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Abstract: Optical nonreciprocal devices are critical components in integrated photonic systems
and scalable quantum technologies. We propose an all-optical approach to achieve integrated
optical nonreciprocity utilizing a moving index grating. The grating is generated in a nonlinear
optical waveguide through the Kerr effect by driving the waveguide with two counter-propagating
pump fields of slightly different frequencies. Based on this moving index grating, our system
exhibits exceptional versatility by achieving both nonreciprocal transmission and reflection of
signal fields. We obtain an all-optical isolator that achieves near-unity isolation contrast and
negligible insertion loss while effectively addressing the dynamic reciprocity challenge. Our
protocol establishes a novel approach for achieving integrated all-optical nonreciprocal devices,
paving the way for advanced integrated photonic circuits.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Integrated nonreciprocal devices, such as optical isolators and circulators, are indispensable
components in advanced photonic systems and quantum information technologies. These
devices play crucial roles in preventing unwanted back-reflections in integrated photonic systems
[1-3], enabling unidirectional signal propagation in optical communication networks [4,5],
facilitating the manipulation and routing of quantum states in quantum communication and
computing devices [6—8], and supporting the development of compact, efficient photonic sensors
and metrology tools [9—12]. The magneto-optical effect has been traditionally employed to
achieve optical isolation [13—16]. Howeyver, its reliance on bulky components, such as external
magnets, renders it impractical for integrated photonic applications. Consequently, realizing
integrated optical isolation remains one of the most significant challenges in the field of photonics.
Various innovative approaches for realizing integrated optical isolation have been demonstrated,
addressing the limitations of traditional magneto-optical methods, including optical nonlinear
processes [11,17-29], spatiotemporal modulation of optical mediums [30-36], chiral light-matter
interactions [37-42], directional optomechanical interactions [43—47]. Despite significant
progress in the development of magnetic-free integrated nonreciprocal devices, achieving all-
optical isolation with a simple and scalable structure on a solid-state platform remains a substantial
challenge.

Novel methods based on Bragg gratings offer a promising pathway to overcome this challenge
and realize all-optical nonreciprocity. A Bragg grating is a periodic modulation of the refractive
index along the core of an optical fiber or waveguide. Permanent gratings are typically created by
exposing the core to an intense optical interference pattern, which induces localized changes in the
material’s refractive index [48—50]. Bragg gratings can achieve broad-band and near-unity back
reflection, making them crucial components in various important applications across multiple
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related fields. These applications include optical communications [51], fiber optic sensors
[51,52], lasers [53,54], and Optical signal processing [55]. The versatility and efficiency of
Bragg gratings in manipulating light have made them indispensable in modern photonics and
optical technologies. Interestingly, periodic Bragg structures can be utilized to achieve optical
nonreciprocity. This phenomenon can be realized through various means, including waveguide
Bragg gratings [56,57], moving atomic Bragg mirrors [58], moving photonic lattices [59,60], and
PT -synthetic Bragg structures [61]. However, these reported schemes often rely on complex
gratings [56,61], specially designed structures [57], or atom trapping [58—60], which typically
require intricate fabrication processes, making them difficult to implement in integrated photonic
circuits.

In our paper, we propose an all-optical method to achieve optical nonreciprocity. Unlike
permanent Bragg gratings, our nonreciprocal system utilizes a moving index grating (MIG).
This grating is generated in a nonlinear optical waveguide through the Kerr effect, induced
by two counter-propagating pump fields. When two counter-propagating pump fields with
identical frequency and intensity interact, they stimulate a standing-wave pattern in the nonlinear
waveguide. If the pump fields are sufficiently strong, this standing-wave envelope imposes a
periodic modulation on the waveguide’s refractive index, creating a nonlinear index grating.
By detuning the two pump fields, we can excite a moving wave envelope, resulting in a MIG
within the waveguide. The dynamic characteristics of our grating play a pivotal role in achieving
optical nonreciprocity. To investigate optical nonreciprocity, we introduce two weak signal fields
into the waveguide from opposing directions. The Doppler effect induces distinct frequency
shifts in the backscattered fields of the two weak signal fields interacting with the MIG. The
unidirectional nature of the MIG breaks time-reversal symmetry, resulting in nonreciprocal
transmission and reflection of the signal fields. Leveraging this nonreciprocal transmission, we
can realize an all-optical isolator. Compared with previous nonreciprocal structures based on
spatio-temporal modulation schemes [30,32,34-36], our approach utilizes an all-optical method to
modulate the refractive index of the medium. This optical modulation significantly simplifies the
implementation process, making it more practical for integrated photonic circuits. In contrast to
many nonlinear nonreciprocal systems that are limited by dynamic reciprocity [1,11,17,20,21,25],
our approach achieves dynamic nonreciprocity, allowing forward and backward signals to coexist
simultaneously in the nonlinear system. Additionally, compared to systems relying on moving
Bragg gratings in atomic platforms [58—60], our method operates on a solid-state platform,
eliminating the need for atom trapping and stringent external controls. This makes our system
more robust, scalable, and better suited for integration. Our approach offers several advantages,
including tunability, all-optical control and compatibility with integrated photonic platforms.
These features make our approach a promising and practical candidate for achieving nonreciprocal
light propagation in integrated photonic applications.

