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ABSTRACT
Exciton–polaritons in optical cavities exhibit strong nonlinearities predominantly because of the third-order Kerr-like interactions mediated
by the excitonic component. Under quasi-resonant excitation, depending on the energy of the incident laser, it results in the optical limiting
or bistable behavior. The latter phenomenon is manifested by the hysteresis loop observed in the input–output power characteristics, when
a cavity is quasi-resonantly driven by a laser field. The direction of the loop is typically counterclockwise when increasing and subsequently
decreasing the optical power. In this work, we demonstrate the optical bistability with an inverted hysteresis direction. It is observed in an
exfoliated CdTe-based semiconductor microcavity when the frequency of the pumping laser is tuned slightly below the lower polariton mode.
This unusual behavior is caused by the interplay of the suppression of strong coupling and the redshift of the lower polariton mode energy
when increasing the incident power. We show that under these conditions, the polariton microcavity can be used as an optical limiter. All
of the experimental observations, the shape and the direction of the hysteresis and the optical limiting behavior, are fully supported by a
theoretical model.
© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0136380

I. INTRODUCTION

The resonant nonlinear effects are extensively explored in
optical microcavities due to their variety and wide range of
applications.1,2 Two of the most fascinating phenomena include
optical bistability and optical limiting.

Bistability is a property of a system that has two stable, station-
ary states for a certain range of conditions. It is a widely studied
phenomenon in nonlinear physics. It can occur in systems that
exhibit memory.3,4 Bistability manifests itself by the formation of a
hysteresis loop when the parameters of the system are adiabatically
changed. Concerning optical systems, the bistable behavior arises
when a nonlinear medium is incorporated in an optical resonator,4
which has been widely studied in different configurations.5–7

Apart from that, the optical bistability appears also in diverse
systems, e.g., cold atoms,8–10 lasers,11–13 photonic structures,14,15

VCSELs,16–18 semiconductor monolayers,19 metallic gratings,20 and

semiconductor microcavities in the strong coupling regime. In this
work, we concentrate solely on the last system. We report on the
observation of clockwise hysteresis loop, in contrast to the typical
behavior for this kind of structures.

Semiconductor microcavity containing quantum wells (QWs)
is an example of an optical resonator with strong nonlinear effects.
In the strong light–matter coupling regime, cavity photons mix with
excitons, forming quasiparticles called exciton–polaritons (in short,
polaritons). Polaritons, despite their photonic origin, strongly inter-
act with each other via Coulomb interactions due to the excitonic
component.

The optical bistability in microcavities in the strongly cou-
pled regime can result from the bleaching of light–matter cou-
pling, as theoretically predicted.21 On the other hand, bistability
more frequently results from the Kerr-type nonlinearity due to
polariton–polariton interactions.1,2,22–24 It can be realized under
various experimental conditions, typically with quasi-resonant
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pumping.22,23,25 Moreover, taking into account the polariton spin
degree of freedom and polarization of incident light, a multistable
behavior has been observed.26,27 Additionally, the bi- or multista-
bility of the polariton condensate can also be observed for the
non-resonant excitation of the system.28–30

Bistability has been widely studied because of the possible
applications of this effect in optical logic circuits,31,32 Ising-model
simulators,33,34 optical switches,35,36 or the construction of optical
transistors.36,37 The spin multistability of polaritons can be used to
construct a complete architecture of photonic logic gates.38

In the majority of experiments performed in microcavities
based on III–V semiconductors,22,39 bistability appears in the form
of a hysteresis loop, when the structure is pumped by a laser with
energy detuned slightly above the lower polariton mode. In such a
configuration, the polariton energy blueshifts with an increase in
the pump power and the system switches to a higher transmission
state when the polariton energy becomes locked to the laser energy.
With a subsequent reduction in the incident power, the system
remains locked in the higher transmission state for a certain range of
power before switching to the lower transmission state. This range
of bistability corresponds to a hysteresis loop in the input–output
characteristics. According to the description above, it results in a
counterclockwise dependence in the diagram of the output power
as a function of the input power.

