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Exciton-polaritons offer an exceptional platform for future photoelectronic and quantum information applica-
tions. The influence of the optical Stark effect on exciton-polaritons in a microcavity embodied with a monolayer
WS, is studied. A polarization dependent model is proposed to study the change of strongly coupled excitons and
photons in a WS, microcavity. It is revealed through both steady and dynamical states analysis that an outside
optical Stark pulse can effectively vary the polariton characteristics, such as dispersion, exciton, and photon
fractions, through blue shifting of excitonic resonance. Thus, the analysis and control of exciton-polaritons
in a WS, microcavity via a spin-selective trigger could be achievable.
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Polaritons are half-matter half-light quasi-particles that
are formed in semiconductors when excitons are strongly
coupled with light. In optoelectronics, exciton-polaritons
have gained noteworthy attention for their distinctive
features. The literature shows that the photonic compo-
nent of these quasi-particles makes them lighter in mass
so they can be manipulated and fall to Bose-Einstein
condensation easier (i.e., used to generate low-threshold
lasers and superfluid), and the excitonic component
produces strong nonlinearities that are important for
the implementations of various polaritonic operations,
such as optical bistability, solitons, vortex, switching,
and logical controlst?.

Transition metal dichalcogenides (TMDs) and the ad-
dition of phosphorene and MXene to the two-dimensional
(2D) family allow for a thorough understanding of
the interaction of light with the atomically thin materials
in the determination of the feasibility in photonic
applications22. Due to their fantastic excitonic charac-
teristics, such as large binding energy, time reversal sym-
metry in the Brillouin zone, quantum effects, valley
degree of freedom, and multifold-controllable energy
level, room temperature polaritons have been obtained
based on various 2D materials®L. However, the charac-
teristics of polaritons in the presence of an outside field
(electronic or magnetic) are still an open question that
requires further exploration.

The characteristic of excitons subjected to the optical
Stark (OS) effect is studied. As mentioned in literature,
the OS effect is a coherent light—matter interaction
describing the modification of quantum states by non-
resonant light illumination in atoms, solids, and
nanostructures. It is a method of splitting and shifting
the energy of particles by means of an external optical
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source®, When the OS field is applied to the TMD
layer, it will cause a blue shift of the exciton energy.
As the OS field does not cause a population increase of
the exciton reservoir, it causes the energy shift in a fast
transient, which paves the way for ultrafast manipula-
tion of polaritons®®X  Additionally, the spin-selective
characteristics of the OS effect provide additional
degrees of freedom to control polaritons. All of these
are useful in future applications of optical information,
such as switching, spacial shaping of potential energy,
and spintronic applications2.

Recently, the OS effect in 2D monolayer WS, is studied
at room temperature™22 The study only focused on
bare excitons without strong coupling with cavity pho-
tons. This work will investigate the influence of the OS
effect on strongly coupled excitons and photons, the
so-called polaritons. The fundamental way in such a work
is to introduce an OS pulse to stimulate the energy shift of
both upper polariton (UP) and lower polariton (LP)
branches (i.e., blue shift). A polarization-sensitive
exciton-polariton coupling model is used to study the
dispersion as well as the dynamical characteristics of
the polaritons in the presence of the OS effect. Based
on this model, steady state and transient analyses are
performed to reveal the influence of the OS effect on
the excitonic and photonic components of the polaritons.

For theoretical study, the general Gross—Pitaevskii
equation is utilized to describe strong coupling of excitons
and photons222 The effective mass of photons is quite
smaller than that of the excitons. Thus, in the equation,
only the dispersion of the photons needs to be considered.
It states as w, = 0! + ZZ—X, where ! is the cavity mode
energy for k=0 (k is the in-plane wave vector), m, is
the effective mass of photons, and V2 is the Laplace
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operator. The exciton energy is given as w, = @Y + J with
@) the free-running exciton energy and & the OS effect in-
ducted energy shift of the exciton. § is proportional to the
intensity of the OS pulse (i.e., | Fy|) and inversely propor-
tional to energy detuning (i.e., A) between the OS photon

and the exciton. Thus, o, = a)gw, where M, is the
dipole moment matrix!?. Here, the spin-sensitive excita-
tion of the OS effect is added to the model through the
dipole moment matrix M7, = Mab[(l) (1)]|:Zii|, where
+ denotes the spin-up and spin-down states, and o is
the unit vector of the spin state. It is clear from this
relation that the energy shift of excitons in the two valley
spin states is only induced by the OS pulse of corres-
ponding circular polarization. If the spin-sensitive case is
considered, the Gross—Pitaevskii model is extended as
given below:

Wi E}, w
LOo0lwi ] 0O W
v 0 789
where the Hamiltonian H, reads
(k) & 0 0
P I gt 0 0
0 0 w?(k) 2 ’
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and the matrix M reads
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Qp is the Rabi frequency, y. and y, are the decay rate of
the photon and exciton, respectively, and g; and g, denote
the nonlinear parameters of co-polarized and cross-
polarized states.

For the static analysis, a homogenous cavity structure is
supposed, and the loss and nonlinear terms are neglected,
ie., E(z,t) =y., = 910 = 0. The two eigenstates of the
UP and LP branches'EUp and Fpp with the influence
of the OS effect are given as
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For numerical study, typical values of the parameters
are listed in Table 1.
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Table 1. Specific Symbols and Values

Symbol Parameter Value

912 Nonlinear parameter 0

Ye Decay rate of the 0
photon

Yo Decay rate of the 0
exciton

o Cavity mode energy 2 eV

Qp Rabi frequency 70 meV

A Energy detuning 0.2 meV

m, Mass of photon 10=5m,

m, Mass of exciton ~ 5.11 x 10° eV - ¢? - $?/m?

E, Quasi-particle bandgap 2.3 eV

o

2
E :
The parameter M ,, = (6—’3) 3=, where e is the elec-

tron charge, F, is the quasi-particle band gap, and m, is
the effective mass of the conduction electron™. In fact,
this parameter reflects the influence of material character-
istics on the OS effect. In the proposed case, it is calculated
to be 1.159 x 107, Once this parameter is determined,
there is a change of polariton dispersion for different val-
ues of Ef, as given in Fig. 1.

It can be seen from the curves, as depicted in Fig. 1la,
that the Stark effect is causing a blue shift of the exciton
energy, e.g., the shift of exciton energy é increases linearly as

0 0
0 0
—ihl 0
0 gilys |+ glwil* —ink

a function of %2, as in Fig. la. The dispersion curves in
Fig. 1b indicate that the LP and UP branches also shift
to a higher energy level and change their shapes. Moreover,
the group velocity (i.e., slope efficiency of the dispersion
curve) of the LP/UP branch increases or decreases, respec-
tively. Thus, one can control the dispersion characteristics
of polaritons through the OS effect. It is observed that if the
value of A is 0.2 meV, an OS pulse with an amplitude in the
order of megavolts (MV) is needed to shift the polaritonic at
the milli electron volts (meV) scale. The energy shift of the
UP and LP branches for different values of £, is shown di-
rectly in Fig. 1c. It is seen that the energy shift of the UP
branch is larger than that of the LP branch for small values
of k, and the case is the reverse for large values of k.

As polaritons are a mixture of photons and excitons,
therefore, in a strong coupling regime, the Hopfield index
of the photons as C(k) and excitons as X(k) satisfy the
relation |C(k)> +|X(k)|? = 1. In Fig. 1d, the values of
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Fig. 1. Exciton energy and dispersion of polaritons for different
values of an OS pulse. a, Energy shift of excitons as a function of
EKZ. b, Dispersion of polaritons. ¢, Shift of the polariton dispersion.
d, Changes of the excitonic and photonic fraction. In b-d,
A = 0.2 meV, and E, is 75, 100, 125, 150 MV, respectively (from
down to up or from inside to outside).

C' and X are provided as functions of k. It is observed that
the anti-crossing point between C(k) and X (k) increases
to a larger value of k£ and causes LPs/UPs and more
photons/excitons when energy of the OS pump increases.

