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The nanosuspension is a stable solid-liquid hybrid fluid formed by suspending solid nanoparticles in a
liquid. Based on nanosuspension, an optical-gradient-force—induced optical nonlinear characteristics in a coupled
microcavities is theoretically investigated. Under high incident power, the nanoparticles that are in one of the
cavities redistribute themselves leading to a significant change of the effective refractive index. The consequence
of the redistribution is investigated by solving the nonlinear coupled mode theory equations. Both nonreciprocal
transmission and bistability are observed due to disparate forward and backward incident field intensities in the
coupled microcavities. Furthermore, the numerical simulation shows details of the mode interaction within the
coupled microcavities, and agrees well with the theoretical modeling. This work demonstrates the viability of
nanoparticle-mediated nonlinearity in microscale optical systems. The findings open more possibilities for light
manipulation in sophisticated microfluidic systems and beyond.
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I. INTRODUCTION

Nonlinearity is a higher-order property of optics and pho-
tonics. Nonetheless, it enables many rich phenomena that
transcend the limitations of linear optics. Nonlinear optical
materials, characterized by their higher-order dependence on
electromagnetic field intensities, have not only revolutionized
the generation of high-efficiency lasers [1] but have also be-
come instrumental in breaking reciprocity [2—4]. There are
many ways to break nonreciprocity, such as magnetooptical
material systems [5] and optomechanically coupled systems
[6-8]. In contrast, nonlinear materials exhibit well compat-
ibility in different optical platforms, thereby serving as a
versatile tool for inducing nonreciprocal behaviors. For exam-
ple, chip-based LiDAR [9], dielectric metasurfaces [10—12],
photonic-crystal [13—15], and ring resonators [16-20].

To explore optical nonreciprocity and bistability, the opti-
cal characteristics of multilayer heterostructure with the Kerr
effect [21] have been studied. In another work, nonreciprocal
transmission is demonstrated in a liquid metamaterial induced
by optical gradient force nonlinearity [22]. In this work, the
characteristics of optical gradient force nonlinearity in cou-
pled cavities are being investigated.

In this work, a metal-insulator-metal (MIM) slab struc-
ture imbued with dynamic nanosuspension is introduced. The
nanosuspension is a stable solid-liquid hybrid fluid formed by
suspending solid nanoparticles in a liquid [23]. This system
exhibits a unique responsiveness where, under the influ-
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ence of intense incident light, the spatial distribution of the
nanosuspension goes through significant redistribution. This
modulation directly translates into variation in the effective
refractive index of the structure. In particular, the nonuniform
field distributions induced by forward and backward inci-
dent light result in directionally dependent effective refractive
index. This asymmetry is the cause of the nonreciprocal trans-
mission observed in the MIM. This work provides an in-depth
theoretical understanding of the optical nonlinearity in the
MIM structure, and potentially broadens applications of future
nonlinear optical devices.

II. THEORY

As shown in Fig. 1(a) the MIM system consists of twin
circular microcavities etched in a metal film, flanked by two
air waveguides. The nanosuspension is in cavity A with reso-
nant frequency w,, while cavity B with resonant frequency wj,
contains solely the carrier liquid. The light with a frequency of
w incident from left is defined as forward incident, while the
light incident from right is defined as backward incident. The
subscripts f and b represent forward and backward incident
direction, respectively. The coupling strength « is related to
the distance d between two cavities, and the decay rates of the
two cavities are Y, and Y}, which is related to the intrinsic loss
of the material, and to the coupling to the waveguide.

