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Abstract: By designing an appropriate defect potential in a nonresonantly pumped exciton-
polariton condensate, the polariton dyad consisting of two spatially separated condensates with
phase locking can be realized. We use the phase coupling of the polariton dyad to investigate the
existence of both dark and anti-dark solitons in the condensates. Surprisingly, these dissipative
solitons appear to be stable and are not affected by the noise both from the initial condition and
from the propagation. We show that these stable solitons are transformed from a spontaneously
created metastable states by choosing the state with the highest particle number.
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1. Introduction

Strong coupling of semiconductor excitons to microcavity photons results in a family of bosonic
optoelectronic excitations, called polaritons [1,2]. The discovery of these mixed quasi-particles
opened a path for the development of a new research field allowing for the direct investigation of
novel aspects of light-matter interaction. The extremely small effective mass of a polariton, few
orders of magnitude smaller than that of the electron, makes it possible to observe Bose-Einstein
condensation at a few Kelvin or even at room temperature [3—6]. At the same time, the strong
exciton-mediated interparticle interactions renders polariton condensates as a promising test bed
for many-body quantum technologies [7, 8].

In recent years, there has been a strong interest in the nonlinear self-localized states of polariton
superfluids, such as oblique dark solitons and vortices [9-11], bright spatial and temporal
solitons [12—14]. In a polariton system, due to the significant losses these states are inherently
dissipative, and qualitatively different from the ones existing in Hamiltonian systems. In general,
they may exhibit nontrivial internal density currents, evolving in a complicated, sometimes even
chaotic, manner. To date, in the coherently pumped exciton-polariton systems, both dark [9]
and bright [12, 13, 15] solitons were reported to be observed, with the limited momentum and
lifetime around tens of picoseconds. Recently, dark solitons were created in a high-velocity
polariton waveguide, revealing a very strong nonlinearity in the conitnuous wave regime [16].
Under nonresonant pumping, only dark solitons [17, 18] have been predicted to exist for a period
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of time, after which they decay.

The well-established technologies of semiconductor microcavity fabrication and structuring
allow for the creation of nearly arbitrary effective potentials for polaritons. In this paper, with the
use of an appropriate defect potential and homogeneous pumping, we demonstrate the existence
of stable dark/anti-dark solitons in spatially separated exciton-polariton condensates with phase
locking, which is named a polariton dyad. The solitons are not spontaneously created during the
condensate formation, but after a sudden phase transition from a pair of unstable dark solitons.
Although a method [19] has been proposed to stabilize the dark soliton by use of both coherent
pulse and nonresonant periodic pump fields, we note that our solution is qualitatively different
from the solitons found in previous works [9, 11-14, 19,20]: the key ingredient is the phase
coupling of the polariton dyad, and the phase configuration tends to pick the state with the highest
number of particles. Within this scheme, the dissipative solitons [21] in nonequilibrium polariton
condensate appear to be similar to the ones present in Hamiltonian systems: they may be stable.

2. Model

In the analysis below, we consider an exciton-polariton condensate in a nonresonantly pumped
one-dimensional (1D) setup, e.g. trapped in a microwire [22]. The realistic model for the system,
the open-dissipative Gross-Pitaevskii equation (ODGPE), includes coupling of the condensate
wave function ¥ (x, ) to the polariton reservoir density ng(x, t) described by the phenomenological
rate equation [23,24]

h 0%y . 1 i
dy =[5 =5+ Do) + 5 (R'Pme = ye) v = £ (W + gl + V)W dr -+ dW
————
pe
7=D1W+P(X)—(7R+R Y 1")nr ey

where we assume a Gaussian perpendicular profile of |¢|? and ng of width d determined by the
microwire thickness. The real coefficients Dy and D represent respectively the energy relaxation
in the condensate and the spatial diffusion rate of reservoir polaritons. The rate of stimulated
scattering of polaritons from the reservoir R'P and the interaction coefficients gl.lD(i =GC,R)
between condensate and reservoir polaritons are rescaled in the one-dimensional case by \/2;7.
P(x) and yg are the creation and relaxation rates of the polariton reservoir, yc is the polariton
loss rate, m* is the effective mass of lower polaritons and V(x) is the external potential. While the
classical fluctuations are taken into account in the initial polariton field, it is possible to include
the effect of quantum fluctuations on the level of classical fields approximation [24-26] with the
addition of a complex stochastic term in the truncated Wigner approximation (TWA)

d
< AWXAW (X)) >= 0, < dW(x)dW*(x') >= ﬁ(RanR ) 2)

