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The nonreciprocal properties of coupled nanocavities incorporating a gain medium were investigated. The
proposed coupled nanocavities can be considered as a photonic non-Hermitian heterostructure. Our study shows
that the nonlinearity arising from gain saturation plays a crucial role in dictating the transmittance characteristics.
With increasing optical excitation intensity, the transmittance for the forward and backward incident directions
exhibits a distinct evolution, ultimately leading to broken reciprocity. Furthermore, there exist both stable and
metastable states of cavity modes, and these two states coalesce under a strong optical nonlinear effect. The
coalescence of these two states can be attributed to the intricate interplay between the gain saturation nonlinearity
and mode coupling, thus giving rise to different nonlinear optical characteristics. Our findings offer valuable
insights into nonreciprocal phenomena such as optical bistability, and have potential applications for innovative

devices with tunable optical properties.
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I. INTRODUCTION

Nonreciprocity, viz., asymmetric received-transmitted field
ratios between the exchangeable source(s) and detector(s) [1],
is omnipresent in physics, such as acoustics [2—4], electronic
circuits [5,6], and photonics [7-12]. As a typical way to
realize nonreciprocity, nonlinear materials with electric field
intensity-dependent permittivity can produce different per-
mittivity responses under the asymmetric field distributions
of the systems [13,14]. While the Kerr effect is a widely
recognized source of nonlinearity, recently, gain saturation
has offered an alternative insight for exploring nonreciprocal
transmission [15-19]. Generally, a gain medium is employed
to amplify the light intensity via stimulated emission. How-
ever, the output intensity does not increase limitlessly, as the
field intensity affects the gain coefficient. Once the field inten-
sity reaches a certain value, known as the saturation intensity
of the gain materials, the amplification effect weakens [20,21].

By incorporating the gain saturation effect in non-
Hermitian optical devices, there have been experimental
demonstrations of nonreciprocal transmission in coupled cav-
ities [22,23]. In addition, several studies have highlighted the
optical bistability in coupled laser systems, facilitating the
advancement of optical switching applications [24-26]. Nev-
ertheless, the underlying mechanism and dynamic physical
processes of nonreciprocal transmission and optical bistability
in a coupled heterostructure with gain saturation effects still
need to be explored in detail.

Here, we present a comprehensive investigation of the gain
saturation nonlinearity that arises in gain media under differ-
ent incident powers. First, the nonlinear coupled-mode theory
(NCMT) equations are solved, revealing the intricate dynamic
processes through which this type of nonlinearity influences
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the optical characteristics of weak- and strong-coupled mul-
tilayer heterostructures. Then, our study demonstrates the
concurrent achievement of nonreciprocal transmission and op-
tical bistability via both a theoretical analysis and simulations.
The findings of this research show considerable potentials for
various applications, including all-optical quantum compu-
tation, communication systems, and time-modulated optical
pump-probe experiments [27,28].

II. THEORY

To investigate the gain saturation in a non-Hermitian
coupled cavity system, we design a multilayer thin-film het-
erostructure as illustrated in Fig. 1. The structure comprises
five layers, denoted from top to bottom as [y, I, I3, l4, and
Is, with respective thicknesses L;, L, L3, L4, and Ls. In our
configuration /1, I3, and 5 are silver layers, whereas I, serves
as the gain material and /4 is the passive dielectric layer with
refractive indices n, and n4, respectively. When the incident
power is too weak to trigger a significant change in permit-
tivity (A e/e < 107%), the gain saturation nonlinearity can be
neglected. In this case we assume that the system is in a linear
regime. When /\ &/e > 1074, the system is in a nonlinear
regime. Furthermore, we define the forward incidence as light
propagating from /; to /s, while the backward incidence cor-
responds to light traveling from the opposite direction. The
light is confined within layers /, and /; by the silver layers,
so the proposed structure can be conceptualized as a pair of
Fabry-Pérot microcavities with resonant frequencies w, and
wp. To simplify the calculation, let w, = wp, and the decay
rates of two microcavities are designated as Y, and Y. The
coupling strength x between the two microcavities is deter-
mined by the thickness of layer Ls [29]. In both a theoretical
analysis and simulations, the silver layers can be described
by the Drude model, where the high-frequency dielectric con-
stant is 3.7, the plasma frequency is 2.2x10'5 Hz, and the
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FIG. 1. Schematic of the multilayer thin-film heterostructure.
Each layer from the top view side to bottom is denoted as [y, b, I3, l4,
and /s, respectively, in which /1, /3, and /5 are the silver, [, is the gain
layer, and I, is the passive dielectric layer. Light incident from /; is
defined as forward incident while from /s it is defined as backward
incident.