Nonreciprocity is rooted in the optical nonlinearity of
nanosuspension. Nonlinearity arises from particle redistribu-
tion within the nanosuspension under an electromagnetic field
[Fig. 1(b)]. The inhomogeneity of the electric field leads to
the local aggregation of particles, which results in a localized
increase in the refractive index [Fig. 1(c)]. Thus, the different
field distributions of forward and backward propagating can

©2024 American Physical Society
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FIG. 1. (a) The MIM resonator structure. The excitation from the left waveguide is defined as forward incident, whereas excitation from
the right waveguide is defined as backward incident. (b) Electric field intensity distribution at forward incidence and backward incidence under
nonlinear effects (the incident power P,, = 8.4 GW/cm?. (c) The refractive index distribution in the resonator under forward incidence and

back incidence when nonlinear effects occur.

lead to the breakdown of reciprocity. In general, in the absence
of an external field and in thermal equilibrium, the distribution
of particles is randomly distributed inside cavity A. However,
optical gradient forces generated by external excitation can
disturb the equilibrium distribution of particles in nanosus-
pensions. In order to describe the expression for the nonlinear
effect caused by the optical gradient force, the Nernst-Planck
equation is invoked, the particle flux density J p is given by the
Nernst-Planck equation [24]:

Jp = pv—DVp,, (1)

where p,, is the particle number density, D is the particle dif-
fusion coefficient, where v = uF is the particle drift velocity,
which is related to the gradient force F, with © = m
represents the particles mobility, in which r is the particle
radius, and 7 is the viscosity of the liquid. When the size of the
particles is much smaller than the wavelength of the incident
light (r < 1), the electric field inside and near the particles
exhibits the characteristics of a static electric field, and the
particles are polarized into a synchronously oscillating elec-
tric dipole. Through the dipole approximation, the gradient
force of light on particles [24,25], F, can be derived as:

o
F=-V|E?, 2
7 VIE| (2)

where E is the electric field strength, o the polarizability,
which is a function of refractive index n, of the particles
in the suspension, and n, the background refractive index.
The refractive index ng of the suspension is affected by n,
and n,,. Defining the refractive index ratio, m = Z—i, then the

polarizability, can be expressed as:
_ 202 2
o = 3V,eon;,(m” — 1)/(m” + 2), 3)

where V), is the volume of a single particle, and ¢ is the
vacuum permittivity.

If the concentration of the nanosuspension is low, all inter-
actions between particles can be ignored, and the calculation
of the concentration of the suspension is in the Appendix A.
Under this condition and in equilibrium stable conditions, it
satisfies Jp = 0, % = 0, and from Stokes-Einstein relation-
ship, &5 = kB—lT, then:

ap,

VIE|%, 4
T |E| 4)

Vo, =

in which kg is the Boltzmann constant and 7' is the tem-
perature in K. The particle number density of the uniform
distribution is set as oo, then p, is

olE|?
Pp = PoeXp 2T | 5)

Consider that the refractive index ratio m is close to 1, the
Maxwell-Garnett model can be used to derive that the effec-
tive refractive index distribution in the nanosuspension [23]:

nete = (L = fp)my + feny, = np + fp(np — np), (6)
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FIG. 2. (a) Incident power as function of local refractive index, the red line indicates m > 1 and the blue line indicates m > 1. (b) Electric
field distribution of m > 1 and m < 1 suspension microcavities under nonlinear conditions, particle flow direction is indicated by white arrows.

The spectrum of [, |*, [ x/}|* and | /3|
Ao = 723 nm, dy = 340, P,, = 0.15 (c) and P,, = 0.19 (d) The blue dashed line is the |x,|?, the red line is the |th}
the | x22.

in which f), is the volume filling factor in the nanosuspension.
When the particle concentration is low, f), is expressed as:

).

From Eq. (6), when the nanosuspension exhibits a posi-
tive polarizability (m > 1), the local effective refractive index
is proportional to the exponential square of electric field
strength [red line in Fig. 2(a)], until the refractive index
closes to n, [26]. When the nanosuspension exhibits a neg-
ative polarization rate (m < 1), the local effective refractive
index is inversely proportional to the exponent of the electric
field strength square until the refractive index closes to
[Fig. 2(a), blue line]. The particle number density is set to
n=1.9 x 10 ¢cm~3, the refractive index of the low-power

2
|E|

(7

o
fp = Vp,ooexp( 2pT

112

as function of incident wavelength with y, = y;, = 2.5 x 10'> — 9 x 10"%i rad/s, ¥ = 1.2 x 10'® rad/s,

