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On-Chip Chiral Mode Switching by Encircling an
Exceptional Point in an Anti-Parity-Time Symmetric System
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associated eigenvectors coalesce simul-

Dynamically encircling the exceptional point (EP) of an anti-parity-time
(anti-PT) symmetric system can achieve chiral mode switching between
symmetry-broken eigenmodes, which is especially important for developing
nanophotonic devices. However, the realization of anti-PT-symmetric systems

taneously; such singularities are called
exceptional points (EPs).®l In partic-
ular, a system will experience a phase
transition as parameters dynamically

on a chip still remains significantly challenging as precisely controlling the
parameters of nanophotonic structures is difficult. Herein, a novel
anti-PT-symmetric system is designed and constructed on a
silicon-on-insulator chip by taking advantage of subwavelength gratings to
help engineer nanophotonic structures. Consequently, on-chip chiral
switching between symmetry-broken eigenmodes is experimentally realized
by dynamically encircling the EP in parametric space of the proposed
anti-PT-symmetric system. Moreover, the achieved chiral mode switching
exhibits high output power ratios (> 6.4 dB) at 1550 nm, wide-band response
that covers C-band completely, and great thermal stability up to 90 °C, which
indicate desirable performance features for practical applications in optical
communication. This study paves an avenue for realizing on-chip chiral
switching between symmetry-broken modes, which shows great promise for
developing nanophotonic devices, such as optical switching, logic gates, and

isolators, in optical telecommunication bands.

1. Introduction

Nonconservative systems with gain/loss can be described by
non-Hermitian Hamiltonians. In contrast to conventional Her-
mitian systems, non-Hermitian systems exhibit branch point
singularities in parameter space, where eigenvalues and the
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evolve around EPs,* ™ thus induc-
ing various fascinating phenomenon
and applications, such as electromag-
netically ~ induced  transparency,!”®]
unidirectional  invisibility,['11  laser
mode selectivity, 2?2l and sensitivity
enhancement.[2>28] More interestingly,
adiabatically encircling an EP in para-
metric space can result in a topological
phase transfer between the eigenstates
of a system, i.e., the output mode is
determined only by the encircling di-
rection rather than the input mode. For
example, in parity-time (PT) symmetric
systems with Hamiltonians satisfying
[PT, Hpy] = 0,1292932] dynamically en-
circling the corresponding EPs causes
asymmetric mode switching between
symmetric-phase eigenstates (symmetric
and antisymmetric modes), which has
been demonstrated in microwave and
optical telecommunication bands.**-*”] Moreover, a recent surge
has been observed in attempts to investigate the asymmetric
mode transfer in coupled microcavities, photonic crystals, and
nonlinear waveguides, laying significant foundations for realiz-
ing versatile and functional nanophotonic devices; for example,
directional lasing,*®*! surface-enhanced chiral detection,!*’ and
tunable vortex radiation.*!]

More recently, anti-PT-symmetric systems!**~* have attracted
significant attention for light steering in cold atoms,[**! nonlin-
ear microcavity,[®#°! and synthetic photonic lattice.*’*°! Since
the features of an anti-PT-symmetric system are conjugated to
PT-symmetric counterparts,®°!] adiabatically encircling an EP
in an anti-PT-symmetric system results in a chiral mode trans-
fer between symmetry-broken eigenstates displayed as the local-
ized modes in separated components. This has been realized
in the microwave domain using coupled yttrium iron garnet
strips.[®?] Since symmetry-broken modes correspond to the in-
put and output of integrated photonic devices, implementing on-
chip chiral switching between symmetry-broken modes is espe-
cially promising for developing functional nanophotonic devices
in optical telecommunication bands, including optical switching,
logic gates, and isolators. However, this implementation remains
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challenging, limited by the difficulty in precisely controlling the
propagation loss and effective index in a nanophotonic structure.

