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On-chip optical nonreciprocal devices are vital components for integrated photonic systems and scalable quan-
tum information processing. Nonlinear optical isolators and circulators have attracted considerable attention
because of their fundamental interest and their important advantages in integrated photonic circuits. However,
optical nonreciprocal devices based on Kerr or Kerr-like nonlinearity are subject to dynamical reciprocity when
the forward and backward signals coexist simultaneously in a nonlinear system. Here, we theoretically propose
a method for realizing on-chip nonlinear isolators and circulators with dynamic nonreciprocity. Dynamic nonre-
ciprocity is achieved via the chiral modulation on the resonance frequency due to coexisting self- and cross-Kerr
nonlinearities in an optical ring resonator. This work showing dynamic nonreciprocity with a Kerr nonlinear
resonator can be an essential step toward integrated optical isolation.
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Optical nonreciprocal components, such as optical iso-
lators and circulators, can isolate detrimental backscat-
tering fields from the signal source and thus are vital for
photon-based information processing in both the classi-
cal and quantum regimes. (151 Their realization relies on
the breakdown of the Lorentz reciprocity. The magneto-
optical effect 6.7 ig commonly used to realize optical iso-
lators and circulators, but it is limited to bulk optics. A
magnonic system using a yttrium iron garnet has been
proposed to tackle this problem for realizing microwave
nonreciprocity. 8:91 The spatiotemporal modulation of op-
tical systems has successfully demonstrated the capa-
bility of achieving optical nonreciprocity. (1911 A chiral
atom-cavity system with spin-momentum locking can ex-
hibit quantum nonreciprocity. [12-25
atoms provides a useful platform to achieve all-optical

' An ensemble of hot

isolation when unidirectional control fields are used to
induce susceptibility-momentum locking in atoms. 26734
Susceptibility-momentum locking has become a new
toolkit for realizing quantum nonreciprocity. °!
ing the macroscopic Doppler shift in a unidirectional

moving atomic lattice, all-optical isolators and unidi-

By us-

rectional reflectionless have been studied.[%2% Alter-

39411 and optomechanical

natively, spinning resonators
427470 are also used to achieve optical nonre-
ciprocity, in particular, magnetic-free optical isolation. In
spite of the significant progress in non-magnetic optical
nonreciprocal devices, the realization of integrated all-
optical isolation on a solid-state platform remains very
challenging.

Nonlinearity in solid-state optical materials like silicon

resonators!

was always a promising candidate for breaking the Lorentz
reciprocity without magnetic fields or complicated spa-
tiotemporal modulation. *®! Thus, nonlinear devices have
attracted intense study for realization of integrated iso-
lators and circulators because they can be integrated on
a chip with silicon-based materials and is bias-free. [49-52]
However, an optical nonreciprocal device based on Kerr
or Kerr-like nonlinearity is subject to dynamic reciprocity,
which was derived from a nonlinear Helmholtz equation
only including the cross-Kerr nonlinearity of the material
but excluding the self-Kerr nonlinearity. [53] Because of dy-
namic reciprocity, this type of nonlinear nonreciprocal de-
vices cannot work as optical isolators when the forward
and backward fields coexist. [*9752:%4]

The problem of dynamic reciprocity is the main chal-
lenge of using a nonlinear platform for integrated non-
linear optical isolators. Other types of nonlinear optical
isolators using quantum nonlinearity °®! or nonlinearity in

=65
[56:57] are also sub-

a parity-time-symmetry-broken system
ject to dynamic reciprocity. Therefore, bypassing dynamic
reciprocity with a nonlinear optical device becomes highly
desirable for integrated optical isolation.

procity has been widely accepted as a basic knowledge

Dynamic reci-
in nonlinear optics. To avoid the problem of dynamic
reciprocity, pulsed signals are used in nonlinear optical
isolators. In this way, the opposite-propagating signals
are temporally separate, allowing isolation of the pulsed
backscattering field. >15%

procity still limits its application in the circumstance of

Nevertheless, the dynamic reci-

continuous signals.
Some novel mechanisms have been proposed for by-
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passing dynamic reciprocity in nonlinear optical isolators.

These methods exploit either chiral Kerr-type nonlinear-
27,3032 nonlinearity-induced sponta-
98,59 and unidirectional para-
[60,61]

ity in atomic media,
neous symmetry breaking,[
metric nonlinear processes.
venting the problem of dynamic reciprocity in a solid-state
platform with Kerr nonlinearity is still desirable. More-
over, this can change the concept of dynamic reciprocity.