damping coefficient equals 4.3524 x 10'2 Hz [30]. Also, n4 =
1.5, Ly = Ls =30 nm, L; = 80 nm, and L, = Ls; = 800 nm.
When L; = 80 nm, there is weak coupling between the two
nanocavities leading to a single common resonant mode [29],
while strong coupling is achieved with thinner L3, and is
described in the Supplemental Material (SM) [31]. The light
is set as normal incident. Due to the complex permittivity of
silver in the optical range, the system is non-Hermitian [32]

In the steady state, the complex field amplitudes @ and
b of light in coupled cavities can be described by nonlinear
equations of motion. For the proposed heterostructure it can
be expressed in the frequency domain as [23,33]
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in which gy is the small-signal gain, I, is the gain saturation
intensity, and y,) = Y.)/2. Here, go is set as 10'* and I is
2.5%10%’. For forward incidence e; = —i/kKeaf ™™ and e, = 0,
whereas for backward incidence ¢; = 0 and e, = —i\//c_e;,bi“,
where f" and b™ are the incident light fields of the forward
and backward incident directions, respectively, Keq(») 1S the
loss rate for the coupling between cavity a(b) and the envi-
ronment, and 2 = —1. The incident power of two incident
directions is defined as Py, = | finl® = |bin]>.

For the NCMT, the transmittance 7™ is proportional to
XM 1341,
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in which ™ represent the transmission coefficient, and
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Thus, the transmittance from |, "2 can be derived. Due to the
difference of @ of forward and backward incidence, |y, 2 of

forward (| x " Xit 112) and backward (| Xb "12) are not the same, which
causes nonremprocal transmission in the nonlinear regime of
the system.

By solving Egs. (1) and (3) under different normalized
incident powers with n, = 1.5, we calculate | X 112 and X5 12,
represented by a red solid circle and black open mrcle respec-
tively, as depicted in Fig. 2. From Fig. 2 the solutions of both
|x#|> and | x/}|> exist in two states. One is the balloon-shaped
state whereas the other one is the continuous state. Here,
we define them as metastable and stable states, respectively.
As the normalized incident power increases from 0.02 to
0.33, the two stable states experience a transition whereby
they initially appear indistinguishable, but progressively, the
forward gradually exceeds the backward. Concurrently, the
higher values of two metastable states decrease and approach
that of the stable states. Notably, the black balloon (backward)
exhibits a more pronounced decline, ultimately intersecting
the red balloon (forward), as depicted in Figs. 2(a) 2(c). In
Fig. 2(d) at P, = 0.45, the two separate states of | X 12 merge,
resulting in a sudden jump up in the |x"|* value at the merg-
ing points (A = 425.3 nm and A = 427.1 nm), while the two
states of | x,}, "2 remain separated. At a higher incident power of

P, = 0.75 [Fig. 2(e)], the black balloon and its corresponding
stable state of | x/!|* merge. In the region between the merging
points, |x™|* is larger than |x|?, attributable to the higher
values of the black balloon. Finally, the difference between
|X 112 and | Xib 112 tends to reach an equilibrium when the in-
01dent power causes the separated states of both forward and
backward incidence to merge, as illustrated in Fig. 2(f) where

Pn,=1.1.

We further study the characteristics of | Xiy and |x/;
independently, where n, = 1.5 with the normahzed incident
power at A = 426.7 nm (Fig. 3). From Fig. 2, in the wave-
length domain the bistability can be found where the balloon

appears. The red solid line represents |, 112, while the black
nl |2
.

1|2 1|2

solid line represents | x,;,|~. From Fig. 3, we can see that both
the red and black curves have three branches, indicative of
bistable behavior, in which the middle and the upper branches
exhibit steep gradient branches. Owing to the instability of the
middle branches, abrupt increases and drops are observed at
the endpoints of the upper and lower branches, as indicated
by the red and black dashed arrows. These endpoints are de-
fined as up and down thresholds, respectively. Consequently,
the bistable width is the disparity between the up and down
thresholds. In addition, despite the similar shapes, the black
curve exhibits a more extensive bistable width compared to
the red curve, with its up threshold occurring at a higher power
value. This also corresponds to the higher values of the black
balloon relative to the red balloon in Fig. 2.