2. Theoretical model of MIG

Consider a nonlinear optical waveguide, as shown in Fig. 1(a). The waveguide can be constructed
from silicon nitride, which exhibits a high Kerr nonlinearity but has a low gain coefficient for
stimulated Brillouin scattering (SBS). Two continuous wave pump fields in y polarization are
incident from opposite directions, resulting in an interference pattern within the waveguide,
as illustrated in Fig. 1(a). The pattern remains stationary when the pump fields share the
same frequency; however, it shifts in response to the frequency difference between these pump
fields. Due to the Kerr nonlinearity of the optical waveguide, a variation in the refractive index
accompanies this field distribution. Consequently, an optical index grating is induced by the
pump fields, as illustrated in Fig. 1(b). Furthermore, the mismatch in frequencies between the
two pump fields initiates motion in the grating. It is worth noting that SBS is negligible in our
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system, primarily due to the relatively high phonon damping characteristic of the silicon nitride
waveguide.

Moving interference patter
Pump 1 wq g P Pump 2 w3
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Fig. 1. Schematic diagram of the all-optical nonreciprocal system. (a) A moving interference
pattern is generated in the optical waveguide by two continuous-wave pump fields (Pump 1
and Pump 2) with y-polarization and slightly different frequencies. (b) This interference
pattern induces a moving index grating in the waveguide via the Kerr nonlinearity. The
forward (backward) signal, with x-polarization, is incident from the left (right) side of the
waveguide.

2.1. Coupled amplitude equations

The total pump field within the nonlinear waveguide comprises two counter-propagating pump
fields (pump 1 and pump 2) along the z-axis. This field can be represented as Ep = Ajeithzon) 4
Apel=hi=w) 4 ¢ ¢ where we use the tilde to denote a quantity that varies rapidly in time. The
amplitudes of pump 1 and pump 2 are denoted by A and A, respectively. The wave vector
magnitude is given by k; = now;/c (i = 1,2), where ng represents the linear component of the
refractive index, c is the the speed of light in vacuum, and wj; is the frequency for each fields.
Here we have ignored the dispersion in the waveguide since the frequency difference between
the two pumps is small, on the order of a few gigahertz [62]. In a Kerr nonlinear material that
responds instantaneously to the pump field, the modulated refractive index of the waveguide is
expressed as n = ng + nN. Here, nnp = 7o (Eg) represents the nonlinear contribution to the
refractive index, where iy = nona€oc and (E7) denotes the time average of E5. While n, refers to
the second-order refractive index and € is the vacuum permittivity. Next, we can express the
refractive index variation as

e = 2 fA + [Ane @@ s ec ] 1)

where we have introduced g = k; + k; and Q = w| — w, to represent the wave vector magnitude
and the frequency of the index grating, respectively. The first term of Eq. (1) is for the stationary
refractive index variation with Ag = A% + A%. The other terms are for the time-varying refractive
index distribution with A, = A1A>. When the pump fields meet the conditions A; = A, and
Q = 0, the total pump field forms a standing wave, leading to a static grating in the waveguide.
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Conversely, when Q>0 or Q<O0, the index grating moves in the +z direction at a velocity of
v=19/q]. o

To study optical nonreciprocity, two weak, x-polarized signal fields, £ and E, are incident
from the forward and backward directions, respectively. Each field is scattered by the index
grating and the backscattering field is denoted by E;J—'S. So, we have the total signal field
E* = EE + Ef—)'s for the forward or backward incident case. The signal fields satisfy the

. ~ 2 )+
wave equation V2E* — chz% = 0, where D* = ge-E* and €. = n2. Then, we can obtain
2 )+ + 2
% = [2 ( )2E+ + 2n E+ +4n ‘3’; 65, + nza £, Under the condition |Q| < w1y, the

625
o2
that nNp, < ng, the square of the total refractive index can be approximated as n? = n(z) + 2npnNL.