, and the black line is

state is almost the same as the background liquid. As shown
in Fig. 2(b), particles with m > 1 are pushed to the regions
with lower electric field strength, reducing the local refrac-
tive index. Whereas, particles with m > 1 accumulate at the
regions with the highest electric field strength, making the
local refractive index increase with the power until satura-
tion. Since the suspension is inside the microcavity, and the
microcavity has a finite volume (Appendix A, Fig. 6). This
means it is difficult to produce particle aggregation by relying
on the thrust in the case of m < 1. Therefore, the mainly
discusses on the nonreciprocal phenomenon is on m > 1. Dis-
cussion on parameters such as microcavity size is provided in
Appendix A.
Nonlinear coupling mode theory (NCMT) is used to elu-
cidate the generation of nonreciprocity [27]. To simplify the
analysis, o, = wj, = wy is assumed and @ and b represent the
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field amplitudes in the two cavities. In addition, (|""et| <
no

10~%) is defined as a linear condition because the change in
refractive index is subtle that the nonlinear effect is negligible.
In the nonlinear regime, a shift of the resonance frequency
is observed due to the changing in effective refractive index
of nanosuspension in cavity A. For the heterostructure, the
NCMT equation describing the forward and backward inci-
dent, respectively, in frequency domain is

la>
w_(wa_yaed0)+iya —K

N
S
N—

—K w—wp+ iy

_ _i\/ KeaAin (8)
B _i\/ KebBin ’
where i? = —1, Kea(eby 18 the loss rate for the coupling

between cavity A(B) and the environment. A;j,(Bj,) is the
incident light field for forward and backward incident; y,) =

Ya(b)/2 and exp(%) is the nonlinear term, where dj is the
nonlinear factor. For forward incident, B;, = 0, and for back-
ward incident, A;, = 0.

Then the effective susceptibility x in the nonlinear regime
can be derived as:

nl __ —K
X = B :
[@ — (0 — Va€ © ) + iva](@ — @3 + i) — k2
&)
From Ref. [21], |t| = |%| = |, //ce;,/cmxtnlL the transmittance

T = |t]* x |in1|2 for forward |er}l'|2 and backward |)(t'}]1|2 in-

cident. Due to the asymmetric @ of the opposite incident, X;‘fl

and X,‘})l is not identical.

To elucidate the nonlinear transmittance behavior of the
proposed structure, we calculate | x, |2, | x;‘fl 2, and | x|* under
different P;,. In Figs. 2(c) and 2(d) there are two resonance
peaks for | x;|? in linear regime (blue dashed line). The longer
wavelength peak is designated as peak I, whereas the shorter
wavelength peak is designated as peak II. The weak coupling
condition with low coupling coefficient « and only one peak
is described in the Appendix B Fig. 8. Whereas, in nonlinear
case, peak I and II of | Xt“}|2 (red solid line) and | x| (black
solid line) have red-shift bending relative to the linear case.

The bending of peak I for | in}|2 is more obvious than that

of peak I for |x™|%. The difference in bending between the

two directions becomes more significant with the increasing
of P, from 0.15 [Fig. 2(c)] to 0.19 [Fig. 2(d)]. Furthermore,
the bending degree of peak II for |x/}|* is slightly larger than
that for |X,'}1|2-

In Figs. 3 and 9 (Appendix B), | X[‘}HZ (red solid line) and

| )(t“bl|2 (black solid line) as a function of P, at A = 734.2 nm
is shown. Distinct optical bistable loops are characterized
by three segments: lower, middle, and upper branch. As the
incident power P, increases and reaches the terminus of the
lower branches, which is defined as the switch-on threshold,
there is a sharp switch to the upper branch, indicated by
orange arrows. Whereas, as P, decreases to the terminus
of upper branches, designated as switch-off thresholds, there
is a dramatic drop to the lower branch, indicated by blue

