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Optical Trapping and Propagation of Nonresonantly Driven
One-Dimensional Exciton-Polariton Condensate
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We study theoretically a nonresonant optical creation of a one-dimensional exciton-polariton condensate in a
semiconductor microcavity. The polariton condensate is treated in the mean-field approach, taking into consid-
eration an antitrapping potential created by the reservoir of noncondensed particles. Polariton condensates are
excited by multiple lasers, with a combination of continuous wave and pulsed sources. The proposed pump-probe
configuration leads to the realisation of various experimental schemes, e.g. optical trapping of a polariton conden-
sate in real space. Moreover, it can be utilised for investigation of elementary excitations in the time domain when
polariton condensates from two sources interact with each other.
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1. Introduction

Exciton-polaritons are bosonic light-matter quasipar-
ticles with extremely low effective mass (between 0
characteristic for a photon and the mass of an exci-
ton) and strong exciton-mediated interparticle interac-
tions [1]. They can be formed as a superposition of a
photon mode and a quantum well exciton achieved in a
strong coupling regime, where due to finite lifetime of a
photon confined inside a microcavity, polariton conden-
sates need to be externally pumped, e.g. via nonresonant
laser.

Modern semiconductor technology allows the realisa-
tion of patterned photonic nanostructures of an arbitrary
design [2]. Using the state-of-the-art etching techniques
one can prepare structures enabling photon and exciton
confinement to be effectively one-dimensional [3]. This
kind of structures can be also found in a naturally formed
defect in a planar microcavity [4, 5]. Additional conden-
sate patterning can be achieved using the nonlinear prop-
erties of nonresonantly excited exciton-polaritons, where
repulsive interactions create an optically induced poten-
tial [6–8]. Moreover, multiple laser sources can provide a
scheme to study dynamics of quantum coherence of po-
lariton condensates [9].

In this contribution, we propose a pump-probe type of
experiment with two excitation sources which create two
separate reservoirs and condensates in different positions
of one-dimensional polariton microwire. We calculate the
time dynamics within the mean-field approach in various
pump configurations.
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2. Model

We study the dynamics of an exciton-polariton macro-
scopic wave function ψ(xt) using a mean-field the-
ory, solving numerically open-dissipative one-dimensional
Gross-Pitaevskii equation (GPE). The GPE is coupled to
the rate equation for the incoherent polariton reservoir
nR(xt) [8]:

i~
∂ψ(x, t)

∂t
= (−~2∇2

x/2m
∗ + Vat(x, t)

+ i~
2
(R1DnR(x, t)− γC))ψ(xt), (1)

∂nR(x, t)

∂t
= P (xt)

−(γR +R1D|ψ(x, t)|2)nR(xt). (2)
where m∗ is the lower polariton effective mass, Vat rep-
resents an antitrapping potential (described below), R1D

is a rate of the stimulated scattering, P is a pumping
rate which describes the reservoir injection in time and
space. We assume that stimulated relaxation of polari-
tons from reservoir to the condensate is described by a
linear term R1DnR(xt). Additionally, we consider finite
lifetime of polaritons (τC) and the reservoir, described by
loss rates γC = 1

τC
and γR = 1

τR
. In our case γR � γC ,

which fulfills the adiabatic condition in reservoir relax-
ation [10]. The constants gC and gR describe nonlin-
ear interactions in system. Here gC characterize inter-
actions between polaritons in the condensate and gR be-
tween condensate and the incoherent exciton reservoir. It
should be noted that in our experimental configuration,
where polaritons are confined in one-dimensional semi-
conductor quantum wire, the system parameters must be
rescaled when compared to the two-dimensional case [10]
(R1D, g1Di ) = (R2D, g2Di )/

√
2πd2 (d stands for the width

of the microwire and i = {CR}). In the present work
we used the following parameters [8]: mp = 0.42 meVps2

µm2 ,

(401)

http://doi.org/10.12693/APhysPolA.132.401
mailto:andrzej.opala@student.pwr.edu.pl
mailto:andrzej.opala@student.pwr.edu.pl