In this study, on-chip chiral mode switching between
symmetry-broken modes is investigated at optical communica-
tion wavelengths. Subwavelength gratings (SWGs) can accurately
control the propagation loss and effective index of nanopho-
tonic structures, 36334 offering an ideal platform to realize non-
Hermitian nanophotonic systems. Based on silicon-on-insulator
(SOI) SWGs, an on-chip anti-PT-symmetric system is designed
and constructed to steer light propagation by dynamically encir-
cling an EP in parametric space. Consequently, the aforemen-
tioned chiral switching is experimentally demonstrated, i.e., the
final output is determined only using encircling direction, re-
gardless of input states. Moreover, the achieved on-chip chiral
mode switching exhibits high output power ratios (> 6.4 dB) be-
tween the desired mode and counterpart at 1550 nm, wide-band
response, and great thermal stability up to 90 °C, which are de-
sirable performance metrics for optical communication.

2. Theoretical Model

Anti-PT symmetry requires dissipative coupling between bare
components, which is difficult to implement in real-space
photonic systems. Herein, the adiabatic elimination technique
is used to introduce imaginary coupling into non-Hermitian
systems.[?25356] Considering a non-Hermitian photonic system
comprising three coupled waveguides, the amplitudes of eigen-
modes in each waveguide a, , ;(2) can be calculated through the
coupled-mode equation

g (2) b Ky 0 [f{a (2)
—id— a, @)=k, B+il K, ||a,(2) (1)
ls@] |0 o Bla

where f,,, stand for the propagating constants of individual
waveguides, and I' represents the propagation loss of middle
waveguide. The coupling coefficients between adjacent waveg-
uides are denoted as k; and k,. Moreover, the next-neighbor cou-
pling between waveguide 1 (WG1) and waveguide 3 (WG3) can
be neglected. As waveguide 2 (WG2) plays the role of link waveg-
uide, an indirect dissipative coupling exists between WG1 and
WG3. To adiabatically eliminate the a,(z) term in Equation (1),
the conditions f, = (8,+§;)/2 and |« ,| < 1 must be satisfied. For
simplicity, the effective modal indices a, , ; = #, , ;/k, are used in
forthcoming equations, where k, is the propagation constant in
vacuum. Correspondingly, the coupling coefficient and propaga-
tion loss can be expressed as C,, = «,/k, and y = I'/k,, respec-
tively. Thus, the Hamiltonian can be written as

a, (o 0
H=|C a+iy C, (2)
0 G, a

Under the conditions Aa/2 <y (Aa = a;—a,) and |C},| <
¥, an equivalent 2x2 Hamiltonian matrix can be acquired to de-
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scribe the anti-PT-symmetric system (see Section S1, Supporting
Information)

Aa .G} GG,
a, — 7 17 1 y
H, = (3)
v 22

The eigenvalues of the equivalent anti-PT-symmetric system
are solved as

§(C+ ) 74/ (Bay) - (C + C2)’ —2ihay (C2 - C2)
2y

E3=a,+

“)

Equation (4) indicates that the eigenvalues of the Hamiltonian
H,, are generally complex, but they coalesce at

G=G= = Cpp (5)

which denotes the EP. For C; = C, = C < Cpp, the imaginary parts
of eigenvalues coalesce. The corresponding eigenvectors take the
form

T
i (i (Aay)? — 4C* — Aay)

2C?

|(ﬂ1,3> = (6)

1,

indicating that the energies of eigenmode 1 and eigenmode 3
are dominantly distributed in WG1 and WG3, respectively, which
represent the symmetry-broken phase. For C; = C, = C> Cgp, the
real parts of eigenvalues coalesce, and the corresponding eigen-
vectors can be expressed as

T
F\/4C* — (Aay)? — iAay
|¢1,3> = 1’ 2C2 (7)

which describes the symmetric phase. In addition, to realize
chiral mode switching by adiabatically encircling EP, the start-
ing/end point of encircling loop must lie in the symmetry-broken
phase, which is significantly different from PT-symmetric
systems.[®!

3. Results and Discussions

3.1. Design of On-Chip Anti-PT-Symmetric System

To accurately control the propagation loss and effective index of
waveguides, SWGs are adopted to construct an on-chip anti-PT-
symmetric system (Figure 1a) based on a standard SOI platform
with a 220 nm thick top silicon layer. Compared with the conven-
tional method of introducing propagation loss by adding metals
on silicon waveguides, the utilization of SWG waveguides avoids
the complicated nanofabrication procedure in which the over-
lay process is inevitably adopted.=>° The designed wavelength
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Figure 1. Design of the anti-PT-symmetric system based on SWG waveguides. a) Schematic of the SWG waveguides system. The red dashed lines mark
the continuous boundaries of SWGs, which define gaps. b) The encircling loop in parameter space. The blue and red dots mark the starting/end point
and EP, respectively. c) The power distributions of the three eigenmodes at the input/output ports of waveguides.