In this Letter, we present that a Kerr-type nonlinear
microring resonator (MR) can show optical dynamic non-
reciprocity. The material of this MR should include self-
Kerr and cross-Kerr nonlinearity and thus is compatible
with silicon. Because of the intrinsic chirality of Kerr non-
linear media, the self-Kerr modulation (SKM) and cross-
Kerr modulation (XKM) on the MR resonance frequency
are different and dependent on the propagation of light. As
a result, nonlinear optical isolators and three-port quasi-

Nevertheless, circum-

circulators based on this chiral Kerr nonlinearities can be
attained for continuous inputs simultaneously propagat-
ing in opposite directions. We also employ finite-difference
time-domain (FDTD) simulations to validate the dynamic
nonreciprocity predicted by the coupled-mode theory.

System and Model. Our idea for realizing dynamic reci-
procity with a nonlinear MR makes use of the intrinsic
chirality of a nonlinear medium. A nonlinear medium like
silicon possesses self- and cross-Kerr nonlinearities simulta-
neously. The cross-Kerr nonlinearity strength is typically
twice the self-Kerr nonlinearity. ®®%27%% Thus, if we de-
sign a system where the forward and backward light fields
in a nonlinear medium are different in power, then the
opposite-propagating fields will “see” different refractive
indices of the same medium. For an optical system sensi-
tive to the refractive index of the medium, the opposite-
input fields will have different transmissions. In this way,
we can realize optical isolators and circulators with dy-
namic reciprocity.

Qout B out
«— —
Port 2 =——> & Port 3
in WG 2
CwW CCW
Bout a’out
Port 1 =——> Port 4
Qin WG 1

Fig. 1. Schematic diagram for optical isolation using a
Kerr nonlinear medium. A nonlinear microring resonator
(MR) couples to the bus (WG 1) and drop (WG 2) waveg-
uides. An optical attenuator with amplitude transmission
¢ is embedded in the left end of the WG 2. The incident
light i (Bin) from port 1 (port 2) excites the CCW (CW)
mode of the MR.

The system consists of a Kerr-nonlinear MR, a bus
waveguide (WG 1) with ports 1 and 4, and a drop waveg-
uide (WG 2) with ports 2 and 3, as shown in Fig.1. An
optical attenuator with amplitude transmission £ is embed-
ded near port 2 inside the WG 2. A continuous forward
light with power Py, and frequency wi, inputs to port 1
and then excites the counterclockwise (CCW) mode in the
MR. The corresponding photon flux is |ozin|2 = P /hwin.

To test the functionality of the proposed nonlinear optical
circulator, a continuous backward light field with the same
power P,,, frequency and photon flux \Bm\Z = P /hwin si-
multaneously drives the clockwise (CW) mode from port
2. In the frame rotating at frequency win, the Hamiltonian
of the system with both the self- and cross-Kerr nonlinear-

ities is given by [63:64]

H=Ad"a + AbTb + Ua'?a? + UBI?0? + 4Uaabld
+ iV 2Kex1 (ainaJr — appa) (1)
+ 16V 2K exa (Binb| — Biub),

where A = wo — win, wo is the resonance frequency of the
MR, a (b) represents the CW (CCW) mode of the MR,
Kex1 (Kex2) is the external decay rate due to the WG 1-
resonator (WG 2-resonator) coupling, ki is the intrinsic
decay rate of the MR. Thus, kK = Kex1 + Kex2 + ki is the
total decay rate of the MR. U is the Kerr nonlinearity
strength, given by U = hwicna/(ndVim), *® with no and
n2 being the linear and nonlinear refraction indices of the
medium, respectively, and V4, is the effective mode volume
of the MR. The third and fourth terms model the SKM,
whereas the sixth term describes the XKM.

The device is an optical isolator when we only consider
ports 1 and 2 as the input and output ports. If the port
3 is included, it can work as a three-port optical quasi-
circulator.