402 A. Opala, M. Pieczarka, G. Sęk

γC = 0.76 1
ps , γR = 3.04 1

ps , gC = 0.03 µm2

ps , gR =

0.06 meVµm2, R = 0.1 µm2

ps , Pth = 23.32 µm2

ps , L =

300 µm,D = 4 µm. The initial state in the simulation is a
white Gaussian noise dψ in a polariton and exciton field.
The simulation is started in absence of polariton steady
state: ψ (x, 0) + dψ � ψ0 (x, t) =

√
P (x,t)−Pth

γC
, where

ψ0 (x, t) is a stationary state for homogeneous pumping
case and Pth is the condensation threshold Pth = γCγR

R .
We consider a semiconductor microcavity whose length

is measured in hundreds of µm (e.g. L = 300 µ m) and
width in single µm (e.g. D = 4 µm), achievable in mod-
ern semiconductor processing techniques. Polaritons are
generated optically using a non-resonant excitation pro-
vided by two sources. One of the sources (pump) pro-
vides the steady state local excitation and the second
one (probe) creates a dynamical pulse, which creates a
pulse of a second condensate, see Fig. 1.

Fig. 1. Scheme of the proposed experimental setup.
Details are given in the main text.

The pump source is depicted in Fig. 1 by a red streak
and is a single mode continuous wave (CW) laser focused
to a larger size spot of 15 µm width. The green streak
in Fig. 1 represents an ultrashort laser excitation probe
pulse, which generates a second polariton condensate.
The probe pulse is focused to a 2 µm diameter spot and
its temporal full width at half maximum is 5 ps. The laser
excitations creates a local reservoir density described by
a pump profile, which generates the local effective anti-
trapping potential dependent of reservoir and condensate
density and strength of the pump fields [8].

The polariton–polariton and polariton–exciton inter-
action is effectively repulsive (g1Dc g1DR > 0) [11] and the
reservoir and polaritons create an antitrapping potential.
This potential can be treated phenomenologically by the
following expression:

Vat (x, t) = ~g1DC |ψ (x, t)|2 ψ(xt)

+~g1DR nR(xt)ψ(xt) + ~GP (xt)). (3)
In our model, the excitation sources are P (x, t) =
Ppulse (x, t) + PCW (x, t), where P is a sum of Gaussian
pulse PPulse(xt) and continuous laser beam PCW (xt).
As a result, interaction between polaritons in Vat causes
quasiparticles to be ballistically accelerated away from
the potential centre located within the laser source [8],

Fig. 1. The additional repulsive potential strength caused
by the pump’s field is described by phenomenological co-
efficient G(> 0) which can be determined experimentally,
by measuring the emission peak blueshift [8]. Under a
non-resonant excitation, photons from continuous laser
and a pulse laser generate a population of free electrons
and holes with high energy, which contributes to the po-
tential via ~GP (xt). Subsequently they relax and form
the reservoir and scatter to the condensate. The spatial
(and temporal for laser pulse) shape of the laser beams
PPulse, PCW are described by Gaussian functions

PPulse(xt) = PI e
−
(
x−xI
σ2
SI

)
e
−
(
t−tI
σ2
TI

)
,

PCW (xt) = PII e
−
(
x−xII
σ2
SII

)
, (4)

where σSI , σSII and σTII are the spatial and temporal
widths of pumping functions respectively, xI and xII are
the centres of the excitation sources. PI and PII are
the sources amplitudes. For description of this system
we prepared a numerical scheme based on time-splitting
spectral methods [12] with periodic boundary conditions.
These conditions are sufficient for simulations when po-
lariton density vanishes at the end of the numerical box,
therefore we have chosen the spatial dimensions to be
much larger than the condensate size. In our consider-
ations, we used one-dimensional GPE. Theoretical jus-
tification for this model is based on confinement of po-
laritons in one dimension within the semiconductor mi-
crowire. In this case the polariton condensate can flow
only in one direction (along the microwire). Parameter
D characterizing the width of the microwire is used to
rescale the parameters of the model. This approach is
based on recent works in the literature [8, 10, 13].

3. Results

At first, we describe the polariton condensate dynam-
ics created by a single laser source. In Fig. 2a and b, a
time evolution of a condensate generated by a continu-
ous wave Gaussian pump is presented. In this case, we
consider a pump spot: σSII = 15 µm and PII = 10Pth.
As it is shown in Fig. 2, in the long time scale, the sys-
tem tends to be a dynamically stable steady state. In
this type of excitation, polaritons are ballistically accel-
erated from the pump spot. The free polariton flight is
represented by two intense peaks in the momentum space
distribution, see Fig. 2b.

