the red ones in Figure 1b) are localized at the outer edges
of the entire structure and are not considered here. In what fol-
lows, we will consider only modes localized at the interface. The
spectrum of the TN configuration is illustrated in Figure 1d,e for
d =s,=3.3(33 ym), s, = d, = 1.5 (15 pm). The topological gap
has only one edge level (red dots), corresponding to the mode lo-
calized on the right edge of the left array. When s, > d, , both
arrays are in trivial phase and no edge states can form within the
trivial gap in the spectrum (see Supporting Information).

The topological eigenstates for different configurations and
magnitude of losses are shown on the right side of Figure 1,
where Figure 1f corresponds to the conservative TT (top row) and
the TN (bottom row) configurations and u is the real function.
One can see that in the case of TT configuration there exist two
modes (in-phase and out-of-phase) residing at the interface be-
tween the arrays. Excitation of the edge channel only on the left
or right side of the interface is equivalent to the simultaneous ex-
citation of the in-phase and out-of-phase modes with nearly equal
weights. This type of excitation initiates switching between two
subsystems, where the beating length is inversely proportional

to the difference in propagation constants Z, = z/(b; — b,). Z,

© 2023 Wiley-VCH GmbH
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increases with the increase of the distance between the arrays h
due to diminishing of the propagation constant difference b, — b,
(see, e.g. 1), Conservative TN configuration, in turn, supports
only a single topological mode on the rightmost edge of the left
array. Accordingly, the single channel excitation does not cause
switching in such a structure. In the case of a dissipative sys-
tem, the profiles of eigenmodes are no longer remain purely real
functions. Figure 1g shows the distribution of the real (left col-
umn) and imaginary (right column) parts of the function u at
Pim = 0.3 for both TT and TN configurations. In TT configura-
tion, two topological modes at the interface between two arrays
become notably asymmetric and gradually concentrate at the dif-
ferent sides of the interface with the increase of p,,. It should be
noted that although u does not depend on z, nevertheless the ex-
citation of such modes is accompanied by the energy losses due
to the dissipation present in the right array. Meantime, as we will
show, the effective losses of the entire system can be achieved by
increasing the losses in the right array. This is the manifestation
of the macroscopic Zeno phenomenon.

2.2. Two-Mode Model

A direct insight on the physics of the macroscopic Zeno effect
can be gained using the two-mode model. Here we describe it for
the TT configuration using the advantage that this phenomenon
is based on the interconnected evolution of two interface states
(topological modes), which are strongly concentrated on the right
outermost waveguide of the conservative array and left outermost
waveguide of the dissipative array. Denoting the respective com-
plex field amplitudes by A, and B, we obtain the two-mode model
(see Supporting Information for the derivation):

dA, .
—i—— = w,A; +v,(1+il)B,

dB, _ ®)
—lE = 1w, By + v, (1 + i) A,

where

=T | 16(r)[*Vo(x — h, y)dxdy
RZ

»

w, =I' /Rz [p(r) |2V, (x, y)dxdy

v, = ./RZ ¢ (1) Vy(x — h, y)@(r — hi)dxdy (6)

Here iis the unit vector along x-axis, and ¢(r) is the fundamental
mode of the potential V,(x,y) with the largest propagation con-
stant f:

H(no(n) = (). Hir) = —2V2 = Vy(x,) 7)

The system in Equation (5) is readily solved by the ansatz
A,, B, x e7*2, yielding two complex decrements

Ae=S(w+w, £ AV, A=W, —w) +45 T -0 (8

N —
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Figure 2. Real part of 1, (blue) and A_ (red) versus p;,, are shown. Here
h =39 um, w, = 0.0001p;,,, w, = 0.2146p;,, and v,, = 0.021.