4 %1028
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FIG. 3. Optical bistability of the microcavity structure. The
orange and blue arrows highlight the switch-on and switch-off be-
haviors at the optical bistability thresholds, respectively. The red line
represents forward incident, and the black line represents backward
incident.

arrows. Within this bistability region, even minor perturba-
tions can induce a transition to the more stable upper or
lower branches. The difference between the switch-on and
switch-off thresholds defines the bistable width. Furthermore,
the bistable width of | X;‘; 2 is found to be narrower than that

12
of [x31°

III. NUMERICAL SIMULATION RESULTS
AND DISCUSSION

COMSOL MULTIPHYSICS is used to simulate the relationship
between wavelength and transmittance for both incident di-
rections, the details of the model are shown in Appendix A.
Here, two-dimensional (2D) models are used instead of 3D
models, which can simplify calculations. When the height of
a structure exceeds the skin depth of surface plasmon po-
laritons (SPPs), which is the case in real photonic devices,
the impact of structure height on the losses in the 3D model
can be approximated using a 2D model. The material losses
exhibit minimal variation when the height of the waveguide
exceeds 200 nm. This observation indicates that the waveg-
uide’s height no longer significantly impacts material losses.
Remarkably, even as the waveguide’s height approaches infin-
ity, material losses remain constant—a scenario akin to a 2D
simulation [28]. In the system, the radii of cavities A and B
are 750 nm, and the widths of waveguides are 125 nm. The
coupling characteristic can be tuned by adjusting the gap d,
between the double cavities [29]. To maintain strong coupling,
the distance d between the two cavities is set at 20 nm. The
refractive index of the silver film is obtained from Ref. [30].
Refractive index of the cavities n, = 1.52, n, = 1.33. Fur-
thermore, to validate the universality of the conclusion, an
alternative method of waveguide indirect coupling has also
been included in the Appendix C (Fig. 10). From the NCMT,
strong coupling between twin cavities leads to a significant
mode splitting in wavelength domain. As shown in Fig. 4, two
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FIG. 4. Transmittance for linear case (blue dashed line), forward incident (red asterisk) and backward incident (black line), when the
incident power equals to (a) 7.1 GW/cm? and (b) 8.4 GW /cm?. The radii of cavities A and B are 750 nm, and the widths of waveguides are

125 nm. To maintain strong coupling, d is 20 nm.

splitting transmittance peaks appear at 723.3 nm and 731.9 nm
in linear regime, denoted by blue dashed line. Under nonlinear
regime, when P, increases to 8.4 GW /cm? [Fig. 4(a)], two
transmittance peaks show bending toward longer wavelength.
Moreover, the two peaks exhibit disparate sensitivities to vari-
ations in P,,. Compared to the backward incident (black line),
the bending in peak I is more significant for the forward
incident (red asterisk), attributable to the sequence of light
interacting with the nonlinear cavities. This also supports
that nonlinearity breaks the reciprocity and leads to an irre-
versible transmission process. As P, further increasing to
8.4 GW/cm? [Fig. 4(b)], the bending of the transmittance
peaks become more prominent. Peak I demonstrates that
the power increment enhances the nonreciprocal transmission
brought about by the nanosuspension.

To further elucidate the characteristics of optical bistability
in the system, transmittance for forward and backward inci-
dent under varying Py, at A = 732.8 nm is studied, as shown in
Fig. 5(a). To compute the two stable branches of Fig. 3, each
simulation step of the incident power is calculated from the
previous step value obtained. In Fig. 5(a), the optical bistable
loops including increasing (decreasing) step for forward [blue
triangle (red asterisk)] and backward [green rhombus (black
circle)] incident are observed. When P;, gradually increases
to about 8.48 GW/cm? and 11.1 GW /cm? (switch-on thresh-
olds), the transmittance curves switch from the lower branches
to the upper branches. However, when P,, decreases from a
higher value to a lower value, the transmittance curves do
not drop until P, reaches 6.93 GW /cm? and 9.33 GW/cm?
(switch-off thresholds). In fact, the switch-on and switch-off
threshold for backward incident locate at higher P;, than those
for forward incident. In addition, the simulation results in

Fig. 5(a) are consistent with the theoretical modeling results
discussed in Fig. 3. The optical bistability property is also
reflected in the asymmetric response to the Gaussian pulse
[31], where assuming the pulse duration t is longer than the
cavity mods rise time, and the nonlinear response caused by
the suspension is smaller than the optical period, as shown in
Fig. 5(b). Response of the structure to the Gaussian pulse is
asymmetric, i.e., there are two thresholds for the increasing
and decreasing incident power in the bistability.