is 1550 nm, corresponding to the central wavelength of C-band
for optical communication. The period of SWGs is fixed as A =
300 nm, and the filling factor is set as f = 0.565. To ensure that
only the fundamental transverse electric (TE) mode is allowed
in the waveguides with height h = 220 nm, the widths of WG1
and WG3 are set as w; = 655 nm and w; = 675 nm, respectively.
The corresponding effective modal indices are calculated as a; =
1.548 and a; = 1.570 (see Section S2, Supporting Information),
which guarantee that the approximate condition «; & a5 is satis-
fied and that Equation (3) suits the system. The average width of
WG?2 is set as w, = 705 nm with an effective modal index of a,
= 1.559. Note that a periodic corrugation of WG2 is necessarily
accompanied by introducing propagation loss, due to the scat-
tering of propagating light. The loss coefficient is determined as
y = 0.0254 for a corrugating amplitude § = 130 nm. According
to Equation (4), the parameter space for dynamically encircling
comprises the coupling coefficients C; and C,, which are associ-
ated with the gap between WG1 and WG2 (g;,) as well as the gap
between WG2 and WG3 (g,;), respectively. The coupling coeffi-
cient as a function of gap is presented in Figure S3a (see Section
S2, Supporting Information). The position of EP, characterized
by the relation in Equation (5), is determined to be at (gy,, g,;) =
(460, 470) nm. As light propagates from z = 0 to z = L, the para-
metric variation causes an encircling loop around the EP in (g,,,
g,;) plane. To satisfy the condition that the starting/end point of
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loop is located in the symmetry-broken phase (C; = C, < Cg,), the
encircling loop is designed as g;, (z) = 472 + 230 cos(2zz/L+7 [4)
nm and g,;(z) = 470 + 210 sin(2zz/L+x [4) nm, where the length
of waveguides L is set as 70.2 ym to guarantee an adiabatic evo-
lution of parameters.[36:60.61]

Figure 1b shows the evolution routing in parameter space and
the corresponding encircling loop in (g;,, g,3) plane, where encir-
cling in the counterclockwise (CCW) and clockwise (CW) direc-
tions correspond to propagating along +z and —z, respectively.
Figure 1c presents the power distributions of eigenmodes for the
coupled waveguide system, which characterize typical symmetry-
broken eigenmodes as dominantly localized in individual waveg-
uides. The modes with energy dominantly localized in WG1,
WG2, and WG3 are denoted as mode 1, mode 2, and mode 3,
respectively. According to Equation (3), the equivalent model of a
waveguide doublet comprising WG1 and WG3 with a dissipative
coupling coefficient is used to study chiral mode switching. To
manifest the evolution process in theory, the eigenvalues of the
equivalent Hamiltonian H,, and the corresponding evolution tra-
jectories are calculated according to the designed encircling loop,
as illustrated in Figure 2 (see Section S3, Supporting Information
for the corresponding imaginary parts). The green (red) sheets of
Riemann surfaces represent the eigenvalue with a lower (higher)
imaginary part. The eigenvalue with a lower real part is identical
to mode 1, and the other is identical to mode 3. The state of the
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Figure 2. Riemann sheets of the real parts of eigenvalues in (C;, C,) space. The green and red sheets represent the eigenvalues with lower and higher
imaginary parts (i.e., the mode with lower and higher loss), respectively. The yellow curves show the trajectories corresponding to the encircling loop in
Figure 1b for the cases: a) injection with mode 1 for CCW encircling loop, b) injection with mode 3 for CCW encircling loop, c) injection with mode 1 for

CW encircling loop, and d) injection with mode 3 for CW encircling loop.