In this work, we describe the inverted type of bistability that
we created in a CdTe-based microcavity. To show the novelty of our
results, it is useful to compare the experimental input–output power
characteristics measured at two different laser energies. Figure 1(a)
illustrates the dispersion relation of polariton modes, with quasi-
resonant laser energies marked with (1) and (2). When the energy
of the laser is above the lower polariton mode energy, as in the
case of (1), the measured input–output power characteristics are
presented in Fig. 1(b). It exhibits a counterclockwise direction and

FIG. 1. Types of bistability observed in the system. (a) Dispersion relation of polari-
ton modes (red lines) resulting from the strong coupling between the cavity photon
and quantum well exciton (dashed black lines). The colored dotted lines mark
two different laser energies (1) and (2). (b) Optical input–output characteristics
with a counterclockwise hysteresis loop measured at laser energy (1). (c) Optical
input–output characteristics with a clockwise triangular hysteresis loop measured
at laser energy (2).

qualitatively resembles the hysteresis loop reported previously in the
literature.22,39 However, when the laser energy is below the lower
polariton energy, as in the case of (2), the system develops another
hysteresis loop, which exhibits an unexpected shape. This new type
of optical bistability with an inverted (clockwise) hysteresis direc-
tion is shown in Fig. 1(c). As the input power is increased, the
transmitted light intensity increases linearly. Furthermore, the sys-
tem abruptly switches from the strong coupling regime to the weak
coupling regime, which is observed as a sudden drop in the trans-
mitted light intensity. As the excitation power is then reduced, the
system remains in the weakly coupled state for a certain range of
input power. This leads to the formation of a hysteresis loop with a
clockwise direction, opposite to the optical bistability observed due
to the Kerr-like nonlinearity.

Moreover, from the point of view of applications, the measured
input–output characteristics exhibit a behavior that is essential for
the so-called optical limiters.40–42 Optical limiting is an effect where
the transmitted light intensity does not increase above a certain
threshold pumping power. Optical limiters are useful elements in
photonic systems that allow low light intensities to pass but simulta-
neously protect sensitive elements by blocking high laser intensities.
Various physical effects can be used in optical limiters: multi-photon
absorption,43–45 reverse saturated absorption,46,47 self-defocusing,48

or nonlinear scattering.49,50 Optical limiting can be realized in a
wide range of structures, such as photonic crystals,51 micro-ring res-
onators,52 waveguides,53,54 microcavities,43,55 or microcavities in the
strong coupling regime.2,56

This work is organized as follows: Sec. II describes the prepa-
ration of the sample, with an emphasis on the exfoliation process of
a CdTe-based microcavity from a GaAs substrate. The experimen-
tal results are presented in Sec. III. These consist of the results from
quasi-resonant transmission intensity studies at different energies of
the incident laser and the angle-resolved luminescence as a func-
tion of excitation power. We theoretically explain all the effects in
terms of suppression of strong coupling and polariton energy reduc-
tion and compare them with the case of Kerr-type interactions in
Sec. IV.

II. PREPARATION OF THE SAMPLE
We studied a CdTe-based semiconductor microcavity in a

transmission configuration. The growth of such microcavities has
been carried out in two types of substrates: CdTe57–59 and GaAs,60

but both are nontransparent in the spectral region of excitons in
CdTe QWs. For this reason, the substrate (in our case, GaAs) has
to be removed after growth.

Typically, during the preparation of the semiconductor micro-
cavity samples for transmission measurements, the substrate is
mechanically thinned and polished.61 Another approach is chemical
etching, which has been performed on microcavities62 and on other
layered devices.63

Within this work, the sample was prepared using a novel
approach based on the lift-off method utilizing a sacrificial buffer
layer.64 The additional sacrificial layer, grown between the microcav-
ity structure and the GaAs substrate, allows for the water exfoliation
process to remove the nontransparent substrate and create a trans-
missive structure.65 The microcavities prepared in this way retain
a high optical quality, as evidenced by the observation of the strong
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FIG. 2. Process of creating a transmissive microcavity based on CdTe. (a) The transparent Al2O3 substrate sticking to the cavity, (b) the cavity with the new substrate
attached, (c) the cavity immersed in deionized water for about 24 h, (d) piling off the nontransparent substrate, and (e) the exfoliated cavity on the transparent substrate.

coupling regime and polariton condensation (see the supplementary
material).

