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Dynamically encircling an exceptional point in a non-Hermitian system can lead to chiral behaviors, but
this process is difficult for on-chip P7 -symmetric devices which require accurate control of gain and loss
rates. Here, we experimentally demonstrated encircling an exceptional point with a fixed loss rate in a
compact anti-P7 -symmetric integrated photonic system, where chiral mode switching was achieved
within a length that is an order of magnitude shorter than that of a P7 -symmetric system. Based on the
experimental demonstration, we proposed a topologically protected mode (de)multiplexer that is robust
against fabrication errors with a wide operating wavelength range. With the advantages of simplified
fabrication and characterization processes, the demonstrated system can be used for studying higher-order

exceptional points and for exotic light manipulation.
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Introduction.—It is well known that a non-Hermitian
system under the parity—time (P7) symmetry can have real
eigenvalues [1]. A P7-symmetric system may work in
the P7 -unbroken or P7-broken phase with real and
complex eigenvalues, respectively, and the two phases
are separated by an exceptional point (EP). The unique
properties of P7 -symmetric systems have enabled inter-
esting applications and phenomena such as unidirectional
reflection [2,3], EP-enhanced sensing [4-7], and single-
mode lasing [8,9]. Among all these applications, those
based on EPs have drawn a lot of attention due to the EP’s
degeneracy of eigenvalues [5]. The topological features of
the energy Riemann surface and EPs were also analyzed
both theoretically and experimentally [10-16], which
revealed that adiabatically varying the system’s parameters
around the EP in spatial or time domain can flip the
eigenstates resulting in the initial eigenstate switched to
another eigenstate. Such systems exhibit chiral dynamics in
their eigenstates where the final state is determined by the
encircling direction rather than the initial state, which has
further led to applications such as asymmetric switching
and nonreciprocal transmission. The chiral dynamics has
been demonstrated on optical and microwave platforms
[11,12]. The process of encircling higher-order EPs has
also been theoretically analyzed and experimentally dem-
onstrated for the topological study of complex non-
Hermitian systems [17,18].

Previous theories and experiments have shown that
PT -symmetric systems can have nontrivial properties,
which lead to unique applications in sensing, lasing, and
energy transferring or harvesting. Those unconventional
properties inspired the proposal of another type of non-
Hermitian systems with real eigenvalues, known as “anti-
PT -symmetric (APT-symmetric) systems” [19]. The
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Hamiltonian of an APT-symmetric system switches to
the opposite one under the joint operation of parity and
time reversal. APT-symmetric systems have drawn wide
attention with experimental demonstrations in diffusive
systems [20], atomic systems [21], and electronic systems
[22]. In contrast to P7 -symmetric optical systems that
require the imaginary part of the refractive index (the gain
or loss rate) to be changed, APT-symmetric optical systems
only require a variation of the real part of the refractive
index. Because of the less stringent requirements, the
research of APT-symmetric systems has been extended
to the areas of optics and photonics [23-25]. Similar to
PT -symmetric systems, APT-symmetric systems also
have APT-unbroken and APT-broken phases that are
separated by an EP. Therefore, many EP-based applica-
tions, e.g., encircling of EPs, can also work well in an APT-
symmetric system. However, little attention has been paid
to dynamically encircling an EP in an on-chip APT-
symmetric photonic system.

In this Letter, we theoretically analyzed and experimen-
tally demonstrated dynamically encircling an EP in an on-
chip APT-symmetric optical waveguide system, where we
observed the chiral behavior in the communication band
with a wide wavelength range (~100 nm). Different from
PT -symmetric systems which require the initial state to be
an eigenstate, the chiral dynamics in an APT-symmetric
system here can be obtained with the initial state being a
waveguide mode. We also experimentally investigated the
influences of encircling speed and the EP’s position with
respect to the encircling loop on the chiral dynamics. We
found that a compact system with ~70 pm length can
achieve adiabatic evolution, which is 1 order of magnitude
shorter than that of a reported P7 -symmetric system [11].
We also found that chiral dynamics disappears when the EP
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is outside and far away from the encircling loop.
Additionally, we analyzed the dynamical encircling process
based on a multimode optical waveguide system and found
that the chiral dynamics occurs selectively for different
waveguide modes with enhanced robustness against fab-
rication imperfections, which paves the way for further
applications in mode and wavelength switching. The dem-
onstrated APT-symmetric system will serve as a new plat-
form for studying topological phases in non-Hermitian
topological systems.