with the corresponding (non-normalized) eigenvectors

c =< 20, (T =) > o)
= \w, —w, + VA

a =

In Figure 2 we plot Re(4, ) for the parameters used in the experi-
ment with h = 39 ym. It follows from this dependence that while
the decay rate for one of the modes monotonically increases with
the increase of the parameter p,, quantifying losses in the right
array, for another mode it instead may decrease with p; repre-
senting the manifestation of the Zeno effect. This dependence
closely resembles the evolution of the imaginary part Im(b) of
the propagation constant of two topological edge modes with p;
presented with the red dots in Figure 1c, demonstrating the fact
that the effective absorption for one of these modes may actually
decrease with the increase of the losses in the right array. This
result illustrates the absence of an EP in the system: the blue
and red lines in Figure 2 do not cross for all p,, > 0, even near
the maximum of the red line where the behavior of the curves re-
sembles behavior in a vicinity of an EP. Mathematically, however,
EP can exist only if A = 0 in Equation (8): then both eigenvalues
A, and eigenvectors C_ coalesce. However, A # 0 for all v, #0
(recall that all of the parameters in Equation (8) are real). On the
other hand, if v, = 0, the system in Equation (5) becomes decou-
pled. Thus, there are no EPs in this system.

2.3. Experimental Results

For the experimental observation of the macroscopic Zeno ef-
fect we used the SSH arrays with 20 waveguides (five dimers
in each array) inscribed in 10 cm-long fused silica glass sam-
ples. We determined a specific value of p,. and o, using test
arrays of straight waveguides. Such straight waveguides exhibit
about 0.07 cm™! propagation losses at the wavelength of 800 nm
used in the experiments, which can be factored out because they
are identical in every waveguide of the structure. To introduce
controllable extra losses in our experimental setup, we imple-
mented a rapid z-wiggling of each waveguide in the right array
that causes additional radiative losses (coupling to the continuum
states) due to the curvature of the guides. This technique of cre-
ation of controllable inhomogeneous losses was introduced in
refs. [29, 30, 56, 57]. A schematic diagram of the TT configura-
tion with the oscillations of the waveguide in the right array is
depicted in Figure 3. The wiggling (cosine-like) occurs in the y-
direction, transverse to the array axis, and is characterized by the

© 2023 Wiley-VCH GmbH
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Figure 3. Schematic representation of the interface between two topolog-
ical arrays where the red arrow indicates the excited waveguide in the left
array (marked in blue) with straight channels. The sites in the right array
(marked in red) oscillate in the vertical direction with the period Z; and
the amplitude A, causing bending or radiation losses to the continuum
modes.

oscillation period Z, > kw} and relatively small amplitude A,. In
our experiment, we fix the oscillation period Z; = 0.6 cm and vary
the amplitude A,. For the range of wiggling amplitudes used in
our work (from 0 to 8 um), an increase in A, entails an increase in
effective loss factor y in each single waveguide (see Experimental
Section). It is important to emphasize that although the waveg-
uide oscillations lead to periodic change of the distance between
two arrays, for wiggling amplitudes considered here this change
is very small compared to h, and according to our numerical and
experimental estimations, it can change the output power distri-
bution in the subsystems by no more than 5%.