In the investigated sample, a 90 nm MgTe sacrificial buffer layer
was grown between the substrate and the microcavity structure. The
water exfoliation method used to dissolve the hygroscopic MgTe
layer and for detaching the cavity from the substrate utilized in this
work is schematically presented in Fig. 2. At first, the semiconductor
structure was glued to a transparent sapphire (Al2O3) surface. The
size of the sapphire was larger than the microcavity. A drop of glue
was placed on the sample. Then, the sapphire surface was placed on
it so that the nontransparent GaAs substrate was on top, as shown in
Fig. 2(a). The stack was pressed against the sapphire. The excess glue
flowing to the sides was removed with a toothpick to allow water
to reach the MgTe layers in order to degrade the sacrificial layer
[Fig. 2(b)]. The structure was then placed in a beaker with water
and left for 24 h [Fig. 2(c)]. After that, the sample was dried with
nitrogen gas and left under ambient conditions for another 24 h.
Next, the nontransparent GaAs was detached, as shown in Fig. 2(d),
leaving the microcavity structure glued to the sapphire, as presented
in Fig. 2(e). Thanks to the use of the lift-off method, a CdTe-based
microcavity, grown on the nontransparent GaAs, was finally secured
on a transparent sapphire substrate.

In detail, the investigated semiconductor optical microcavity
structure consisted of two Bragg mirrors (DBRs), each made of
20 pairs of alternating CdTe layers alloyed with magnesium and
zinc. The 600 nm thick cavity between the DBRs was formed by a
(Cd,Zn,Mg)Te layer. Within the cavity layer, 6 CdTe:Mn QWs were
placed at the maxima of the electric field distribution.

III. EXPERIMENTAL RESULTS
The transmissive semiconductor microcavity obtained by the

wet exfoliation process was located in a cryostat at a temperature of
4.5 K.

Measurements were performed to determine the dependence
of the intensity of the light transmitted through the sample on the
power of the incident laser beam. Such input–output optical power
characteristics were collected at various energies of the laser, tuned
in the spectral region of the lower polariton mode. A linearly polar-
ized continuous wave laser beam from a tunable Ti:sapphire source
was focused on the sample using a lens with a focal length f = 25.4
mm. The diameter of the laser spot on the sample was around
12 μm. The transmitted signal was collected with a 50× microscope
objective with a numerical aperture of NA = 0.55. The incident
and transmitted laser powers were simultaneously measured by two
detectors: one placed before the cryostat and the second one behind

the sample. The laser power was changed in the range from single
microwatts to tens of milliwatts. The incident power was automati-
cally adjusted in a continuous manner with the angle of a half-wave
plate mounted on a programmable rotation stage before a linear
polarizer.

The input–output power characteristics, measured for differ-
ent laser energies, are shown in Fig. 3. Detuning is defined as the
energy difference between the laser energy and the minimum of
the lower polariton branch, δ = EP − ELP(k = 0). In the case of laser
energy (1), at δ = 4.1 meV, a hysteresis loop was observed in the
30–40 mW input power range. While increasing the power of the
incident laser, the system abruptly switched to a higher transmis-
sion state at around 38 mW. While reducing the incident optical
power, the system switched to a lower transmission state at around
33 mW, forming a hysteresis loop with a counterclockwise direc-
tion. Although the observed input–output characteristics resemble
the optical bistability originating from the Kerr-like nonlinearity of
lower polaritons, in our system, it has a different origin. As will be
discussed in detail in Sec. IV C, here, it is a result of the energy
crossing between the laser and the strongly redshifting upper

FIG. 3. Dependence of the optical power transmitted through the sample on the
input power measured for various energies of the incident laser. The lines num-
bered (1) and (2) show the input–output characteristics of two different types of
optical bistability for laser energies corresponding to Figs. 1(b) and 1(c). The plots
are spaced out in the vertical direction so that the first dependence in the figure
is in the original scale. The lines are labeled with the detuning between the laser
energy and the lower polariton mode minimum δ.
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polariton mode. As the laser energy is detuned closer to the
lower polariton, this hysteresis loop shifts toward higher pumping
powers.