IV. CONCLUSION

In conclusion, the optical characteristics of a MIM slab
with nanosuspension is studied theoretically. It exhibits dis-
tinctive nonlinear optical response under the optical gradient
force. This response instigates dynamic modulation of the
slab’s effective refractive index, with significant implications
for light manipulation at the microscale. The nonuniform
electric field distribution caused by forward and backward
incident results in an incident-direction—dependent refractive
index, and this asymmetry is responsible for the observed
irreversible transmission characteristic. The nonlinear char-
acteristics of the proposed system are described by NCMT,
including the optical bistability caused by optical gradient
force. The findings reveal that the switching thresholds for
backward incident are than those for forward incident, the
modeling borne out by our numerical simulations. Further
analysis suggests that the structure would produce nonrecipro-
cal transmission response to a Gaussian pulse incident with a
duration greater than the material response period. This work
provides the theoretical understanding of optical nonlinearity,
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as well as potentially broadening future applications of non-
linear optical devices.
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APPENDIX A: METHODS AND FEASIBILITY
OF PARAMETERS

The numerical simulations in the main text use the
ELECTROMAGNETIC WAVES FREQUENCY DOMAIN module of
COMSOL MULTIPHYSICS. A 2D model as shown in Fig. 1(a)
was created, with a rectangular simulation region of di-
mensions 5 um x 2.5 um surrounded by perfectly matched
layers. Both circular cavities have a diameter of 1500 nm. The
waveguide width on either side of the microcavity is 125 nm,
maintaining a distance of 30 nm from the microcavity, and the
separation between the two cavities is kept at d = 20 nm. Cav-
ity A is designated as a nonlinear cavity with a particle number
density of n = 1.9 x 10" cm™3. The nonlinear behavior of
the suspension is obtained from Eq. (6), where n, = 1.33,
np = 1.52, and the particles in the suspension are assumed to
be spherical with a diameter of d, = 20 nm. The refractive
index of B is set to n;, = 1.33. The refractive index of the
silver layer is taken from Ref. [30]. Numeric port conditions
are set as the light source, and to achieve bistable behavior,
different input powers are set in the auxiliary sweep.

In the design of the structure, the size of the cavity di-
rectly determines the resonance wavelength and the intensity

of the output light, as well as the volume of liquid that
can be accommodated, which in turn affects the nonlinearity
strength. As shown in Fig. 6, the change of the diameter of
two microcavities is calculated by COMSOL, while keeping the
distance between the double cavities and the distance between
the cavity and the waveguide unchanged. The dependence
of the resonance wavelength and the transmittance on the

1200
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FIG. 6. Resonance wavelengths (red triangle) and transmittances
(black square) corresponding to different sizes of double cavities.
The widths of waveguides are 125 nm. Distance d between the two
cavities is set at 20 nm and refractive index of the cavities n, = 1.52,
n, = 1.33.

013509-6



OPTICAL-GRADIENT-FORCE-INDUCED NONLINEARITY ...

PHYSICAL REVIEW A 110, 013509 (2024)

(@)
0.25
A=7328nm
0.20
Te — T,
5 150 = Lr=Te)
% 015 | (Tf i1 Tb)
g
8 oo}
3
2
0.05 -
0.00
1 2 3 4 & 6 7 8 9
P, (GW/em?)