equivalent waveguide doublet can be expanded as a linear super-
position of two eigenstates

lw (2) = ¢, (2) o (2)) + ¢, (2) |, (2)) (@)

where the subscripts 1 and 2 represent the eigenstates with lower
and higher losses, respectively. The amplitude coefficients ¢, ,
can be solved based on the equivalent Hamiltonian in Equa-
tion (3). The trajectories are plotted on the green (red) sheet for
le ] > |ey] (|en| < ¢, ), indicating that the eigenmode with the lower
(higher) loss dominates in waveguides. In particular, nonadia-
batic transition (NAT) occurs when the state is on the unstable
higher-loss Riemann sheet.[®>%?] Figure 2a,b illustrates the evo-
lution process for CCW encircling loop. Initially, incidence with
mode 1 results in an evolution trajectory on the higher-loss sheet
(Figure 2a). As the state is unstable, it jumps to the lower-loss
sheet due to NAT, indicating that symmetry-broken mode 1 is
still maintained till the end. However, incidence with mode 3 is
significantly different as the entire trajectory is located on the
lower-loss Riemann sheet (Figure 2b). Consequently, the initial
state (mode 3) is gradually transferred to the other eigenstate
(mode 1). Figure 2c,d shows the evolution trajectories for CW
encircling loop in which mode 1 and mode 3, respectively, are in-
jected at z = L. A similar result can be obtained in that mode 3
is always the final output regardless of the initial state. To sum-
marize, the output mode is only determined by the encircling
direction, which ensures chiral behavior for the mode switching
between symmetry-broken modes.

Laser Photonics Rev. 2022, 2100675

2100675 (4 of 9)

3.2. Experimental Realization of On-Chip Chiral Mode Switching

For experimental realization, SWG arrays are utilized to fabricate
the anti-PT-symmetric system on an SOI chip, which offers a con-
venient approach for precisely controlling propagation loss and
effective index. SWG arrays are fabricated through electron beam
lithography (EBL) and inductively coupled plasma (ICP) etching
of an SOI substrate (see Section S4.1, Supporting Information).
Figure 3a presents the top-view scanning electron microscopy
(SEM) images of the fabricated SWG arrays. The whole mor-
phology indicates that the elements of SWG arrays are uniformly
distributed on the SOI chip. In particular, the periodically corru-
gated structure in WG2 is clearly identifiable. The enlarged parts
show that the unit cells of SWGs have a regular and smooth sur-
face. The fabricated nanophotonic structures agree well with the
planned design, suggesting the realization of a three-waveguide-
coupled anti-PT-symmetric system on an SOI chip.

The transmission properties of the prepared three-waveguide-
coupled anti-PT-symmetric system are measured. The light from
a broadband amplified spontaneous emission (ASE) source is
coupled to one of the SWGs with a 2D grating coupler (see
Section S4.2, Supporting Information). In practice, the localized
eigenmodes of individual SWGs can be approximately regarded
as the corresponding symmetry-broken modes of coupled SWG
waveguides (Figure 1c). Figure 3b displays the measured modal
transmittance (T,,,,) from WGm into WGn (m, n =1, 3) for CCW
encircling, as a function of wavelength. Note that the transmit-
tance T,,; is always significantly larger than the transmittance

© 2022 Wiley-VCH GmbH
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Figure 3. Structure of the on-chip anti-PT-symmetric system based on SWG waveguides as well as experimental and simulated results of chiral mode
switching. a) SEM images of the fabricated SWG waveguides and enlarged SEM images of the areas marked by the red and green dashed boxes.
Experimentally measured transmission spectra for b) CCW and c) CW encircling loops. Numerically calculated transmission spectra for d) CCW and e)
CW encircling loops. T, (Tin) signifies the transmittance with injections from WGm and output at WGn for propagation along +z (—z) direction (m,
n=1,3). The arrows represent the corresponding encircling directions in parameter space. f, g) Logarithmic plots of the power ratio between the output
ports for CCW and CW encircling loops, respectively. The black dashed lines mark the designed operating wavelength at 1550 nm.