As the energy was decreased to approach the minimum of the
lower polariton branch, the bistable behavior for the input power
around 30 mW moved away from the measured range of pumping
powers. Under these conditions, the system acts as an optical limiter.
For laser detuning δ = 1.0 meV above the lower polariton mode, the
transmitted light intensity increases almost linearly with the input
power up to 7.5 mW. Then, the optical limiting occurs, with the
transmitted power being almost independent of the excitation inten-
sity. At δ = 0 meV, the range of linear input–output dependence
increases to 10 mW. For higher pump intensities, the output power
slightly decreases and saturates.

When the laser energy is tuned below the minimum of
the lower polariton mode, a qualitatively different phenomenon
emerges. We observe a new hysteresis loop with the direction
inverted with respect to the common counterclockwise hysteresis.
It has a triangular shape and stems from a cusp formed at the
maximum of transmitted power. The appearance of a new type of
hysteresis is the result of physical processes that will be discussed in
detail alongside our theoretical model in Sec. IV. As the pumping
power was increased, for δ = −1.0 meV, the transmitted laser power
increased linearly up to 15.8 mW, when it abruptly switched to a
lower transmission state. The switching is related to the transition of
the system from the strong coupling to the weak coupling regime
(Sec. IV C). With a further increase in the incident laser power,
the transmitted light intensity slowly decreased. However, when the
incident laser power was decreased, the system remained in a lower
transmission state until 13.6 mW, completing the clockwise hystere-
sis loop. As the energy of the incident laser was tuned further down
below the lower polariton mode [δ = −2.1 meV, (2)], the bistability
range broadened and shifted to higher input powers.

To better understand the observed phenomenon, the laser
energy was adjusted to the minimum energy of the lower polariton
mode, which corresponds to the appearance of the inverted hystere-
sis. The measured input–output characteristics in Fig. 4(a) show the
switching between the strong and weak coupling at 18 mW, accom-
panied by a sudden drop in the transmitted light intensity. The
experimental setup was then modified to allow for angle-resolved
measurements by Fourier space imaging of the light emitted from
the microcavity (for details, see the supplementary material). The
weak luminescence from the microcavity was directed to the slit of
the spectrometer, and the high intensity of transmitted laser light
was cut out with a bandpass filter.

The acquired polariton dispersion relations at different exci-
tation powers are presented in Figs. 4(b)–4(d). In Fig. 4(b), which
shows the dispersion relation for 6.79 mW input power, two modes
of upper and lower polaritons are clearly visible. A Rabi splitting of
7 meV was obtained from the coupled oscillator model [see Eq. (A.1)
in the Appendix] fitted to the measured angle-resolved spectra. The
corresponding modes of the upper and lower polaritons are marked
with the red lines, while the corresponding bare cavity photon and
exciton energies are depicted with the black dashed lines. Simi-
larly, in Fig. 4(c), which corresponds to the power just before the
transition to the lower transmission state, both polariton modes
can be seen. The coupling strength decreased to 3 meV, but the
system remains in the strong coupling regime. In Fig. 4(d), for a

FIG. 4. (a) Input–output power characteristics collected for the laser energy tuned
to the minimum of the lower polariton mode (δ = 0). The green dots mark the
input power values for which luminescence dispersions with an angular resolution
were measured. (b)–(d) Normalized luminescence spectral maps obtained from
the cavity transmission for three different pumping powers. Polariton modes as
well as photon and exciton modes were fitted in the maps (red lines). This allowed
us to show how the coupling strength in the system changes with pumping power.
Spectra (b)–(c) correspond to the strong coupling regime, while dispersion relation
(d) shows the situation after the system went into the weak coupling regime. The
hatched region in (b)–(d) marks the spectral region covered up by the bandpass
filter.

power just above the transition (20.21 mW), only a single mode
with a parabolic dispersion is visible. The system transitioned from
the strong to weak coupling regime as the light–matter coupling
strength decreased below the linewidth of polariton modes.

To summarize the experimental results, the investigated exfo-
liated optical microcavity based on CdTe demonstrated a new type
of optical bistability, where the energy of the incident laser was set
below the minimum energy of the lower polariton mode. The inten-
sity of the transmitted light formed a hysteresis loop with a clockwise
direction. A decrease in the Rabi splitting in the cavity was observed
when increasing the pumping power. The switching between the two
bistable states was accompanied by the transition between the strong
and weak coupling regimes. In addition, as for high excitation pow-
ers, the transmitted power decreased, the system can find application
as an optical limiter.