Coupled-Mode Method. Using Eq. (1), the coupled-
mode equation can be written as

a=—(iA+ K)a—4iUb*a — 2iU|a|’a + v/ 2kex1vin, (2a)
b=— (A + K)b— 4iUl|al*b — 26U |b]*b 4 €v/2Kex2fBin. (2b)

We solve Eq. (2) and find the coherent amplitudes of the
resonator modes, i.e., & = (a) and 8 = (b). Note that
the XKM strength is twice the SKM according to Eq. (2).
This means that the light in the CCW mode can generate
a frequency modulation to the CW mode as twice as that
caused by itself with the same power. Thus, if opposite-
input light fields with the same power can excite the CW
and CCW modes to different power levels, by introducing
an attenuator to one input port, then the two input fields
“see” resonator modes with different resonance frequen-
cies and thus have different transmission. This is the key
idea of our optical isolator. By including both the self-
and cross-Kerr nonlinearities with different strengths, our
system is crucially different from that for demonstrating
Therefore, our system can achieve
dynamic nonreciprocity, allowing to implement optical iso-

dynamic reciprocity.

lators and circulators.
According to the input-output relationship, we have
the outputs

Qout = EV2Kex2Q, Quy = Qin — V2Kex1 @, (3a)
ﬁout =V 2"‘%xl@ ﬁé)ut = fﬁin -V 2"'€ex2ﬂ~ (3b)

The transmissions can be calculated as

2 2
Tyo = |Oéout|2 ’ Ty = ‘ﬁoutL 7
‘Oéin‘ |/Bin| (4)
_ |a</)ut|2 _ ‘ﬂéut'Z
Ty = , Tos = .
|ctin |2 |Bin?
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In calculation of Tjj;, 4 is for the input port and j for the
output port.

This work aims to show an optical isolator and a three-
port quasi-circulator [16.61,67] Gith dynamic nonreciprocity.
Thus, we are interested in the transmissions 712, 121, and
Tos.

For the isolator, the isolation contrast and the inser-
tion loss are defined as follows:

T2 — T2
=12 -2 5
K T2 + T2 5)
L = —IOIng(Tm). (6)

For the quasi-circulator, the average fidelity is given by

Tr[TTy
= NI @
[T Ty]
where Tiq is the transmission matrix for an idea three-

port quasi-circulator and Tiq = [0 1 0; 0 0 1] as given in
Refs. [16,27,61,67], and

T=2:4
b 0
with 75 = > y T;j. The average insertion loss is defined as
£ = —101log,o[(T12 + Tbs) /2]. (9)

For simplicity, we will name a quasi-circulator as a circu-
lator in the following.

Finite-Difference Time-Domain Simulations. As a
first-principle method, FDTD simulations can predict the
behavior of an electromagnetic system very precisely. (%!
In this work, we also employ FDTD simulations to verify
the results obtained from the coupled-mode theory. To re-
duce the calculation time, we performed two-dimensional
FDTD simulations which do not include the z dimension.
The perfect match layer boundary condition is applied for
surrounding the simulation region. The cross section of the
MR and two waveguides have the same width of 200 nm.
The radius of the MR is assumed to be 700 nm. Taking
silicon as the nonlinear medium, the refractive index of
the MR and two waveguides is n = 3.478. The third-order
nonlinear susceptibility of the nonlinear medium of the MR,
is taken to be X(3) =2.8x107"*¥ m?/V?, corresponding to a
nonlinear refractive index ns = 2.7x 10~ % cm? /W [62] The
optical attenuator in WG 2 has an amplitude transmission
& =~ 0.982. The gaps between the MR and the two waveg-
uides are the same, i.e., 250 nm, so that Kex1 = Kex2 > Kin-
To avoid strong backscattering, the spatial grid size for
the simulation is set to be small enough, 5nm. The tem-
poral step of the simulation is 0.012fs and the total sim-
ulation time is 50 ps, allowing the system to evolve to its
steady state. To show dynamic nonreciprocity, two con-
stant driving fields are incident to ports 1 and 2 at the
same time. The input light fields E have the same wave-
length of A = 1.685 um and are equal.

Time-Dependent Transmission. Because the response
of the system is a nonlinear function of the power of the
input field, it is difficult to find an analytical steady-state

solution for the transmission. Thus, we first study the

time-evolution of the system. The time-dependent trans-
missions are found by solving the coupled-mode equation
and also via FDTD numerical simulations, as shown in
Fig.2. The former is computation-resource-efficient and
can show the underlying physics. It can also find the so-
lution very fast. The latter provides first-principle sim-
ulations for a real device. The FDTD simulations results
are in reasonable agreement with the coupled-mode theory
even in the details of the oscillation parts.