(b)

0.10

—v— d=60 nm

—*— d=40 nm
0.08  —®— d=20 nm
[ A

0.06 -

Transmittance
= ]
(-]
s
T
| |
¥
e
¥
{ |

720 724 728 732
A (nm)

FIG. 7. (a) Forward and backward transmission isolation rates for a two-cavity structure using a microcavity with a diameter of 1500 nm,
a particle number density of n = 1.9 x 10" cm™, and d = 20 nm (using the same parameters as in the main text). (b) Comparison of
transmittance when varying only the microcavity spacing d for an incident power of 1 x 107> GW /cm? (linear condition).

microcavity diameter is obtained. The cavity diameter is
positively correlated with the resonance wavelength (red tri-
angle), but negatively correlated with the transmittance (black
square).

The choice of the appropriate microcavity size also needs
to consider the nonlinearity strength. For the microcavity with
a diameter of 1500 nm and the resonance wavelength in red
light range, the transmission intensity is not too weak. For
particle selection, in the main text, we used polystyrene mi-
crospheres with a diameter of d,, = 20 nm, forming a particle
number density of n = 1.9 x 10" cm™>. In Eq. (5) of the
main text, the exponential law only applies to situations with
relatively low concentrations (or filling factors) because the
diffusion equation itself neglects the interactions between par-
ticles [24]. This requires the size of the microspheres is much
smaller than the mean-free path, at room temperature and
standard atmospheric pressure, the mean-free path between
particles is calculated as [32]:

= 2962 nm, (A1)

L=—————
«/End,,zn

which is more than ten times the particle diameter,
allowing the interactions between particles to be neglected,
meeting the low concentration assumption in Eq. (5). The
depth of the cavity is assumed to be 500 nm The percentage of
the particle volume in the microcavity is, consistent with the
order of magnitude of the filling factor in Ref. [23]. Despite
the adoption of the low concentration assumption, the COMSOL
model in the main text still exhibits significant nonlinear ef-
fects, resulting in noticeable changes in refractive index. This
results in nonreciprocity (Fig. 7). The strength of nonreciproc-
ity is represented by the isolation parameter ISO [33], The
normalized isolation parameter defined as: piso = (Ty — 1p,)/
(Ty + Tp).

In addition to the size and particle density of the microcav-
ity, the coupling strength between microcavities should also

be discussed. Here, the coupling strength is mainly influenced
by the distance d between the microcavities. The smaller
the distance, the greater the coupling strength between the
cavities. As shown in Fig. 7(a), a microcavity with a diameter
of 1500 nm is chosen here, with an incident intensity of
1 x 1075 GW/cm? (under linear conditions). Increasing the
coupling strength leads to the splitting of the transmission
peak. Specifically, when the mode frequencies of two optical
resonant cavities are close, if the coupling strength between
them is greater than the system’s loss rate, then these two
modes will interact, resulting in band splitting [29]. The
distance between the two cavities determines the coupling
strength. This splitting manifests as two separate peaks in
the spectrum, with the size of the splitting determined by the
coupling strength—the larger the coupling strength, the more
pronounced the splitting. In the main text, we introduced the
situation of strong coupling nonreciprocity, where a smaller d
under strong coupling results in stronger transmission, while
weak coupling requires an increase in d, leading to lower
transmission efficiency. However, weak coupling exhibits a
more distinct switching power threshold, which we discuss in
detail in the next section. The choice of d depends on whether
the design requirements lean towards transmission intensity or
nonreciprocity.

APPENDIX B: OPTICAL NONRECIPROCITY
FOR WEAK COUPLING CONDITIONS

In the double-cavity system, the coupling strength k affects
the distribution of the coupling modes, and the weak coupling
mode is generated by reducing k, which is manifested as the
increase of the gap d between the double cavities. The weak
coupling mode also produces a nonreciprocal phenomenon
similar to Fig. 2. As shown in Fig. 8, the two resonance peaks
merge when the gap between the double cavities. Unlike the
strong coupling case, the weak coupling condition produces a
nonreciprocal forward and backward incident power with an
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FIG. 8. d = 80 nm for the weak coupling condition of transmittance, (a) 2 GW /cm? for forward incidence (red asterisk) and backward
incidence (light gray line) of the transmittance, and the blue dashed line represents the transmittance for the linear condition. (b) Transmittance
for backward incidence condition 17 GW /cm? (light gray line) and 26 GW /cm?, blue dashed line represents the transmittance for the linear
condition, and the blue dashed line represents the transmittance for the linear condition.