IV. THEORY
In order to explain the formation of the inverted hysteresis, the

quasi-resonant excitation of an optical semiconductor microcavity
was also investigated theoretically. At first, a two-component model
is used to obtain the optical input–output characteristics when the
system is driven in the spectral vicinity of lower and upper polariton
modes. Next, following the experimental observations, we include
in the theoretical model the effects of suppression of the coupling
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strength66 and additionally assume an energy redshift of polariton
components.67,68 Furthermore, we point out the differences between
the inverted hysteresis and the nonlinear optical response of a micro-
cavity with interactions mediated by excitons only. It should be
noted that the standard two-component model is insufficient to
describe the inverted hysteresis.

A. Two-component model
The evolution of photonic ψC(t) and excitonic ψX(t) com-

ponents of polaritons was determined using coupled mean-field
equations,69,70

ih̵
d
dt
ψC = (EC(k) − ih̵γC)ψC + h̵ΩR

2
ψX + Fe−iωPt , (1)

ih̵
d
dt
ψX = (EX(k) − ih̵γX + gX∣ψX∣2)ψX + h̵ΩR

2
ψC, (2)

where EC,X(k) = E0
C,X + h̵2k2

2m∗C,X
are the dispersion relations of cavity

photons and quantum well excitons (indices C and X, respectively).
The parameters γC,X are the loss coefficients of the two components.
The Rabi frequency that defines the coupling strength between
excitons and photons is given by ΩR. The last term in the first
equation describes the external laser pumping with energy EP = hωP
and amplitude F. The parameter gX represents the strength of the
third-order (Kerr-like) nonlinearity due to the interactions between
excitons, which has been crucial in the description of bistability.22

The model has already been used to explore Rabi
oscillations,71–74 optical parametric scattering,75,76 multistability,77,78

and dynamic modification of light–matter coupling,66,79 due to
the presence of two degrees of freedom. In this work, it is used to
simulate the intensity of the transmitted light for varying intensity
and energy of the driving field.

B. Hysteresis near lower and upper polariton
branches

We begin our analysis with the standard model of bista-
bility where the loss of strong coupling is neglected and the
exciton–exciton interactions are the only source of nonlinearity. The
calculated optical field density in a microcavity for two different laser
energies obtained using Eqs. (1) and (2) is shown in Fig. 5. The
simulated density of the photonic field in the steady-state ∣ψSS

C ∣2 is
proportional to the intensity of the transmitted light. The amplitude
of the pumping field F was continuously varied upward from zero to
the maximum value and then back to zero. In Fig. 5(a), the detuning
between the laser energy and the energy of lower polariton mode
was set to δ = 2.09 meV, for EP = −4.25 meV (EP ≈ ELP), which
resulted in an “S-shaped” hysteresis between the photonic com-
ponent density and the external optical input. This input–output
counterclockwise hysteresis is expected for lower polaritons and has
been widely studied theoretically and experimentally.1,2,22

Although the calculated hysteresis may seem to match the
experimental results for laser energy (1) in Fig. 1(b), we encounter
qualitative differences for other values of laser detuning. In simu-
lations for excitation with energy EP = 6 meV (EP ≈ EUP), slightly
above the resonance with the upper dispersion branch, when
δ = 12.34 meV, another hysteresis loop with a “triangular” shape,

FIG. 5. Hysteresis in the model without the loss of strong coupling for the pump
energy near the lower (a) and the upper (b) polariton branches at k = 0. The red
dots show the density of the photonic component in steady states for increasing
and decreasing laser field amplitude ∣F∣. The arrows indicate the direction of the
hysteresis. In both cases, the system remains in the lower branch of the hystere-
sis loop when the laser field intensity is adiabatically increased. The simulation
parameters are hΩR = 10.5 meV, EX = 0 meV, EC = −2 meV, γC = 0.5 ps−1,
γX = 0.5 ps−1, gX = 0.02 meV μm2, EUP = 4.34 meV, and ELP = −6.34 meV.

as shown in Fig. 5(b), is encountered. This nontrivial dependence
of the polariton response can be explained by the influence of the
Kerr-like nonlinearity on the energy spectrum. The Kerr nonlinear-
ity results in a blueshift of the polariton mode energy with increasing
input power.