In the second case, we consider a narrow pulse excita-
tion with intensity profile calculated by σSI = 2.0 µm,
PI = 80Pth and temporal full width half maximum
σTI = 5 ps, Fig. 2c and d. As it can be seen, the ex-
citation generates a short pulse in the polariton density.
Polaritons flow away from the centre of the pump spot
with specified finite wave-vector, Fig. 2d. Narrow short
pulse causes a local reservoir density and effective high
antitrapping potential, which lasts shortly in time. This
is reflected in a broad spatial distribution of the polariton
condensate, Fig. 2c. Combination of these two methods
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Fig. 2. Time evolution of a CW condensate in (a)
real and (b) momentum space. Used parameters are
σSII = 15 µm, PII = 10Pth. Time evolution of a
pulsed condensate in (c) real and (d) momentum space,
where the parameters are σSI = 15 µm, PI = 10Pth,
σT1 = 5 ps.

Fig. 3. A trapped polariton configuration. (a) Relative
antitrapping potential generated during realisation. (b)
Wave-function density time evolution. Confined mode
is indicated by a green rectangle. Parameters: σSI =
2 µm, PI = 15Pth, σT1 = 20 ps, xI = 5 µm, σSII =
2 µm, PII = 5Pth, xI =–5 µm.

of excitation is the basis of the pump-probe setup pro-
posed here.

To generate an effective trapping potential one has to
place two abovementioned excitation sources relatively
close to each other, as presented in Fig. 3a, where we
consider a slightly longer pulse Ppulse(xt). This is close
to a real-world realisations of polariton condensates dy-
namics which are dependent on the internal relaxation of
electron–hole pairs [14]. One can observe that in the mid-
dle, a dynamical confined mode is formed between the
two condensates created at the positions of laser spots
(pump and probe), Fig. 3b. Dynamical change in the
Ppulse(xt) generated a potential which causes the trapped
mode movement, as indicated in Fig. 3b. Additional
change in the pump strength or shape can modify the

Fig. 4. Proposal of experimental realisation of excita-
tions of a condensate. (a) Time evolution of conden-
sate scattering using two sources. (b) The same evolu-
tion, but with subtracted CW condensate, which can
be measured in a separate experiment. Parameters:
σSI = 10 µm, PI = 125Pth, σT1 = 2 ps, xI = 25 µm,
σSII = 5 µm, PII = 10Pth.

confined mode to realise any desired configuration.
An interesting pumping scheme can be obtained, when

two laser spots PPulse(xt) and PCW (xt) are separated
by a larger distance in space, see Fig. 4a. Here, the
CW pump source is much weaker than the pulsed source,
which is placed tens of µm away. One can observe that
the propagating polaritons from the pulsed probe source
are scattered by the second condensate, which is visible
as an interference pattern in Fig. 4a. This scattering can
potentially be the source of excitations of a polariton con-
densate to the Bogoliubov branches [15, 16]. In order to
detect the change in a polariton wave generated by two
sources, one can measure the time dynamics separately
using, e.g. a streak camera. Then, two measurements can
be subtracted from each other and the result can be anal-
ysed in terms of a change in the polariton wave-function
dynamics, for example shown in Fig. 4b.

4. Conclusions

In conclusion, we used a mean-field theory to investi-
gate the exciton-polariton dynamics under non-resonant
pumping. A pump-probe configuration is proposed for
studying dynamical properties of interactions between
two separate condensates. We presented a scheme for re-
alisation of a dynamical trapping of a polariton conden-
sate and method of investigation of scattering between
two condensates. We suppose that this experimental con-
figuration enables a generation of nonlinear excitations
like dark solitons or to study elementary superfluid exci-
tations of a polariton condensate. Furthermore, a precise
adjustment of the two beams might even lead to gen-
eration of dark soliton trains [13], when the PPulse(xt)
can create a potential step in the condensate generating
nonlinear excitations. We hope that this will motivate
the future theoretical and experimental research on such
multi beam generation of condensates, their interaction
and dynamics.
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