When solving the coupled-mode equation, two con-
We take
The transmissions

stant drivings are applied at the same time.
ain = Bin = 504/k as an example.
reach their steady-state values after some oscillation over
a period of about 10xt. The steady-state transmissions
are T12 ~ 074, T21 ~ 004, ng ~ 0.91 and T14 ~ 006,
respectively. Obviously, the forward transmission Tis is
much higher than the backward transmission 751. Thus,
an optical isolator with ports 1 and 2 is obtained. The
isolation constant is 7 ~ 0.90. The insertion loss of the
transparent direction is low, £ =~ 1.31dB. The telecom-
wavelength signal can also transmit along the direction
1 — 2 — 3, forming a three-port circulator with F = 0.98
and .Z ~ 0.83dB. The results of the couple-mode theory
clearly show an optical isolator and a quasi-circulator with
high dynamic nonreciprocity and low insertion loss.

Coupled-mode method

Fig. 2. Time-dependent nonreciprocal transmission:
(a) transmission predicted by the coupled mode equa-
tions with parameters Kex1 = Kex2 = 0.45k, k; = 0.1k,
£=0.98, A =—4.5x, U =0.001x, and P, /hwi, = 2500k,
(b) transmission obtained from the FDTD simulations
with E = 2.2 x 107 V/m.

The time evolution and steady-state values of the
transmissions in the FDTD numerical simulations are very
close to the results of the coupled-mode theory. By cal-
culating the intensities of the transmitted fields in the
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FDTD simulations, we obtain Tis ~ 0.75, To; ~ 0.05,
To3 =~ 0.81 and Tia = 0.01, respectively. These results
yield the isolation contrast n ~ 0.88 and the insertion loss
of ¥ =~ 1.24dB for the two-port optical isolator and the
average fidelity of F = 0.97 and the average insertion loss
of £ ~ 1.07dB for the three-port circulator. [58,61,69 Note
that the transmission 753 is high. This high T3 is impor-
tant for optical sensors. 17972 The FDTD simulation
results are in good agreement with the coupled-mode the-
ory, see Tables 1 and 2 for comparison. There is a small
discrepancy between these two methods because the struc-
ture parameters in the FDTD simulation cannot perfectly
match those of the coupled-mode method.

Table 1. Transmission.

T2 151 Toz T
Coupled-mode method 0.74 0.04 0.91 0.06
FDTD simulations 0.75 0.056 0.81 0.01

Table 2. Performance.

n < F Z
Coupled-mode method 0.90 1.31dB 0.98 0.83dB
FDTD simulations 0.88 1.24dB 0.97 1.07dB

107V /m
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Fig. 3. Distribution of the instantaneous electric field at
t = 50 ps. The forward and backward continuous light is
incident to ports 1 and 2 simultaneously. The position
of the forward and backward sources are labeled by green
vertical lines in WG 1 and WG 2, respectively. The op-
tical attenuator is marked by the dashed rectangle in the
upper left.

Figure 3 shows the instantaneous electric field distribu-
tion at ¢ = 50 ps as an example when the continuous light
is simultaneously incident to ports 1 and 2. It can be seen
that the forward light incident to port 1 exits from port
2 with a high transmission. However, the backward light
from port 2 dominantly transmits to port 3. The trans-
mission to port 1 is negligible. These FDTD simulations
clearly prove dynamic nonreciprocity of the nonlinear MR
and confirm this design for a practical optical circulator.

Steady-State Transmission. As shown in Fig.2, the
nonlinear system can reach steady state after some time.
We consider the transmissions at xt = 30 in the coupled-
mode theory or ¢ = 50ps in the FDTD simulations
as steady-state transmissions. Next, we investigate the
steady-state transmission versus the input power.

The transmission is dependent on the detuning be-

tween the input and the MR. Specifically, we choose A =
—4.5k when solving the coupled-mode equation. When
v/ Pin/hwin < 494/k, the forward and backward transmis-
sions are almost equal. The system is reciprocal. There is
a rapid transition at /P /hwin &~ 49/k. We find that the
forward and backward transmissions become very different
after this point. For example, Th2 = 0.76 and T>; = 0.04
at in = Bin = v/ Pin/hwin = 494/k, yielding n = 0.89 and
£ = 1.21dB. As the input power increases, the transmis-
sion T12 exponentially decreases, while T5; remains small.
When /P /hwin = 49/k, Ti4 jumps to a small value
from a high transmission and then increases exponentially
with the input power. In contrast, T23 remains high.