order of magnitude difference, and only 2 GW /cm? can cause
the microcavity to have nonlinear effects when the incident
is forward, while the incident is almost linear when the inci-
dent is backward (Fig. 8). And the backward incident power
that produces obvious nonlinear effects requires 26 GW /cm?,
which has a better directional distinction in nonreciprocity, but
the increase of the gap between the double cavities also leads
to the decrease of the overall transmittance.

Using the NCMT theory to calculate the bistable loop of
the weakly coupled mode also verifies the stronger nonre-
ciprocal distinguishability of the weakly coupled mode in
the numerical simulation. Without changing other parame-
ters, let k = 0.2 x 1013 rad/s, and Fig. 9 is obtained, where
the orange arrow represents the switching threshold of the
upper branch of the normal incidence, and the blue arrow
represents the switching threshold of the lower branch. The
rising threshold (switch-on) and falling threshold (switch-off)
of the normal incidence (red line on left side) are one order
of magnitude lower than the rising and falling thresholds of
the reverse incidence (black line on right side), and the same
as the strongly coupled mode is that the bistable loop of the
normal incidence is narrower than the bistable loop of the
reverse incidence.

APPENDIX C: DIFFERENT WAVEGUIDE
COUPLING METHODS

The numerical simulation of the nonreciprocal effect in-
duced by the nanosuspension with other coupling methods
further expands the applicability of the theory. As shown
in Fig. 10, interconnecting waveguides directly coupled into
the microcavity, and indirect evanescent wave coupling can
also excite the strong coupling resonance of the dual cavity.
Figure 10(a) shows the electric field distribution when the

nonlinear effect occurs at the low-energy resonance peak,
and the different electric field intensities of the forward and
backward incidence result in the nonreciprocity. The non-
reciprocity of the structure can be more clearly seen from
the transmittance [Fig. 10(b)], and the nonreciprocal behavior
of the indirect coupling is similar to that of the waveguide
direct coupling, where the nonlinearity is more obvious at the
low-energy peak, and the forward incidence is more likely

-27
x10
8 T T T T
_| nl|2_| nl|2
Xyl T
8><10'27
— I — )
~ “if th
= o
RS
=
o
=

Xy

0 0.1 0.2 0.3 0.4 0.5
P

in
FIG. 9. Optical bistability of weak coupling condition. The
orange and blue arrows highlight the switch-on and switch-off be-
haviors at the optical bistability thresholds, respectively. The red line
represents forward incident, and the black line represents backward
incident. The inset is an enlarged view of the range of the forward
incident bistable loop.
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FIG. 10. Interconnecting waveguides directly coupled into the microcavity to form indirect evanescent wave coupling. (a) Electric field
distribution at the peak of the low-energy resonance under forward (left) and backward (right) incidence conditions when nonlinear effects
occur. (b) Transmittance for linear case (blue dashed line), forward incident (red asterisk line) and backward incident (black line), when the
incident power equals to 2 GW /cm?. (c) The optical bistability of the transmittance as a function of for forward and backward incident. The
blue (solid triangle) and red (hollow triangle) lines on left side represent the rising and falling branches of forward incidence, respectively.
Correspondingly, the green (solid rhombus) and black (hollow rhombus) lines on right side represent the rising and falling branches of backward

incident, respectively.

to reach the nonlinear threshold. The same bistable loop can
be obtained [Fig. 10(c)], and the different switching thresh-
olds of the forward and backward incidence are verified. In

addition, this evanescent wave coupling method has a higher
transmittance, which can ensure the quality of the output light
while applying the nonreciprocal phenomenon.
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