Therefore, we can rewrite the wave equation as

wave equation can be approx1mated as V2E* - = = 0. For the nonlinear waveguide, given

V2 n(z) + 2nonNL 92E*
c? or?

First, we investigate the transmission of the forward signal field. The total signal field in

the waveguide is written as E* = E k=00 Ele i—kyz=wg 4 ¢ c., where E; and E/ are the

amplitudes, w and w are the frequenmes k and k+ are the wave vectors, of the 1nc1dent field

and its backscattering field, respectively. The backscattermg field, generated by a MIG (Q # 0),

exhibits a non-negligible Doppler effect. Consequently, the frequency of the backscattering field

shifts to wy, = w — Q. Subsequently, we substitute E* into Eq. (2) and analyze its component

exhibiting spatial and temporal dependence, expressed as exp[i(kz — wt)]. This part of Eq. (2) is
expressed as

=0. 2)

2 _ 42
E 1 9B _ = —4A, nongw ;1—4Am%
ik 0z c?
where we have defined the wave vector mismatch Ag, = k + k. — g with k. = now( /c. We then
apply the slowly varying amplitude approximation, neglecting second-order derivatives. Using
the relation k = now/c, we rewrite Eq. (3) as

OE: .
S =2 @(A Ef+AnE; e 4+%) | (4)

A valid approximation has been made by replacing w; with w, given that Q < w. We
next consider the portion of Eq. (2) that shows a spatial and temporal dependence given by
expli(—k. .z — wi 1)]. By applying the slowly varying amplitude approximation, we can obtain

OE}
0z

Second, we study the transmission of the backward-incident signal field. The total signal field
is written as £~ = Ei_r]ei(_kz_“”) + Egse’(k =) 4 c.c.. Due to the Doppler effect of the MIG, the
frequency of the backscattering field is shifted to w; = w + Q. Employing a similar approach,
we can obtain the coupled amplitude equations

Eje 7, 3)

__ ”2“'(A Ef +AnE}e™:7) | (5)

OE: Nw _ -
6zm B _ZlT(ASEin+AmEbselAq_z) ’ (63.)
OE. 7 .
—2 = 2022 (A B +AmEqe 897 (6b)
Z C

where we have defined the wave vector mismatch Ag- = k + k, — g with k. = now, /c. Ttis
important to point out that our model do not account for any loss or absorption within the optical
waveguide.
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2.2. Solutions
To solve the coupled equations (Egs. (4), (5), (6a) and (6b)), we set solutions form as

Ef(z) = CFei + G527 (7a)

B +CTE7-2mAsCiw/c

tet s +
Fa(0) = gersoaer: , 2GH ImAG )

2 Amw/c 2hpAmw/c
where & = (FAqx + VB2)/2, & = (FAq+ — VB+)/2, and B = Ag: +8iAAgsw/c + 16n*(A? —
A2)w?/c?. To examine the system’s nonreciprocal transmission, we assume equal amplitudes

for the forward- and backward-incident signal fields. Under these boundary conditions, i.e.,
Ej(z=0)=E(z=L)=Epand E (z = L) = E_ (z = 0) = 0, we can derive

ei(.fzi +Aq+)z , (7b)

Eo(& —2mAsw/c)e’s: -

Ci= = —7 > (8a)
! (§2+—2ﬁzAsa)/c)e’§2 L_ (§r—2ﬁ2Asw/c)e’§l L
C;=E0 - Cf , (8b)
Eo(&5 +2nAsw/c
Cl_: O({E.Z,L 24 / ) S— (8¢)
(§2‘+2ﬁ2Asw/c)e’§1 - (§l‘+2ﬁzAsw/c)e’§2
T2 Asw/c
2_: _ f]_ _2 S / 1_ . (Sd)
& +2mAsw/c
The transmission (7)) and reflection (R,) of the forward signal field are defined as
Er(z=L)] Ef(z=0)P
T,= M , R.,= M ) 9)
Ef(z=0) Ef(z=0)

Similarly, the transmission (7-) and reflection (R_) of the backward signal field are defined as

Ec=OF p |Eue=DP

T = , Ths T
E_(z=1L) E_(z=1L)

(10)