1t Coupled-mode method

\ Rn/hwin’i

FDTD simulations

s

]
B

© Ty
0.61
& ATy
O T3
041 = Ty,
0.2}

‘ ‘ ettt uleldel
0 1 2 3 4 5 6
E (107 V/m)

Fig. 4. Steady-state results versus input intensity: (a) the
transmission by numerically solving the coupled-mode
equations with parameters Kex1 = Kex2 = 0.45k, K; =
0.1k, £ = 0.98, A = —4.5k, and U = 0.001k, (b) steady-
state transmission according to FDTD simulations.

As other demonstrated nonlinear nonreciprocal devices

. . . . 149.50.52.54.5
with dynamic reciprocity, [*9°0525458] our system shows
strong dynamic nonreciprocity only for a narrow input

power

49VE S /P [hwin S 55V, (10)

where the insertion loss is less than 2 dB.

Figure 4(b) shows the results of FDTD simulation ver-
sus the input field strength FE. The four transmissions
show similar dependence on the input field E as Fig. 4(a).
The transition point for transmissions Ti2 and Ti4 is at
E ~ 21 x 107 V/m. The transmission Ti2 (714) jumps
up (down) from a small (large) value to a large (small)
value, and then exponentially decreases (increases) with
the input field strength. These results provide a proof of
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dynamical nonreciprocity predicted by the coupled-mode
theory.

The response of a nonlinear system is crucially depen-
dent on the input field parameters, such as frequency and
the input power. Figure 5 shows the transmissions 772,
T1, and Ths as functions of the power and detuning of
the incident light by solving the coupled-mode equations.
Figures 6(a) and 6(b) show the isolation contrast n and
the insertion loss . for the optical isolator, respectively.
Figures 6(c) and 6(d) show the average fidelity .Z and

—15

50 100 150

) Rn/hwin’{/

200 0 50

0
100 150 200 0 50 100 150 200

Y Pin/hwinﬂ

the average insertion loss & for the three-port circulator,
respectively. Obviously, the transmission 772 approaches
Ty for small detuning and weak input power because the
power-dependent SKM and XKM are weak and can only
cause slightly different frequency shifts to the CW and
CCW modes. The system shows strong dynamic nonre-
ciprocity when the detuning and power are large enough,
see Fig.6(a).
power is too large, the transparent transmission is low,
implying a large insertion loss, see Fig. 6(b).

However, when the detuning or the input

\/P‘m/ﬁwin”

Fig. 5. Steady-state transmission by solving the coupled-mode equation. Transmission Th2 (a), T21 (b), and T»3 (c),
versus input intensity and detuning. The red star indicates an optimal point for a trade-off between isolation contrast
and insertion loss. Other parameters are Kex1 = Kex2 = 0.45k, k; = 0.1k, £ = 0.98, and U = 0.001k.

(b)
(d)

m4

-
—-10 —-10
S
~ 0.75 2
< -5 * -5
0 05 0 0
0 50 100 150 200 50 100 150 2
VPin/hwink P/ hwink

Fig. 6. Steady-state isolation contrast n (a) and inser-
tion loss .Z (b) for the optical isolator, fidelity F (c) and
average insertion loss £ (d) for the circulator versus the
input intensity and detuning. The red star indicates a
trade-off point between isolation performance and inser-
tion loss. Other parameters are Kexi1 = kex2 = 0.45k,
ki = 0.1k, £ = 0.98, and U = 0.001k.

Table 3. Transmission and performance.

Ti2 To1 Tes 7 <z F &z
0.64 0.02 0.93 093 1.96dB 0.99 1.05dB

Optical isolation requires a trade-off between the iso-
lation contrast and the insertion loss. An optimal point
is indicated by the red star in Figs.5 and 6, where
v/ P /hwin =~ 61y/k and A = —5.38x. At this optimal
point, the forward and backward transmissions of the op-
timal point are Th2 ~ 0.64 and 751 ~ 0.02, corresponding
to the isolation contrast n ~ 0.94 and an insertion loss

of Z ~ 1.96dB for the optical isolator. Considering the
transmission 753 ~ 0.93, the system can work as a three-
port circulator with the high performance of F =~ 0.99
and .Z ~ 1.05dB. The transmission and performance of
the optical nonreciprocal device at the optimal point are
summarized in Table 3.