T, indicating that an arbitrary eigenmode injected from the
left side (z = 0) can be transferred into mode 1 when arriving at
the right terminal (z = L). In contrast, Figure 3c plots the modal
transmittance (T,,,’) from WGm into WGn (m, n = 1, 3) for CW
encircling. The transmittance T,,;" is always significantly larger
than the transmittance T,,,’, indicating that an arbitrary eigen-
mode injected from the right side (z = L) can be transferred
into mode 3 when arriving at the left terminal (z = 0). Trans-
mittance spectra is also calculated by numerical simulation, via
the finite-difference time-domain (FDTD) method (FDTD Solu-
tions, Lumerical). The structural parameters of the on-chip anti-
PT-symmetric system are utilized as designed. The profiles of
the calculated transmission spectra are consistent with the ex-
perimental results, as shown in Figure 3d,e. The differences in
the amplitudes of transmittance can be attributed to the imper-
fections in fabrication process that cause a redshift in the ideal
transmission spectra (see Section S4.3, Supporting Information)
and introduce undesirable backscattering, to decreases trans-
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mittance. The experimental and calculated results unambigu-
ously demonstrate chiral mode switching between symmetry-
broken modes in an anti-PT-symmetric system designed on an
SOI chip.

Figure 3f plots the logarithmic power ratio between mode 1
and mode 3 at the output for the CCW encircling loop. Mode 1
dominates at the output terminal with a power ration;; = T;;— T,
=10.47 dB for mode 1 incidence and a power ratio n5; = Ty, —Tj;
= 10.48 dB for mode 3 incidence at 1550 nm. For the CW encir-
cling loop, Figure 3g shows that mode 3 dominates at the output
terminal with a power ratio ,," = T;;'—T;;’ = 7.5 dB for mode 1
incidence and a power ratio 55;" = Ty;'—Tj,” = 6.4 dB for mode 3
incidence at 1550 nm. Moreover, although the device is designed
to operate at 1550 nm, a slight variation in EP location will not af-
fect topological features. Consequently, the device still has a good
response for chiral mode switching within a specific wavelength
range of 1530-1580 nm, covering the full C-band for optical com-
munication (1530-1565 nm).

© 2022 Wiley-VCH GmbH
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Figure 4. Evolution of numerically simulated power profiles and mode amplitudes in SWG waveguides. The power profiles are obtained for: a) injection
with mode 1 for CCW encircling loop, b) injection with mode 3 for CCW encircling loop, c) injection with mode 1 for CW encircling loop, and d) injection
with mode 3 for CW encircling loop. The power profiles are normalized along the propagation direction to distinctly reveal the mode transfer process.
The arrows at the ends of waveguides mark the input and output modes. e—h) Corresponding amplitudes of instantaneous modes in the evolution

process.

3.3. Numerical Simulations

Chiral mode switching between symmetry-broken modes in the
on-chip anti-PT-symmetric system is simulated using FDTD (see
Section S4.4, Supporting Information). Figure 4a,b shows the
power profiles in +z direction (CCW encircling loop) with the
symmetry-broken eigenmodes injected from WG1 and WG3, re-
spectively. The obtained field distributions are normalized with
regards to the incident power for evidently displaying mode
transfer. Notably, regardless of injected eigenmodes, the flow of
light always tends to output at the end of WG1. In contrast, for
the flow of light in —z direction (CW encircling loop), the final
state is always localized in WG3 (Figure 4c,d). Therefore, the nu-
merical calculation further demonstrates the asymmetric switch-
ing between symmetry-broken modes in the anti-PT-symmetric
system constructed on the SOI chip, which agrees well with the
proposed design and the corresponding experimental results.
Mode amplitudes are calculated as functions of propagation
distance to reveal the evolution dynamics of eigenmodes in prac-
tical three-waveguide-coupled system. The field distribution of
system at an arbitrary propagation distance can be expressed as
the superposition of all eigenmodes
W (2)) = 6 (@) |1 (2)) + G (2) [0 () + €, (2) | 01, (2)) )
where the subscripts I, m, and h mark the instantaneous eigen-
modes with the lowest, moderate, and highest losses, respec-
tively. The evolution of amplitude coefficients |¢| (green curve),
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|cy| (red curve), and |g,| (grey curve) corresponding to the four
cases are plotted in Figure 4e-h. The dominated modes at the in-
put and output ports of waveguides are marked with red (mode 1)
and blue (mode 3) circles, respectively. Note that although mode
1 and mode 3 at the starting/end point share approximately equal
losses, the relative loss levels of the two modes on each side of the
imaginary-part coalescence line in parametric space are opposite
(see Section S5, Supporting Information). To elaborate, mode 1
suffers a lower loss for C; < C,, while mode 3 suffers a lower
loss for C; > C,. Therefore, the lowest-loss mode (green curve)
is identical to mode 1 for propagation along +z direction (CCW
encircling) and is identical to mode 3 for propagation along —z di-
rection (CW encircling), when approaching the output terminal.
For CCW encircling, Figure 4e shows that |c,, | dominates initially
as mode 1 is injected, but it becomes smaller than |¢| due to NAT.
Consequently, the mode with the lowest loss starts to dominate
after NAT, which corresponds to mode 1 at the output terminal.
In contrast, Figure 4f shows that NAT is absent as mode 3 is in-
jected, indicating that the process is completely adiabatic. There-
fore, || dominates the whole process, and the incident mode 3 is
transferred into mode 1 in this situation. In Figure 4g,h, opposite
evolutions can be observed for CW encircling. As mode 1 is in-
jected, NAT is absent and the incident mode 1 is transferred into
mode 3. As mode 3 is injected, the output state does not change
due to NAT. Note that the curves of |c, | and |, | are disconnected
in the vicinity of z = 0.7L (Figure 4e-h), which is attributed to the
exchange in the relative losses of two corresponding eigenmodes
(see Section S5, Supporting Information). Overall, in all the four
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Figure 5. Demonstration of the thermal stability of on-chip chiral switching. a) Schematic of the experimental setup for thermal stability measurements.
b) The encircling loops in (C;, C,) space at room temperature (27.5 °C) and high temperature (90 °C). The starting/end points and EPs are marked by
circles and stars, respectively. Experimentally measured transmission spectra at 27.5 °C (light colors) and 90 °C (dark colors) for ¢) CCW and d) CW