Results.—Figure 1(a) illustrates a triple-waveguide sys-
tem which can be modeled as an APT-symmetric system.
The three waveguides have different waveguide widths and
different effective refractive indices for the propagating
light. A metal stripe is fabricated on top of the central
waveguide b, causing an additional damping rate y for the
propagating light [see device images in Fig. 1(b)]. If the
damping rate is sufficiently high and no light propagates in
the central waveguide b, then dissipative coupling between
the propagating light in waveguide a and ¢ occurs. Under
this condition, the interaction of light between waveguide a
and c¢ can be modeled as an APT-symmetric system. The
simplification process is shown as follows. The Hamiltonian
describing the behavior of the propagating light with wave
number k, in the triple-waveguide system is
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FIG. 1. (a) Illustration of a triple-waveguide system where
metal is deposited atop the central waveguide. (b) Scanning
electron microscope images of the fabricated triple-waveguide
APT-symmetric system. The close-up shows the details of the
central lossy waveguide. (c) Calculated real part of eigenvalues of
the simplified double-waveguide system with Hamiltonian H,.
(d) System’s trajectory of dynamical encircling of an EP in the
parameter space of the coupling rates x; and «,.

where n;, n,, and ny are the effective refractive indices of
waveguide a, b, and c, respectively. k; (k;) is the coupling
rate between waveguide b and waveguide a (c). Under the
conditions of y > kg|n; —n,| and y > ky|n, — n3|, the
triple-waveguide system can be simplified to a double-
waveguide system that consists of only waveguide a and ¢
[23]. Correspondingly, the Hamiltonian is simplified to a
2 X 2 matrix as

H, — niko—jrr  —jvTil, ’ 2)
—jVTiT  nako — T

with '} = |«;|?/y and ', = |x,|*/y. Note that for I'; =T,
(k; = Kk,), H, in Eq. (2) takes the form of Hamiltonian of
APT-symmetric systems. The condition of I'y =I', =|An|kq
with An=(n; —n3)/2 corresponds to the EP of the system,
which separates the APT-broken phase (I'y =I', < |Anlkg)
from the APT-unbroken phase (I'j =T, > |Anlk).
Figure 1(c) plots the calculated real part of eigenvalues
for the Hamiltonian H, of the simplified double-waveguide
system with n; = 2.5317, n, = 2.5270, ny = 2.5224, and
y = 0.06k. It is found that the EP only exists for x; = «»,
and encircling the EP can be achieved by varying the
coupling rates k; and x, (see the Supplemental Material
for details [26]). Figure 1(d) plots the system’s trajectory of
dynamical encircling of an EP in the parameter space of the
coupling rates x; and x,. The dynamical encircling process
can be realized by varying the gap g, (g,) between wave-
guide a (c¢) and waveguide b. The encircling direction is
counterclockwise (clockwise) for forward (backward)
propagating light.

We first analyzed the dynamical encircling process with
the designed APT-symmetric system. Here, we focused on
the cases where the initial state is in the APT-broken phase
with a low damping rate. Figures 2(a) and 2(c) plot the
trajectories of state evolution on the Riemann surface with
the change of coupling rates in the counterclockwise and
clockwise direction of the encircling process, respectively.
At the input or output port, the state on the higher (lower)
Riemann surface resides mainly in waveguide a (¢) and is
labeled as state A (B). For the counterclockwise encircling
direction, both the initial states A and B end up being state
B, as shown in Fig. 2(a). For the clockwise encircling
direction, both the initial states A and B end up being state
A, as shown in Fig. 2(c). These calculated results show that
the chiral dynamics occurs in the designed APT-symmetric
system. Figures 2(b) and 2(d) plot the amplitudes of
eigenstates on the higher (E;) and lower (E;) Riemann
surface in the counterclockwise and clockwise encircling
process, respectively. Take the counterclockwise encircling
process as an example, as shown in Figs. 2(a) and 2(b), the
initial state A on the higher Riemann surface is converted to
state B on the lower Riemann surface after the adiabatic
parameter evolution. The initial state B first propagates on
the lower Riemann surface and then transits to the higher
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(a) and (c) Real part of the system’s eigenvalues with the curves marking the trajectory of counterclockwise (a) and clockwise

(c) encircling starting from state A or B. (b) and (d) Calculated amplitudes of the eigenstates on the respective higher (E;,) and lower (E;)
Riemann surface as a function of the propagation distance in the counterclockwise (b) and clockwise (d) encircling. Upper panel: initial
state A. Lower panel: initial state B. (e) and (f) Measured forward (e) and backward (f) optical transmission spectra. (g) Theoretically
calculated and experimentally measured optical transmission in waveguide a and ¢ as a function of the propagation distance in the
device. Lines: theoretically calculated. Symbols: experimentally measured.