3. Nonreciprocal transmission and reflection

The solutions to the coupled equations enable the calculation of transmission and reflection from
the MIG. The grating, induced by two pump fields with the equal amplitudes A = 3 x 107 V/m
and a frequency difference of Q/27 = 3 GHz, propagates at a velocity of 1.16 x 103 m/s. In
Figs. 2(a) and 2(b), the transmission and reflection 7, and R, (7- and R_) for the forward
(backward) signal are plotted as functions of the incident signal frequency w. As shown in
Figs. 2(a) and 2(b), the MIG induces near-unity Bragg reflection (and near-zero transmission) for
the forward and backward signal spectra. Specifically, the central frequency of the forward signal
spectrum is located at w, /27 ~ 193.4096 THz, while the central frequency of the backward
signal spectrum is located at w_/2n ~ 193.4066 THz. This results in a significant spectral
shift of A = w; — w- = 27 X 3 GHz between the forward and backward signals. Physically,
the forward and backward signal fields experience opposite Doppler shifts induced by the
directional MIG, given by wi = w ¥ Q, where Q is the frequency difference between the pump
fields. For the backward signal, the MIG satisfies the phase-matching condition near the central
frequency w- /2 ~ 193.4066 THz, resulting in strong Bragg reflection that blocks the backward
transmission within a specific spectral window. Conversely, for the forward signal, the MIG
causes a phase mismatch at w_, preventing Bragg reflection and allowing the forward signal
to transmit through this frequency window. As a result, the forward signal propagates with
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Fig. 2. (a) Transmission spectra for the forward (blue solid line) and backward (red dotted
line) signal fields as functions of the signal frequency. The black dashed lines mark the
minimum transmission points, corresponding to the central frequencies w4 and w- for the
forward and backward signals, respectively. (b) Reflection spectra for the forward (blue
solid line) and backward (red dotted line) signal fields as functions of the signal frequency.
The black dashed lines indicate the maximum reflection points, corresponding to the central
frequencies w4 and w- for the forward and backward signals, respectively. The pump
frequencies in (a) and (b) are w1 /27 = 193.410 THz and w, /27 = 193.407 THz, resulting
in a frequency difference of /27 = 3 GHz. (c) The central frequencies of the forward (w+)
and backward (w-) spectra as functions of the pump frequencies w; and w,, respectively.
(d) The spectrum shift A versus the pump frequency difference Q. Other parameters are
L=05m,ny=2,n =22%x10"1"m2/W, andA; = A, =A =3 x 107 V/m.

negligible loss, while the backward signal is strongly reflected. This selective interaction with
the MIG leads to a significant spectral shift A = Q between the forward and backward signals
and enables nonreciprocal transmission and reflection in the nonlinear waveguide.

Furthermore, the position of the spectra can be precisely controlled by adjusting the pump
frequencies. As shown in Fig. 2(c), the central frequencies w, and w_ shift linearly with the
pump frequencies w; and w,, respectively. For instance, increasing w, results in a blueshift of
the backward transmission spectrum. The blue and red circles indicate the central frequencies
corresponding to specific pump frequencies: (w1, w+) = (193.410, 193.4096) THz and (w,, w-) =
(193.407, 193.4066) THz, which are consistent with the results shown in Figs. 2(a) and 2(b).
Consequently, the spectral shift A between the forward and backward spectra is directly determined
by the frequency difference between the pump fields, i.e., A = Q, as illustrated in Fig. 2(d).
To achieve effective nonreciprocity, we need a sufficiently large frequency shift so that the
forward and backward transmission spectra do not overlap. This separation creates a clear
nonreciprocal spectral window. Moreover, a larger Q2 helps minimize the insertion loss of the
forward transmission in the nonreciprocal window. Therefore, by adjusting the pump frequencies,
it is possible to fine-tune the position of the nonreciprocal window while optimizing overall
device performance, including insertion loss and nonreciprocal bandwidth.
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Fig. 3. Isolation contrast (blue solid line) and insertion loss (red dotted line) versus the
signal frequency, the parameters are same as in Fig. 2(a).