encircling loops.

cases, |¢(2)| is always the largest near the output, indicating that
the system tends to evolve toward the most stable state during adi-
abatic parameter evolution.*>®3] Moreover, the experimental and
simulated results demonstrate that the anti-PT-symmetric model
described by Equation (3) has opened an avenue for designing
on-chip nanophotonic devices to realize chiral mode switching
between symmetry-broken modes.

3.4. Demonstration of the Thermal Stability of On-Chip Chiral
Switching

The thermal stability of integrated devices is important for operat-
ing at high temperatures.[®! To investigate the high-temperature
response of chiral mode switching in the on-chip anti-PT-
symmetric system, the fabricated device is positioned on a hot-
plate for heating, as shown in Figure 5a. The target high tem-
perature is set as 90 °C to avoid damaging the silicon chip seri-
ously. As reported, the thermo-optic effect increases the refrac-
tive index of silicon with increasing temperature.[®) The thermo-
optical coefficient of silicon around 1550 nm is ~1.86x10~* K1,
indicating that the refractive index of silicon waveguide will in-
crease by An = dn/dTeAT = 0.012.1%] Figure 5b plots the encir-
cling loops at room temperature (27.5 °C) and high temperature
(90 °C). The increase in temperature slightly influences the evo-
lution trajectory, demonstrating the robustness of the fabricated
device against temperature. For further analysis, transmission
spectra are measured for comparison, as shown in Figure 5c,d for
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CCW and CW encircling loops, respectively. Note that the trans-
mission spectra measured at 90 °C are approximately the same as
that measured at room temperature. Therefore, the chiral switch-
ing between symmetry-broken modes is immune to the pertur-
bations induced by the thermo-optic effect at a high temperature,
indicating an excellent thermal stability of the nanophotonic de-
vices fabricated based on an SOI chip.

4, Conclusion

In this study, a novel on-chip anti-PT-symmetric system is re-
alized for achieving chiral switching between symmetry-broken
modes. SWGs provide an ideal platform to construct the pro-
posed anti-PT-symmetric system on an SOI chip. The proposed
design achieves the aforementioned chiral mode switching by dy-
namically encircling the EP in parametric space. Moreover, met-
rics, such as high output power ratios (> 6.4 dB) between the de-
sired mode and the counterpart at 1550 nm, wide-band response
covering C-band completely, and great thermal stability up to 90
°C, are achieved, indicating desirable performance features for
practical applications in optical communication. This work opens
an avenue for realizing an anti-PT-symmetric system, which
will further promote the exploration of novel nanophotonic non-
Hermitian systems. Furthermore, the proposed subwavelength
designs can integrate with other nanophotonic devices on a sin-
gle chip, showing great promise for realizing optical interconnec-
tions in optical telecommunication bands.
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