Riemann surface abruptly. The nonadiabatic evolution here
is caused by the high damping rate of the eigenstate (see
the Supplemental Material for details [26]). Finally, the
propagating state returns to state B after an adiabatic
evolution. Similar phenomena including the nonadiabatic
evolution also occur for the clockwise direction, as shown
in Figs. 2(c) and 2(d).

We fabricated the devices and experimentally demon-
strated the dynamical encircling process in the proposed
system (see the Supplemental Material for details [26]).
The waveguide gap at the input port is g; = g, = 410 nm
such that the initial state is in the APT-broken phase.
Figures 2(e) and 2(f) plot the measured transmission
spectra for different propagation directions with the wave-
guide gap varied around 280 nm. 7', (T,.) and T, (T..)
represent the normalized transmission from input wave-
guide a to output waveguide a (¢) and that from input
waveguide ¢ to output waveguide a (c), respectively. The
transmission is dominated by 7,. and 7. (T, and T ,,) in
the wavelength range of 1.52-1.62 pum for forward (back-
ward) propagating light. The extinction ratio is ~11 dB at
the wavelength of 1.55 um. Besides, T, is always similar
to T, irrespective of the propagation direction. It is clear
that the dominant transmission is associated with the light
propagation direction. Next, we collected more experimen-
tal data to analyze the chiral dynamics in this system.
Figure 2(g) plots the experimentally measured and numeri-
cally simulated optical transmission as a function of the
propagation distance for the forward propagating light at
the wavelength of 1.55 pm. Starting from state A, the light

input to waveguide a is gradually coupled to waveguide ¢
such that the output light resides mainly in waveguide c.
The case is more complicated for light input to waveguide ¢
with the initial state B. First, the light is partly absorbed by
the metal on top of waveguide b, while the remainder is
quickly coupled to waveguide a and experiences a non-
adiabatic optical evolution. Then, the light in waveguide a
is gradually coupled to waveguide c¢. The experimental
results agree well with the simulated results.

In the above dynamical processes, the initial state is an
eigenstate in the APT-broken phase which is similar to the
waveguide mode (i.e., the TE;, mode). However, the
eigenstates in the APT-unbroken phase behave differently
from the waveguide modes. Since waveguides are a
fundamental building block in integrated photonic circuits,
it is important to analyze the propagation of waveguide
modes in the encircling process. Figure 3(a) plots the
forward optical transmission at the wavelength of 1.55 pm
as a function of the device length with the waveguide gap
varied around 280 nm. The measured results agree well
with the calculated results. A larger portion of light input to
waveguide a is coupled to waveguide ¢ with an increased
device length, and the transmission is finally dominated by
T,.. For light input to waveguide c, the transmission is
under the effect of chiral dynamics and thus is dominated
by T, for along device length. A device length of 70 pm is
sufficient for adiabatic evolution of the system parameters
and for realizing chiral dynamics. Figure 3(b) plots the
forward optical transmission at the wavelength of 1.55 pm
as a function of the effective refractive index difference An

273601-3



PHYSICAL REVIEW LETTERS 129, 273601 (2022)

—
~
=
o
g
o
¥
a4
~
]
>
&
—~
o
=

Transmission (dB)
Transmission (dB)

Y S N N
-004 -0.02 0 002 004
Effective refractive index difference An

0 80 120
Device length (um)
FIG. 3. (a) Theoretically calculated and experimentally mea-
sured optical transmission as a function of the device length.
(b) Theoretically calculated and experimentally measured optical
transmission as a function of the effective refractive index

difference An. Both (a) and (b) are for the forward propagating
light.

with the waveguide gap varied around 340 nm. As |An|
increases, the parametric encircling loop is fixed and the EP
moves along the diagonal toward the top right direction in
Fig. 1(d). For systems with a small effective refractive
index difference |An|, the chiral dynamics occurs with the
output light residing mainly in waveguide c irrespective of
the input waveguide. However, when the effective refrac-
tive index difference is relatively large (|An| > 0.024), the
chiral dynamics does not occur and the output light resides
mainly in waveguide a for light input to waveguide a. This
is because under this condition the EP is located outside
and far away from the encircling loop and light tends to stay
in the input waveguide rather than being coupled to the
other waveguide.