This effect is analyzed by calculating the response of polaritons
to a coherent laser field with a fixed intensity and varying energy (see
the Appendix). The calculated energy spectra obtained for two laser
amplitudes F1 and F2 are shown in Figs. 6(a) and 6(b). Figure 6(a)
presents the polariton dispersion when the system is excited with a
laser field with energy EP = 6 meV and a low amplitude F1. In this
case, the energy blueshift ΔB = gR∣ψSS

X ∣2 is negligibly small and the
difference between the exciton and photon energies at k = 0 is equal
to 2 meV. The solid lines in Figs. 6(a) and 6(b) indicate the analyti-
cally calculated dispersion of the lower and upper polariton branches
when EX = E0

X + ΔB (see the Appendix). Figure 6(b) presents the
energy spectrum of the system excited with the same energy as in (a)
but with a higher laser field amplitude F2 (F1 < F2). In this case, the
energy blueshift induced by the interactions significantly modifies
the polariton energy.

The triangular shape of the hysteresis in Fig. 5(b) can be under-
stood as an effect of the modification of the polariton composition.
Figure 6(c) shows the photonic (CU) and excitonic (XU) Hopfield
coefficients for the upper polariton branch.80 The upper polaritons
become more excitonic for small wave vectors as the optical pump
intensity is increased. The calculated difference between the exci-
tonic Hopfield coefficients for upper polaritons at k = 0 for pump
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FIG. 6. (a) and (b) Simulated spectrum of a polariton system excited with laser at
energy EP = 6 meV and amplitudes F1 and F2 marked in Fig. 5(b). We assume
that the exciton effective mass and the cavity photon effective mass are m∗C = 5
⋅ 10−5m0

e and m∗X = 5 ⋅ 10−1m0
e, respectively, where m0

e is the free electron mass.
(c) Hopfield coefficients of the upper polariton excited with an optical pump with
amplitudes F1 (left) and F2 (right).

powers F2 and F1 was ∼0.26, which explains why the density of
the photonic field decreases when increasing the pump power. For
laser energy close to the lower polariton mode, an opposite mech-
anism explains the increase in the photonic component density
[Fig. 5(a)].

We note that, in contrast to the experimental observation, the
directions of both hysteresis loops in Figs. 5(a) and 5(b) are coun-
terclockwise. To reproduce the experimental clockwise (inverted)
hysteresis direction, the model has to be extended to include the
effects of the loss of strong coupling and the thermal energy redshift.

C. Inverted hysteresis
To reproduce the experimental observations, we modified the

set of equations in the following form:

ih̵
d
dt
ψC = (ẼC − ih̵γC)ψC + h̵Ω̃

2
ψX + Fe−iωPt , (3)

ih̵
d
dt
ψX = (ẼX − ih̵γX + gX∣ψX∣2)ψX + h̵Ω̃

2
ψC. (4)

The newly introduced ẼC,X terms reflect the effect of the energy
redshift of the photon and exciton components, induced by the ther-
mal effects.67,68 The assumption of the energy redshift was required
to successfully describe the inverted hysteresis loops. It was assumed
that the heating of the sample changes energies quadratically as a
function of the pump amplitude, or equivalently, linearly as a func-
tion of light intensity. The resulting effective energy of the photon
and exciton is given by

ẼC,X = EC,X − βC,X∣F∣2, (5)

where βC,X is a phenomenological constant describing the strength
of the thermal effects. Phenomenologically, we observe that both
exciton and photon modes are redshifted by approximately the same
amount for a given pump power (βC ≈ βX). It should be noted that
the thermal energy shifts for the photonic and excitonic modes usu-
ally differ in semiconductors. This effect is strongly dependent on
the material properties of the system.67

The model can also take into account that the density of exci-
tons is locally increased for high-power excitations. In the critical
case, the distance between excitons can be comparable to their
Bohr radii. At this point, the Pauli exclusion results in the phase
space filling effect, which leads to the reduction in the light–matter
coupling.69 Therefore, the effective Rabi frequency Ω̃ can be
written as

Ω̃ = Ω0
Re−(β1nR+β2 ∣ψX ∣2), (6)

where ∣ψX∣2 and nR ≈ α ∣F∣
2

γX
are the coherent exciton density and the

density of incoherent, thermally excited carriers, α is the scaling
parameter (for more details, see the supplementary material), and
Ω0

R is the value of the Rabi splitting in the case when saturation
effects are negligible. The parameters β1 and β2 describe how the
density of coherent and incoherent carriers affects the reduction in
the light–matter coupling.