As shown in Fig. 2(a), when the forward and backward transmission spectra are sufficiently
separated by A/2x = 3 GHz, the forward transmission reaches T, ~ 1, while the backward
transmission drops to 7_ ~ 0 at w_/27 ~ 193.4066 THz. This corresponds to an isolation
contrast of n = (T, — T-)/(T+ + T-) = 1 and an insertion loss of .¥ = —10log(7T;) = 0.
Obviously, optical isolation for 7 > T_ is achieved with near-unity isolation contrast and
negligible insertion loss. Figure 3 shows the isolation contrast 7 and the insertion loss .Z versus
the signal frequency w. It can be found that the maximal isolation contrast is achieved at the
center of the backward transmission spectrum (w- /27 = 193.4066 THz), where the backward
transmission reaches its minimum value. The Full Width at Half Maximum (FWHM) of the
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Fig. 4. Transmission spectra for the forward (blue solid lines) and backward (red dotted
lines) signal fields as functions of the signal frequency for various pump amplitudes
A and waveguide lengths L. The black dashed lines mark the minimum transmission
points. The pump frequencies are wi /27 = 193.410THz and w, /27 = 193.407 THz,
corresponding to a frequency difference of Q/27 = 3 GHz. Other parameters are ng = 2
andny =22 x 1079 m?/w.
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Fig. 5. (a) The minimal backward transmission 7_ (red dashed line) and the corresponding
forward transmission 7’ (blue solid line) versus the pump amplitude A. (b) The maximal
isolation contrast max (blue solid line) and the corresponding insertion loss . (red dashed
line) versus the pump amplitude A. (c) The signal frequency of the minimal backward
transmission w— versus the pump amplitude A. The black dashed line is for the frequency of
the backward pump field w,. (d) The FWHM of the isolation contrast § versus the pump
amplitude A. The parameters are L = 0.5m, ng = 2, and np = 2.2 X 10719 mZ/W.

isolation contrast is 6 ~ 0.46 GHz, defining a frequency window for nonreciprocal transmission,
as illustrated in Fig. 3. Within this nonreciprocal window, the insertion loss is negligible, as
shown in Fig. 3.

The transmission spectra are influenced by both the pump amplitude A and the waveguide
length L. For fixed pump frequencies, varying A and L changes the shape of the transmission
spectra but does not affect the spectral shift A, as shown in Fig. 4. By increasing the pump
amplitude A, the strength of the Bragg reflection increases, leading to a reduction in the minimum
transmission and an expansion of the strong Bragg reflection window, as shown in Figs. 4(g), 4(h)
and 4(i). Additionally, increasing the waveguide length also minimizes the minimum transmission,
as shown in Figs. 4(b), 4(e) and 4(h). It is important to note that the central frequencies of the
transmission spectra shift with increasing pump amplitude A due to the stationary refractive index
variation, expressed as ny; = 2i2As, which increases with A. This frequency shift is evident in
Figs. 4(g), 4(h), and 4(i). However, the central frequencies remain unchanged when varying the
waveguide length L, as ny; is independent of L, as shown in Figs. 4(c), 4(f) and 4(i). Since the
transmission spectra are affected by A and L, these parameters can be adjusted to optimize the
performance of the nonreciprocal transmission system.

We first investigate the influence of the pump amplitude A on the system’s nonreciprocal
transmission. As shown in Fig. 5(a), the minimum backward transmission decreases with
increasing A, eventually approaching near zero. This phenomenon occurs because a higher
pump field intensity induces a larger refractive index variation, which enhances the strength
of the grating’s reflection. By setting the pump frequency difference to Q/2n = 3 GHz, the
MIG effectively prevents the overlap between the forward and backward spectra. Consequently,
at the frequency corresponding to minimal backward transmission, the forward transmission
remains nearly unity as the pump amplitude A increases within the range 0 < A < 4 x 107 V/m.
As a result, the maximal isolation contrast 17y, increases with A, reaching 7,,x>0.99 when
A > 2.7 x 107 V/m. Once A exceeds approximately 3 x 107 V/m, further increases have little



Research Article Vol. 33, No. 2/27 Jan 2025/ Optics Express 2213 |

Optics EXPRESS : N

1
N
5 G
& \\\ K
20.5 . @
(“ \
= N
0 -
0 01 02
193.4075 9
s (© (d)
N Wy =
I 193.4070}------------------=------ as
= @)
5 = 5
<1.193.4065 N
3 o
193.4060 0
0 01 02 03 04 05 0.1 02 03 04 05
L (m) L (m)

Fig. 6. (a) The minimal backward transmission 7_ (red dashed line) and the corresponding
forward transmission 7’ (blue solid line) versus the waveguide length L. (b) The maximal
isolation contrast max (blue solid line) and the corresponding insertion loss .Z (red dashed
line) versus the waveguide length L. (c) The signal frequency of the minimal backward
transmission w_ versus the waveguide length L. The black dashed line is for the frequency of
the backward pump field w,. (d) The FWHM of the isolation contrast ¢ versus the waveguide
length L. The parameters are ng = 2, np = 2.2 X 10719 m2/W, and A = 3 x 107 V/m.