Introduction of losses into the right array has a dramatic effect
on the dynamics of light switching in our structure. To illustrate
the phenomenon, we use the TT configuration with a distance
between the arrays of h = 39 ym. In the conservative limit (i.e.,
in the absence of wiggling), one observes in such a structure a
complete switching of the light from one array to another one
over the sample length, that is, the length of the sample approx-
imately corresponds to the beating length Z, for the selected h
value. For example, in the right column of Figure 4 we show the
experimental output intensity cross-sections at y = 0 observed for
the single-site excitation of the right outermost waveguide in the
left array at z = 0 for the different level of losses in the right array
starting from the conservative case y = 0. One can see that while
in the conservative case light fully switches into the right array,
with increasing losses in the right array (i.e., with increasing the
amplitude A, of the waveguide wiggling in this array, see Experi-
mental Section for connection between y and the wiggling ampli-
tude) the energy at the output redistributes between both arrays
and for sufficiently large losses y switching is nearly completely
arrested and the light remains in the left conservative array. Fur-
ther increase of y does not essentially change the output field
distribution. This picture is reproduced in the theoretical analy-
sis, where we simulate the light propagation in this structure us-
ing Equation (1) for gradually increasing values of the imaginary
depth p,,, defining the loss factor y in the right array (see Exper-
imental Section). Numerical results confirming the gradual ar-
rest of switching by the losses are presented in the left column of
Figure 4, where we used input beam launched into the outermost
waveguide of the left array, whose amplitude is normalized such
that at z = 0 one has f |y|?dxdy = 1. Insets in the experimental
and theoretical panels illustrate the 2D output intensity distribu-
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Figure 4. Cross-sections aty = 0 of the intensity distributions after 10 cm
of propagation through the sample for the different losses y =0 cm™!
(top row), y = 0.43 cm~" (middle row), and y = 1.18 cm™" (bottom row)
introduced in the right arm. The left column shows theoretical results in
dimensionless variables, while the right column shows experimental dis-
tributions. Inserts demonstrate 2D output intensity distributions. Here
h =39 um.

tions. Similar behavior was observed experimentally for various
distances h. This indicates that not only switching dynamics, but
also overall losses in the system may be controlled by y.

To characterize the manifestation of the Zeno effect in our
topological system we experimentally measure the dependence
of the output total power P as well as the output power concen-
trated in the left P, and right P, arrays on the strength of losses in
the right array for the TT configuration. We normalize the power
to the output power of the system with straight waveguides P, in
order to not take into account the effect of homogeneous sample
losses. The dependencies of powers P, P, P, on y are shown in
Figure Figure 5 for different distances h between arrays, where
large hexagons show the experimental results, while small dots
illustrate the results of numerical simulations based on Equa-
tion (1). As one can see from this figure, the total power (black
dots) at the output face of the sample first decreases with y, but
then starts growing when y exceeds the certain critical value—
this is the direct manifestation of the Zeno effect. From Figure 5
one can conclude that the emergence of the phenomenon is asso-
ciated with the interplay between the coupling of the subsystems
(arrays) and dissipation. The smaller the coupling between ar-
rays (i.e., the larger is h), the smaller the amount of losses that
are needed to transfer the system into the loss-induced trans-
parency regime.

A remarkable feature observable in all panels of Figure 5 is
a very accurate prediction of the phenomenon by the simplified
two-mode model in Equation (5), in spite of the distributed char-
acter of the system. This is another manifestation of the topo-
logical properties of the system that lead to strong localization of
light at the interface between two arrays. Using the analogy with
quantum physics one can identify these modes as a Hilbert space,
where the Zeno phenomenon is observed. A natural consequence

© 2023 Wiley-VCH GmbH
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Figure 5. Dependencies of the output power P on the loss factor y for
the different distances between the arrays h for the TT configuration. The
power is normalized to the output power of the sample with straight
waveguides Py (without additional losses in the right array). The hexagons
show the experimental results, the solid curves correspond to the two-
mode model, and the small circles show the results of the numerical cal-
culations. Black, blue, and red colors correspond to the total output power,
and the output power in the left (lossless) and right (lossy) arrays, respec-
tively.

of this interpretation is that macroscopic Zeno phenomenon can-
not be observed when one of the arrays has trivial topology (the
lowest array in Figure 1a), since the respective Hilbert space is
reduced to only one edge mode.

In terms of the spectrum, the observed effect can be under-
stood as a transition from the increase to decrease of the imagi-
nary part of the propagation constant for one of the red branches
associated with the topological modes residing at the interface
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Figure 6. Dependencies of the output power P and powers in the left P,
and right P, arrays on the loss factor y for different distances between the
arrays h for the TN configuration. The power is normalized to the out-
put power of the sample with straight waveguides P, (without additional
losses in the right array). Hexagons show the experimental results, while
small circles show the results of the numerical calculations. Black, blue,
and red colors correspond to the total output power, the output power in
the left (lossless) and right (lossy) arrays, respectively.