The response of the polariton system obtained using Eqs. (3)
and (4) is shown in Fig. 7. In the simulation, it was assumed
that the loss of strong coupling is the most prominent nonlinear
phenomenon in the system (compared to the effect of nonlin-
ear exciton–exciton interactions). This assumption is fulfilled when
gX ≪ β2ΩR. Figure 7(a) shows the hysteresis arising when the sys-
tem is excited by a laser source with energy close to the upper
polariton mode with δ = 7.34 meV (EP = 1 meV). The calculated
hysteresis loop has the same direction as in the experimental results
obtained for laser energy close to the upper polariton. The measured
input–output characteristics in Fig. 1(b) have the same direction and
the overall shape of the hysteresis loop.

Within the same model, Fig. 7(b) shows the response of the
photonic component that arises when the laser energy was set below
the lower polariton branch when EP = −6.9 meV and δ = −0.55 meV.
In this case, the hysteresis shape was triangular and was character-
ized by the rapid depletion of the photon field density at a critical
value of the pump power. The direction of the hysteresis was oppo-
site compared to the examples shown in Fig. 5. The hysteresis arising
near the lower polariton resulted from the competition between the
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FIG. 7. Hysteresis loops in the model with the loss of strong coupling and ther-
mal energy redshift. The counterclockwise upper polariton (a) and clockwise lower
polariton (b) hysteresis for EP = 1 meV and EP = −6.9 meV, respectively. The
arrows indicate the direction of the hysteresis. The simulation parameters are
hΩR = 10.5 meV, EX = 0 meV, EC = −2 meV, γC = 0.5 ps−1, γX = 0.5 ps−1,
gX = 0.02 meV μm2, k = 0 μm−1, β = 0.24, β1 = 0.001, β2 = 0.165, α = 1,
EUP = 4.34 meV, and ELP = −6.34 meV.

loss of strong coupling, exciton–exciton interactions, and thermal
energy redshift of excitons and cavity photons. The simulated behav-
ior was once again in good agreement with the experimental results.
The initial increase in the transmitted light intensity with a sudden
decrease in the transmittance and the resulting clockwise hysteresis
loop are observed in Fig. 1(c).

V. SUMMARY
To summarize, the quasi-resonant laser transmission was

investigated in an exfoliated II–VI semiconductor microcavity. With
increasing laser power, the polariton modes exhibited suppres-
sion of the exciton–photon coupling strength, as evidenced by the
angle-resolved measurements. For varying excitation power, the
transmitted light intensity showed a bistable behavior with hystere-
sis loops. For the incident laser energy above the lower polariton
mode, the hysteresis loop resembled the behavior reported in GaAs-
based structures, where it originates from the lower polariton energy
blueshift due to Kerr-like nonlinearities. Here, the bistability arose
from the energy redshift of the upper polariton mode. Most impor-
tantly, when the laser energy was set below the lower polariton mode,
the system exhibited a different kind of bistable behavior, show-
ing a hysteresis loop with the opposite direction. As a function of
increasing pumping power, the transmittance decreased sharply. We
suggest that this transmittance blocking phenomenon can be used in
an efficient optical limiter.

All the observed properties were taken into account in the
theoretical analysis. Starting from the two-component model with
the Kerr-like nonlinear term, the well-known hysteresis loop was

observed for the system driven with a laser tuned at the energy above
the lower polariton mode. However, contrary to the experimen-
tal results, hysteresis loops due to both upper and lower polaritons
exhibited the same (counterclockwise) direction.