III. RESULTS AND DISCUSSIONS

To elucidate further the optical response of the proposed
structure, we perform a simulation using COMSOL MULTI-
PHYSICS. In the simulation, we use the continuous wave (CW)
as the excitation. The refractive index of a material can be
expressed as n = n, F ik, where the F indicates whether the
material is gain or loss, and the amount of gain or loss is
reflected by the non-Hermiticity component k. To consider the
nonlinearity effect of the gain material from gain saturation,
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FIG. 2. |x"|* of forward |x}|*

and backward |)(t‘},l 2 incidence at (a) P, = 0.02, (b) P, = 0.2, (¢) P,y = 0.33, (d) P,, = 0.45, (e) P, = 0.75,

and (f) P, = 1.1. The red solid circle stands for the | X,“jl-lz, whereas the black open circle stands for the | x,"bl |2. The inset boxes in (a)—(d) present

an enlarged view of the stable states.

the complex permittivity of gain materials can be written
as [35]

) —k? — 2ikn,
&E=n, 7, 4
I+ |Eq?

in which |E| is the electric field within the gain medium,
whereas |Eq|*> is the saturation field intensity associated
with the gain material. In the simulation, the refractive in-
dex in [, is set as np, = 1.5 — 0.015;{ with Eg,; assumed as
=107 V/m [36].

We obtain the transmittance in arbitrary units (a.u.) of
forward and backward incidence under different incident pow-
ers, in Fig. 4, in which the red solid lines stand for forward
incidence, whereas the black dashed lines stand for back-
ward incidence. When the incident power increases from
0.005 GW /cm? [Fig. 4(a)] to 0.375 GW/cm? [Fig. 4(c)],

x1072°
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FIG. 3. Optical bistability of |x|* and |x/;|* with the normal-
ized incident power P, at A = 426.7 nm. The inset box presents an
enlarged view of the up thresholds.

the transmittances of both forward and backward incidence
exhibit a slight increase, with the forward transmittance be-
ing progressively greater than the backward one due to the
considerable influenced by the nonlinear effect. The char-
acteristics of the transmittance curves in Figs. 4(a)-4(c) are
well consistent with the stable states presented in Figs. 2(a)—
2(c). Furthermore, this suggests that prior to the merging
of the two states the metastable states are unobservable, so
only the stable states can be observed. When compared with
Figs. 4(a)-4(c) the forward transmittance in Fig. 4(d), viz.,
P, = 0425 GW/cmz, has an abrupt 6.5 times increase at
A = 426.3 nm, while the backward transmittance remains at
a relatively low value of ~1.65. This transformation can be
attributed to the merging of the red “balloon” with the sta-
ble state, causing the metastable state to become observable
between the two merging points. Consequently, the trans-
mittance experiences an abrupt increase, and the forward
transmittance curve assumes a narrow columnar shape at
the two merging points, as indicated by the blue arrows in
Fig. 2(d). However, a similar transformation for backward
transmittance occurs at P, = 1.1 GW/ cm?, causing the back-
ward transmittance to in turn exceed that of the forward
[Fig. 4(e)]. Figure 5 shows the electric field distribution of for-
ward (red curves) and backward (black curves) incidence (A =
426.3 nm) along the z direction with different incident power
values that are sufficiently intense to induce significant nonre-
ciprocity. When P, = 0.425 GW /cm? [Fig. 5(a)], the output
field of forward incidence is higher than that of backward in-
cidence. In contrast, when P,, increases to P, = 1.1 GW/ cm?
[Fig. 5(b)], the backward output field is higher. The field dis-
tribution results are similarly reflected in Figs. 4(d) and 4(e).
At a higher incident power at P, = 1.5 GW /cm?, both trans-
mittance curves settle into their respective steady shape, as
shown in Fig. 4(f).
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FIG. 4. Transmittance of forward (red solid line) and backward (black dashed line) incidence when (a) Py, = 0.005 GW /cm?, (b) Py =
0.25 GW/cm?, (c) P,, = 0.375 GW /cm?, (d) P, = 0.425 GW/cm?, (e) P, = 1.1 GW/cm?, and (f) P,, = 1.5 GW /cm?.