(see the spectrum in Figure 1c). For instance, this transition in
the modal spectrum for the distance h = 39 ym occurs approx-
imately at p;,, = 0.17 (corresponding to the loss coefficient of
y = 0.6 cm™!), which is in a reasonable agreement with the ex-
perimental results.

It is also essential to demonstrate the influence of the topo-
logical phase transition in one of the arrays on the observation
of the Zeno effect. To this end, we now put in close proximity
the topological left and nontopological right arrays, that is, we
consider the TN configuration illustrated in the bottom row of
Figure 1a. As noted above, in this case, the excitation of the outer-
most right waveguide of the left transparent array does not lead
to the light switching. Figure 6 shows the experimentally mea-
sured and numerically calculated dependencies of the normal-
ized output power on the losses y for the TN case. It can be read-
ily observed that, in contrast with the TT configuration, the Zeno
effect does not occur now. We have also investigated the impact
of losses on the dynamics of the system in a configuration where
both arrays are in the trivial phase. In this NN case, we excited the
outermost waveguide of the left array while varying the losses in
the right array. Due to the absence of localized edge states in this
case, light dramatically spreads in this regime, mainly in the left
array. In this case, the power shows slightly nonmonotonic be-
havior with the increase of losses, see Supporting Information.
Notice however, that in this case the variation of the output power
is very weak in comparison with the results of Figure 5 for the TT
configuration because the amount of power coupling to the right
array is rather small.
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Figure 7. a) Real and b) imaginary parts of the propagation constant b
of the modes supported by the TT array as functions of p;,,, for disorder
strength 8p,, = 0.02 (maximum refractive index deviation is 1.1x 107°)
and 6, = 0.1 (1 um). c) Powers concentrated in the left, P, and right, P,,
arrays as functions of the propagation distance z at p;,, = 0.1 for the dif-
ferent realizations of disorder with 6p,. = 0.02, 6p;,, = 0.1 (maximum de-
viation of loss coefficient is 0.04 cm™'), and 6, = 0.1. Here h = 39 um.

2.4. Robustness of the Effect

To examine the robustness of the Zeno effect in our topological
system, we introduce the diagonal and off-diagonal disorder in
the array. We numerically calculated the spectrum of the TT struc-
ture, where the depth of each waveguide randomly varies in the
interval [p,.(1 — 6p,.), Pre(1 + 6p,.)], and the spatial position of the
waveguides is shifted by a random value from the range [-6,, 6,].
We consider values of p,, = 0.02 that correspond to typical level
of fluctuations of the refractive index in the waveguides that may
arise due to the fluctuations of power of writing laser and 6, = 0.1
that dramatically exceeds the error of our positioning system
~ 0.01 ym. As can be seen from the eigenvalue spectrum in
Figure 7a,b, the presence of the disorder broadens the bulk bands
and slightly shifts the propagation constant of the topological lev-
els for all values of p, . Nevertheless, these levels remain in the
topological gap and characteristic behavior with the different evo-
lution of Im(b) with the increase of p,,,, for two topological modes
(a signature that Zeno effect is possible) in the gap persists. We
also confirmed the robustness of the effect by direct propagation
of excitation in a disordered TT structure, where we also added
a disorder in the losses in the right array so that not only the
real part of the refractive index, but also p,,, varies randomly and
uniformly over the interval [p;, (1 — 6Pim), Pim (1 + 6Pim)]- The de-
pendencies of powers concentrated in the left and right arrays on
propagation distance z for the different disorder realizations are
shown in Figure 7c. As one can see, there are only small devia-
tions in these dependencies from realization to realization, but
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Figure 8. a) Dependence of the loss factor y (cm~') on the imaginary
depth p;,,, of the potential and b) on the amplitude A, (um) of the waveg-
uide wiggling. Red dots correspond to the experimentally measured loss
factors.

the overall behavior remains the same as for the unperturbed
array.