To explain the experimental results, the model was extended
to take into account the polariton energy redshift and Rabi energy
reduction. The simulated input–output characteristics changed sig-
nificantly. Depending on the energy of the driving field, the hystere-
sis loops exhibited clockwise or counterclockwise directions, in full
agreement with the experimental observations.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional details of the
experimental setup, determination of microcavity quality factor,
polariton condensation, and reservoir density in simulations.
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APPENDIX: ENERGY SPECTRUM

The energy spectrum of the exciton–polariton system for a spe-
cific value of coherent pump intensity F was obtained numerically,
integrating the time evolution of the photonic component given by
Eq. (1). This procedure was repeated for the given value of polariton
wave vector k = kx and laser energy EP = hωP. The dispersion from
Fig. 6(a) was obtained realizing 51 200 simulations, performed using
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the four-order Runge–Kutta method, for different values of (kx, EP)
from the range kx ∈ (−6, 6) μm−1 and EP ∈ (−10, 30)meV. The time
window of each simulation (0, tmax) was equal to tmax = 80τC and
was enough to achieve a steady state of the system. Each simula-
tion was obtained for 3200 algorithm iterations with a time step dt
= 0.025 ps. The analytical dispersion relations of exciton–polaritons,
shown as the red lines, were obtained using the following formula:

EUP,LP = 1
2
(EX(k) + EC(k) − ih̵(γC + γX)

±
√

h̵2Ω2
R + (Δ − ih̵(γC − γX))2) + ΔB, (A1)

where Δ = EC(k) − EX(k) is the detuning and ΔB is the numeri-
cally calculated value of blueshift (see the details in the main text).
The corresponding Hopfield coefficients for the upper polaritons are
given by80

∣XU(k)∣2 = 1 − 1
2

⎛
⎜
⎝

1 − Δ − ΔB√
(Δ − ΔB)2 + h̵2Ω2

R

⎞
⎟
⎠

, (A2)

∣CU(k)∣2 = 1 − 1
2

⎛
⎜
⎝

1 + Δ − ΔB√
(Δ − ΔB)2 + h̵2Ω2

R

⎞
⎟
⎠

. (A3)

REFERENCES
1A. Kavokin, J. J. Baumberg, G. Malpuech, and F. P. Laussy, Microcavities (Oxford
University Press, 2017).
2I. Carusotto and C. Ciuti, “Quantum fluids of light,” Rev. Mod. Phys. 85, 299–366
(2013).
3A. Szöke, V. Daneu, J. Goldhar, and N. A. Kurnit, “Bistable optical element and
its applications,” Appl. Phys. Lett. 15, 376–379 (1969).
4H. Gibbs, Optical Bistability: Controlling Light with Light (Elsevier, 2012).
5H. M. Gibbs, S. L. McCall, and T. N. C. Venkatesan, “Differential gain and
bistability using a sodium-filled Fabry–Perot interferometer,” Phys. Rev. Lett. 36,
1135–1138 (1976).
6H. M. Gibbs, S. L. McCall, T. N. C. Venkatesan, A. C. Gossard, A. Passner, and W.
Wiegmann, “Optical bistability in semiconductors,” Appl. Phys. Lett. 35, 451–453
(1979).
7Z. Geng, K. J. H. Peters, A. A. P. Trichet, K. Malmir, R. Kolkowski, J. M. Smith,
and S. R. K. Rodriguez, “Universal scaling in the dynamic hysteresis, and non-
Markovian dynamics, of a tunable optical cavity,” Phys. Rev. Lett. 124, 153603
(2020).
8A. Joshi, A. Brown, H. Wang, and M. Xiao, “Controlling optical bistability in a
three-level atomic system,” Phys. Rev. A 67, 041801 (2003).
9S. Gupta, K. L. Moore, K. W. Murch, and D. M. Stamper-Kurn, “Cavity nonlinear
optics at low photon numbers from collective atomic motion,” Phys. Rev. Lett. 99,
213601 (2007).
10H. Gothe, T. Valenzuela, M. Cristiani, and J. Eschner, “Optical bistability and
nonlinear dynamics by saturation of cold Yb atoms in a cavity,” Phys. Rev. A 99,
013849 (2019).
11N. K. Dutta, G. P. Agrawal, and M. W. Focht, “Bistability in coupled cavity
semiconductor lasers,” Appl. Phys. Lett. 44, 30–32 (1984).
12R. Roy and L. Mandel, “Optical bistability and first order phase transition in a
ring dye laser,” Opt. Commun. 34, 133–136 (1980).
13P. Jung, G. Gray, R. Roy, and P. Mandel, “Scaling law for dynamical hysteresis,”
Phys. Rev. Lett. 65, 1873–1876 (1990).
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