Additionally, in the simulation the dependence of the in-
cident power of optical bistability at A = 426.5 nm in the
transmittance of forward and backward incidence is obtained.
In Fig. 6, the red/black curves are the forward/backward
transmittance, where the cross-marker (circle-marker) curves
stand for the gradually increasing (decreasing) step. In each
simulation step, the incident power is calculated according to
the incident power from the previous step. For increasing steps
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FIG. 5. Electric field distribution along the z direction at
A =4263nm when (a) P, =0.425GW/cm®> and (b) P, =
1.1 GW/cm?. The forward incidence is in red, while the backward
incidence is in black. [, I3, and /s are the gray-shaded areas, respec-
tively. The light-blue-shaded regions are /, and /4.

(viz., incident power), the red and black cross-marker curves
have a sudden increase at 0.39 and 1.078 GW /cm?, respec-
tively, which are the up thresholds for forward and backward
incidence. Conversely, for the decreasing step, the transmit-
tance for the two incidences decreases abruptly from about
256 to 1.4 at the down thresholds: 0.021 and 0.057 GW/cmz,
respectively. The asymmetric increase and decrease thresh-
olds give rise to a bistable loop in transmittance. As a result
of distinct cavity field amplitudes and weak coupling for the
two cavities, the backward incidence necessitates a higher
power to achieve an equivalent gain saturation effect in cavity
a as compared to the forward incidence, which leads to a
larger bistable width for backward incidence. The simula-
tion outcomes, including the dynamic processes across the
wavelength domain and optical bistability about the incident
powers, exhibit excellent agreement with the theoretical anal-
ysis in Sec. IL.

300
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o
o

—_
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Transmittance (a.u.)

2
Pin (GW/cm®)

FIG. 6. Optical bistability of forward (red) and backward (black)
incidence with the incident power P, at A = 426.5 nm. The red
and black cross-marker lines are obtained by gradually increasing
power, whereas the red and black circle-marker lines are obtained by
gradually decreasing power.
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FIG. 7. Optical bistability loops at . = 426.5 nm, with gradually
increasing power (indicated by upward arrows) and decreasing power
(indicated by downward arrows) simulation steps, and different k of
(a) forward and (b) backward incidence. The red, green, and blue
curves represent k = 0.015, 0.0155, and 0.016, respectively.

Figures 7(a) and 7(b) show optical bistability loops at A =
426.5 nm, with gradually increasing power (indicated by up-
ward arrows) and decreasing power (indicated by downward
arrows) simulation steps, and different k for forward and back-
ward incidence. Bistability loops with higher k values have
larger up and down thresholds. Compared with forward inci-
dence, the bistability loops of backward incidence have larger
thresholds. Moreover, the differences in the up thresholds
(highlighted by the rectangular frame) are more significant.

IV. CONCLUSION

In this paper, we show that nonreciprocity can be achieved
in coupled nanocavities when one of the dielectric layers is
a gain medium. Both nonreciprocal transmission and opti-
cal bistability in the coupled heterostructure are driven by
gain saturation nonlinearity. By solving the NCMT, we have
uncovered the dynamic processes that govern the optical char-
acteristics over a range of incident powers. Optical bistability
arises from the merging of stable and metastable states, while
nonreciprocity emerges due to the distinct merging thresh-
old powers required for forward and backward incidence. As
incident power increases, the metastable state progressively
approaches the stable ones, and once reaching a particular
power value, two states coalesce. This leads to a sudden
increase in the transmission spectra as the metastable state
becomes observable after merging with the stable state. In
addition, under weak coupling the metastable state of back-
ward incidence appears at a higher incident power than
the forward incidence, thereby precipitating the nonrecipro-
cal transmission of the system, whereas the two splitting
modes under strong coupling have higher values of the
metastable state for forward incidence. Our results demon-
strate the significant role of gain saturation nonlinearity in
governing the transmittance of light for both forward and
backward incident directions as the incident power becomes
dominant. The good agreement between the theoretical anal-
ysis and simulations reinforces the validity of our findings
and their implications for understanding the intricate inter-
play of nonlinearity and mode coupling in such photonic
systems.
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