effect on improving the isolation contrast. Additionally, the insertion loss remains negligible for
0<A < 4 x 107 V/m, as shown in Fig. 5(b). Due to the spectral shift induced by the stationary
refractive index variation ny , the signal frequency of the minimum backward transmission
(w-) gradually deviates from the backward pump frequency w; as A increases, as illustrated in
Fig. 5(c). Furthermore, the bandwidth of the nonreciprocal window ¢ increases with A, as shown
in Fig. 5(d).

Next, we examine how the waveguide length L affects the nonreciprocal transmission properties
of the system. As shown in Fig. 6(a), the minimal backward transmission, obtained at w/2mw =
193.4066 THz, decreases as the waveguide length L increases. In contrast, the forward transmission
at the same frequency remains approximately equal to unity as the waveguide length L increases
within the range of O<L < 0.5 m. Hence, the maximal isolation contrast nm,,x increases with L
and reaches 7>0.99 when L > 0.4 m, as shown in Fig. 6(b). The frequency of minimal backward
transmission is w_ /27 = 193.4066 THz and remains unchanged with varying L, as illustrated
in Fig. 6(c). This frequency deviates from the pump frequency w; due to the stationary index
variation ny; , which is independent of the waveguide length L. Furthermore, the bandwidth of
the nonreciprocal window ¢ exhibits a slight decrease as L increases, as shown in Fig. 6(d).

4. Discussion and conclusion

Our proposed nonreciprocal device offers significant practical advantages for experimental
implementation. Silicon-nitride-based optical waveguides provide an excellent platform for our
proposal, owing to their high Kerr nonlinearity, low propagation loss, and low gain coefficient for
SBS [28,63,64]. Our method for achieving optical nonreciprocity utilizes a MIG, offering an
all-optical approach. The MIG is generated by two intense, counter-propagating pump beams
with a slight frequency detuning, which can be achieved using a tunable laser or an electro-optic
modulator. These devices introduce a small frequency offset O between the two counter-
propagating pump fields, which are launched into the same waveguide mode. To achieve optical
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nonreciprocity with an isolation contrast  ~ 1, the required pump laser intensity is approximately
I, = 2neycA? ~ 9.6 W/um?, assuming a pump amplitude A = 3 x 107 V/m and a refractive index
n = 2 [64,65], as shown in Fig. 3. Extending the waveguide length can effectively enhance the
isolation contrast, allowing high isolation contrast to be achieved even with lower pump intensities.
Furthermore, to observe the nonreciprocal transport, it is essential to remove the pump fields.
However, due to the close proximity of the signal and pump frequencies, using a low-bandwidth
filter to separate them poses significant practical challenges. Instead, as illustrated in Fig. 1,
orthogonal polarization can be utilized to distinguish the signal and pump fields. Specifically, the
pump fields are set to y-polarization, while the signal fields are set to x-polarization. Polarization
beam splitters placed at both ends of the waveguide can then effectively separate and remove
the pump fields, ensuring clean signal transmission. Regarding integrated implementation, the
requirement for a relatively long optical waveguide poses a challenge for chip-level integration.
However, photonic chips containing silicon nitride waveguides with physical lengths exceeding
L>1m have been successfully demonstrated experimentally [66]. By incorporating advanced
design strategies, such as bent or coiled waveguides [66], the device footprint can be significantly
reduced, enabling its implementation in integrated photonic circuits. While our work specifically
focuses on strong index modulation induced by propagating pump waves via Kerr nonlinearity,
our findings have broader implications. The principles we’ve uncovered can be generalized to
other schemes, including acousto-optic [67—70] or nonlinear-gain [71] approaches.

In conclusion, we propose an integrated optical nonreciprocal system utilizing an all-optical
method. Our system demonstrates the nonreciprocal transmission for weak signal fields, enabling
the realization of an optical isolator with near-unity isolation contrast and negligible insertion
loss. Meanwhile, our system can achieve nonreciprocal reflection, which expands its potential
applications. Furthermore, our system addresses the dynamic reciprocity issue by utilizing a
MIG generated by external pump fields. This innovative approach paves the way for all-optical,
compact, and solid-state nonreciprocal devices in integrated photonic circuits.
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