The energy shift of the LP and UP branches as a func-
tion of EKZ is shown in Fig. 2. In contrast to the linear shift
of exciton energy, the polariton branches shift exponen-

. . 2 .
tially and become more divergent when EK increases.
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Fig. 2. Difference between UP and LP branches at various val-
ues of k, i.e., at k=0,1,2 (a, b, and ¢, respectively).
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Fig. 3. Dynamic analysis of the Stark effect on the energy shift of
the polaritonic field. a, Waveform in the time domain. b, Fast
Fourier transform of the waveform. In the calculation, k£ = 0,
to = 500, and a = 0.5 ps.

The anti-crossing point of the two curves also increases
with an increase in value of EKZ.

As the OS effect happens in a fast transient, the
dynamical evolution of a polariton is also studied in Fig. 3
by utilizing the photonic fraction as an example. In such a
case, Eq. (1) is solved numerically through the fourth-

order Runge-Kutta (RK) method, and a transient OS
t—tg) 2

pulse is applied with the form F = Ae(fT) . In the pro-
posed analysis, the values ¢, = 500 and a = 0.5 ps are
taken. In Fig. 3a, fluctuation of the photonic waveform
corresponds to the Rabi oscillation between the photons
and excitons. When the OS pulse arrives, an envelope of
the waveform exhibits a peak at the transient. The fast
Fourier transform of the waveform exhibits a bifurcation
(caused by the OS effect) for both the UP and LP
branches. The Rabi splitting between the UP and LP
branches is found to be 68 meV, which is approximate
to the Rabi splitting of the proposed experimental value
of 70 meV.

Furthermore, the spin-sensitive OS effect is analyzed in
the consequent plots. It consists of right circularly polar-
ized (RCP) and left circularly polarized (LCP) fields Ef
and E, , related to two spins of the excitons. Firstly, it is
supposed that the two polarization directions are equally
pumped (ie., Ef = E; = F;,) initially, while the OS
pulse is in the RCP dlrectlon. In this case, the OS effect
only influences the RCP component of the polaritons. The
polarization degree is calculated as

|E |2 |E(‘ |2
") 7‘_ 3

When there is no OS effect, p,,, = 0, and p,,; decreases
with %2 increasing. Thus, polarization of the polaritons can
also be adjusted through the spin-sensitive OS effect, as
depicted in Fig. 4.

For experimental study, we can practically realize our
work by sandwiching the monolayer of WS, between
the two distributed Bragg reflectors. The sample consists
of monolayers of WS, that can be grown by chemical
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Fig. 4. Polarization degree versus %2 (simulation Ej, = 0.5 is

considered).

vapor deposition (CVD), and all optical measurements in
this study are conducted at room temperature (300 K),
similar to Refs. [10,11]. The role of a semiconductor micro-
cavity (i.e., providing high @ cavity modes) and mono-
layer WS, is to provide well confined photons and
excitons, respectively, that are necessary to realize strong
coupling.

When multi-layer WS, is used, the energy of excitons
will be changed, it might turn into an indirect band
gap, and the non-linear effect needs to be considered,
which we will leave for our future work. Besides, phosphor-
ene and MXene also show direct bandgap and large exci-
ton binding energy, which are favored to form polaritons.
Here, we take WS, as a typical example of TMD in this
study, as it shares the most common characteristics, like
large binding energy of exciton and valley degree of free-
dom, and the known experimental parameters needed for
our study.

The impact of the OS effect in a strongly coupled model
of an exciton-polariton in a monolayer WS, microcavity
has been perceived. A spin dependent mathematical model
of the OS effect has been developed, and the accuracy of
this spin controlled model is investigated. The proposed
model proves that an outside polarized OS pulse can con-
trol the strongly coupled exciton-polariton dispersion and
fraction ratios, both in time dependent and time indepen-
dent analysis. This work paves a way to control the valley
degree of freedom in a new manner. The potential appli-
cations of this model could be designing 2D material-based
devices (switches, gates) to be controlled by an OS pulse,
thus paving a way for optically controlled 2D material
devices.
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