3. Conclusions

In conclusion, we experimentally observed the occurrence of the
macroscopic optical Zeno effect in a topological insulator, as the
counter-intuitive increase of the output energy with an increase
of the absorption of one of the arrays constituting the structure.
Importantly, we have shown that the presence of the Zeno ef-
fect depends on the topological phase of the subsystems. Our
observations can be readily extended to the photonic valley Hall
schemes, Floquet topological insulators and 2D schemes based
on the waveguide arrays. From a practical viewpoint, our ob-
servation opens the possibility to the realization of topological
switching schemes based on the method of controlling artifi-
cial losses in a waveguide system.[242558] Importantly, the effect
reported here may also occur in other systems beyond waveg-
uide arrays, highlighting the potential for controlling topologi-
cal states in other systems such as metal-dielectric multilayers
employed to generate topologically protected plasmonic surface
modes (see, e.g., refs. [59, 60]). Also, our work provides tools to
experimentally address the impact of nonlinear Zeno effect on
switching (see, e.g., ref. [50]) and the possibility to control topo-
logical solitons by dissipation.

4. Experimental Section

Numerical Simulations: For the calculation of the spectrum and
modes of the system, the standard finite difference method was used for
the time-independent 2D Schrédinger equation. The slip-step fast Fourier
method was used for modeling light propagation. For theoretical analysis,
the parameter p;,, (depth of the imaginary part of the potential) was varied,
resulting in the loss factor y = (1/z) log[Py/P], where z is the propaga-
tion distance, Py and P are the input and output powers P = [ |y|?dxdy,
respectively. The dependence of actual loss factor y (in cm™") on the pa-
rameter p;,,, for a single waveguide is shown in Figure 8a for the waveguide
parameters and wavelength used in these experiments. The initial condi-
tion that was used to calculate this dependence is a single-channel mode
whose width was close to the experimentally measured mode width. In
this work, p;,, values were considered in the range of 0 to 1.55, that is,
only the monotonic part of the curve.
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Experiments:  For the experimental observation of the macroscopic op-
tical Zeno effect, the SSH arrays with 20 waveguides (five dimers in each ar-
ray) inscribed inside 10 cm-long fused silica glass samples by focused (us-
ing an aspheric lens with NA = 0.3) femtosecond laser pulses (wavelength
515 nm, pulse duration 280 fs, pulse energy 340 n}, repetition rate 1 MHz)
under the surface of sample at the depth of 800 ;m were used. During the
inscription process, the sample was translated relative to the focus at the
constant velocity of 1 mm s~ using a high-precision air-bearing positioner
system (Aerotech), resulting in the inscription of sets of parallel waveg-
uides with the controllable spacing between them. The average refractive
index modification in such waveguides was about én ~ 5.3 x 1074, that
is, they were single-mode at 800 nm with the mode field diameter d, X d,
~ 15.4 X 24.0 um.

In these experiments, extra losses were introduced using rapid waveg-
uide wiggling in the direction orthogonal to the array. The light was most
strongly radiated away from the waveguides where the curvature was the
largest. The dependence of the loss factor y on the oscillation amplitude
for a single waveguide is shown in Figure 8b, where black dots corre-
sponded to the numerical calculations and red dots to the experiment.
When conducting numerical estimates, it was crucial to consider the el-
lipticity of the waveguides, as the oscillations along different axes of the
ellipse could result in different levels of losses. In this case, oscillations of
waveguides were always along the longer axes of the ellipses that could
be easily controlled in fs-laser writing technique. For amplitudes larger
than 5 um, the losses become significant and the output power is com-
parable to the background illumination. Therefore, for the high ampli-
tudes, theoretical calibration was used. It should be noted that the con-
nection between the theoretical parameter p;,,, and A was nonlinear, there-
fore the calibration results from Figure 8 was used and operated with the
losses y.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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