Because the system is nonlinear, the performance of
the device is crucially dependent on the total input power
in the microresonator, the cavity-input detuning and many
other system parameters. Thus, it is difficult to find the
global optimal parameters to achieve a high isolation ra-
tio for such a nonlinear system. Here, we aim to show an
optical nonreciprocal device with a small insertion loss for
two input fields with very close powers in opposite direc-
tions, namely, £ = 0.98 and |ain| = |Sin|. The attenuator
only induces a very small absorption to the transmitted
field in the forward case and to the input field to port 2 in
the backward case. In this arrangement, the input powers
of light entering the microresonator are very close in the
forward and backward cases. As a result, the difference
of the frequency shift due to the SKM and XKM is small
and the isolation ratio is not very high. Nevertheless, our
device using a nonlinear microring resonator exhibits the
dynamic nonreciprocity with a low insertion loss and a
usable isolation contrast.

Implementation. Now we discuss the experimental im-
plementation of our proposal. Our scheme can be imple-
mented with MRs made from high-x‘® nonlinear materi-
als, such as potassium titanyl phosphate, " Si, 7 siC, [79]
InP.["l We assume the resonance frequency of the non-
linear MR wo /27 = 193.6 THz and the intrinsic quality
factor Q; = 1 x 107,178 which is already available in
experiments. The intrinsic loss of the resonator is cal-
culated to be about k; ~ 27 x 19.4 MHz, and thus the
total loss rate is about k = 10k; ~ 27 x 0.194 GHz.
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We select experimentally accessible parameters: no =
14, ng = 5.1 x 107 m?/W, 7355820y — 100 um?, 7
and thus the nonlinearity strength is calculated to be
U =~ 27 x 0.194MHz ~ 0.001k. Using such nonlinear
MR, we can achieve an optical isolator for parameters
{\/Pn/hwin = 50/k, A = —4.5k} and {\/Pn/hwin =
61k, A = —5.38k} corresponding to an input power
Pn =~ 0.39uW and P, ~ 0.58 uW, respectively.

A high @ factor can amplify the nonlinear effect in a
microresonator, and thus is crucial for achieving a high-
performance optical nonreciprocal device.
our investigation with the coupled-mode method, the non-
linear system shows weak nonreciprocity when the intrinsic
Q@ factor is not high enough. A high @ factor can cause
a larger isolation contrast and a lower insertion loss for
given input powers and system parameters. We evaluate
the performance of our optical nonreciprocal device with
parameters scaled by the intrinsic decay rate of the mi-
croresonator. For instance, a device with a relative low
intrinsic Q factor 10° can still achieve almost the same per-
formance as that using Q = 107 and /Pi, /hwin = 504/K,
when /P /hwin = 500y/k and U = 1075k but keeping
the ratios of other parameters with respect to k. Here, we
still keep Kex1 = 0.45k, ki = 0.1k and Kex2 = 0.45k.

The difference of SFM and XFM in Kerr-type non-
linear material has been exploited to demonstrate optical
isolators and circulators, but only for very different op-

According to

posite input powers. 8841 T the work, 8] the backward
light is 3.3dB and 5dB lower than the forward signal.
In applications of optical sensors, [5,51,70-72] the backward
signal has a power very close to the forward one. Thus,
our nonlinear device is suitable for optical sensing. Note
that an experiment (58] has demonstrated a passive nonlin-
ear optical isolator by exploiting the different SKM and
XKM. Very recently, another experimental group (34 has
also achieved optical nonreciprocity on a chip with the
same idea. However, these two works use different configu-
rations with very different opposite input powers. In sharp
contrast to this, our system exhibits optical nonreciprocal
transmission for the same input powers in opposite direc-
tions, namely, |O¢in|2 = |,6’in|2 in our work. Nevertheless,
these experiments provide strong support to our proposal
based on the chirality of the SKM and XKM in a Kerr-type
nonlinear medium.

In summary, we have proposed a method to realize
nonlinear optical isolators and circulators based on the
chirality of SKM and XKM in the nonlinear MR. We have
proved dynamic nonreciprocity of this nonreciprocal de-
vice with both the coupled-mode theory and FDTD sim-
ulations. The proposed scheme paves the way to realize
on-chip optical isolation, and thus can boost the integra-
tion of photonic chips.
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