Finally, we analyzed the dynamical encircling process in
the APT-symmetric system composed of multimode wave-
guides and proposed a possible application as shown in
Fig. 4(a). We designed the waveguides with waveguide
width ~1 pm to support both the TE; and TE; modes.
According to the above analysis, light propagates differ-
ently in these modes with adiabatic or nonadiabatic
encircling around the EP. The TE, mode with smaller
coupling rates needs a longer device length for the chiral
dynamics than the TE; mode. Therefore, with a short
device length, the TE, mode still propagates in the input
waveguide while the TE; mode is already coupled into
another waveguide. Figure 4(b) shows the trajectories of
eigenvalues for the two modes in the dynamical encircling
process of the system. Then, based on this system we
proposed a mode (de)multiplexer with a device length of
100 pm and the gap varied around 280 nm. Figure 4(c)
plots the optical transmission T, and T . for both the TE,
and TE; modes at the wavelength of 1.55 pm as a function
of the waveguide width difference Aw(= |w, — w,|). Such
a waveguide width difference can be introduced due to
imperfect device fabrication. It shows that the proposed
system is robust against the waveguide width difference up
to 15 nm. For comparison, we also analyzed a mode (de)
multiplexer designed under the conventional scheme of

~
o
=

a
@ — e Waveguidea  TE )

‘b ’
<>
/1
o ok,

-+~ Toa=~Tuc for TEy — T »Tuc for TE,

Waveguide ¢

TEiand TEy
P ——

Re(D)/ko

Waveguide a TEo

‘Waveguide ¢

Conventional
N TE)

Transmission (dB)

=25
0 3 6 9 12 15 145 1.50 1.55 1.60 1.65
Waveguide width difference Aw (nm) Wavelength A (um)

FIG. 4. (a) Illustrations of the proposed APT-symmetric and
conventional mode (de)multiplexers. (b) Trajectories of the TE,
and TE; modes during the light propagation. (c) Optical trans-
mission of the TE, and TE; modes as a function of the waveguide
width difference Aw. The inset plots the crosstalk of the TE,
mode for the proposed APT-symmetric and conventional mode
(de)multiplexers. (d) Optical transmission of the TE, and TE,
modes as a function of the wavelength. The inset plots the
crosstalk of the TE; mode for the proposed APT-symmetric and
conventional mode (de)multiplexers.

directional coupling. It has a length of 110 pm, and consists
of two waveguides of the same width separated by a gap of
150 nm. It has different coupling rates for the TE, and TE,
modes, and needs to satisfy the phase-matching condition.
Figure 4(c) inset plots the crosstalk of the TE; mode for the
two types of mode (de)multiplexer as a function of Aw. It is
clear that the one based on the proposed APT-symmetric
system is much more robust against fabrication errors.
Additionally, we simulated the optical transmission spectra
of the mode (de)multiplexer based on the proposed APT-
symmetric system, with the results shown in Fig. 4(d). On
the shorter wavelength side it has excellent performance,
although the crosstalk of the TE; mode increases with
wavelength. Figure 4(d) inset plots the crosstalk of the TE,
mode for the two types of mode (de)multiplexer as a
function of wavelength A. It is clear that the one based on
the proposed APT-symmetric system has a remarkably
larger operating bandwidth than the one under the conven-
tional scheme. Therefore, it is expected that dynamically
encircling around the EP of an APT-symmetric multimode
waveguide system will become a new paradigm for mode
manipulation with enhanced robustness, which may find
new applications in wavelength and polarization splitting
on an integrated platform. The demonstrated device struc-
ture can also be used for building high-dimensional non-
Hermitian topological systems and for exploring quantum
optics based on the chiral dynamics.
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Conclusion.—In conclusion, we experimentally dem-
onstrated asymmetric mode switching and chiral dynam-
ics in the wavelength range of 1.52-1.62 pm with an
extinction ratio of 11 dB with an APT-symmetric system
on an integrated photonic platform. This system has
advantages that it does not require a complicated variation
of optical gain or loss rate and it can be fabricated in
commercial silicon photonic foundries. In addition, the
demonstrated device structure can be harnessed for
developing non-Hermitian systems on a chip. For exam-
ple, the chiral dynamics can still occur for the propagating
waveguide modes even if the EP is not inside the
encircling loop. Our studies on the effect of different
parameters (e.g., device length and effective refractive
index difference) on the chiral transmission show that a
compact system with the device length of only 70 pm can
be used for realizing chiral dynamics. Such a system
with the input state being a waveguide mode can easily
be integrated with conventional integrated photonic cir-
cuits, which paves the way for on-chip non-Hermitian
systems. We further proposed a mode (de)multiplexer by
harnessing the chiral dynamics which occurs selectively
depending on the input optical mode. Compared with
conventional mode (de)multiplexers which need to strictly
satisfy the phase-matching condition, the proposed multi-
mode system is much more robust against fabrication
errors, with a greatly enhanced operating wavelength
range. The proposed system sets a new paradigm for
mode manipulation by dynamically encircling the EP in
integrated photonic circuits, which may inspire further
research on the dynamical encircling process in many
other branches of physics, such as acoustics and quantum
mechanics.
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