In a nonequilibrium driven system without noise, above the condensation threshold P(x) >
Py = ycyr/R'P, we investigate the large distance behavior of a single pumped condensate (by
assuming P(x) = Py and V(x) = V). We consider the steady state solution for Eq. (1) with

the Madelung transformation: ngr(x, ) = m and Y (x, 1) = \/p(x)e!S@-11/M) with the

number density p(x) = % determined by a balance of gain and loss, phase S(x) and chemical
potential u for this condensate. Neglecting the spatial derivatives of the number density by
assuming a sufficiently large pumping spot, the imaginary part of Eq. (1) leads to integrated form
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of the Bernoulli equation:

wo(d 2 1D 1D n (d ? géDPO g}iDVC_géDYR
©)

It follows that far away from the pumping spot the steady state wave function of the single
condensate can be approximated as ¥/(x) = y/p(x)e’*<* with the outflow wave number k. =
1D

V2(u-Vo)m* . .
%. Here gxPyc = g{Pyr is set to be considered.

The wave function of two condensates with the same size and separated by the distance a can
be approximated as the sum of the individual ones:

G0 = Yx+3) + (- 3) o

where 6 is the phase difference between the two condensates. The total number of particles in the
condensates can then be written as

1= / ()Pl ~ 2 / p(O)dx + kel (ke)Po(kea) cos(@) /x 5)

where ¥ (k.) = 2n /Ooo p(x)explikex]Jo(kex)xdx and Jy is the Bessel function. To maximize the
total occupation number for the condensate, the phase coupling of two condensates (cos(6)) is
presented to depend both on the separation distance a and outflow velocity from condensate
(or outflow wave number k). One obtains in-phase coupling with Jy(k.a) > O and anti-phase
coupling while Jo(k.a) < 0. These two condensates, phase locked either in a symmetric or
antisymmetric state, are named as polariton dyad [27].

3. Dark and anti-dark solitons

In the presence of an external potential V(x), a much richer dynamics appears. In the case where
V(x) is a random potential, which naturally results from the fluctuation during the microcavity
growth, its presence induces spatial inhomogeneities of the condensate phase [28], coherence
and density modulation [29-31] which were observed and explained within a similar theoretical
formalism as used here.

In this work, we examine the exciton-polariton condensate with an external potential V(x)
given by

V(x):{o x| <a ©)
) |x | >a

here Vy = 0.2meV is the external potential strength and a = 1um is the width that mimics
the finite-size effect of the defect potential. The system of coupled equations (Eq. (1) together
with Eq. (6)) are numerically solved in time using a fifth-order Adams-Bashforth-Moulton
predictor-corrector method. Random low-intensity white noise [as shown in Fig. 1(a)] is seeded
as an initial condition for the condensate field ¥ (x, 0). The noise in the initial condition, as well
as the TWA noise in the evolution equation allow to investigate the stability properties through
the observation of response of the system in the long-time dynamics. We note that while this
method does not provide an exact answer about the stability, it is able to detect unstable modes
provided that the evolution time is long enough. One should be aware, however, that more detailed
methods, such as perturbation theory, could be used to confirm the stability of the solutions with
a higher degree of accuracy.
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We perform a systematic study in the case of homogeneous pumping, P(x) = Py, with the
following parameters (close to those of the experimental setup of [32]): m* = 5 X 107%m,,
YR =2.0xXyc = 3’+S,g113 =2xgP = 0.9547pev pum, R'P = 2.24x 10~ um ps~!, Dy = 4x 1073
and D; = 1 x 1073. We note that the polariton reservoir corresponds to the "active" exciton
population that can directly scatter to the polariton condensate and has much shorter lifetime
than the "inactive" excitons and free carriers at high energy levels. The latter are not subject to
a considerable back-action from polaritons and not relevant for the stability properties of the
system.

160

0
X (1 m)

Fig. 1. (a) Temporal evolution of polariton density |y (x, )| towards polariton dyad in a
1D wire with defect potential, starting from a small initial noise. (b) Spatial profile of the
corresponding density of Fig. 1(a) at t=10000ps (greed dashed line) and the external potential
(red dotted line).(c) The initial noise

We study the temporal evolution of the condensates spatially separated by the defect potential,
and firstly concentrate on the case of lower pumping power just above the condensation threshold
[as shown in Fig. 1 with Py = 1.1 X P;,]. With such a weak pumping power close to the threshold
P;j,, the effect from the nonlinear interaction part g(lanp is negligible with respect to that from
the kinetic and potential parts in Eq. (1). It may seem natural in this case to treat two polariton
condensates as two dissipative counter-propagating linear waves with wave number k.. They
meet with each other at the center of the defect potential and the resulting interference appears
sink-type constructive. It is shown by the green dashed line in Fig. 1(b). This indicates that the
polariton dyad in in-phase synchronization is observed with a homogeneous continuous pumped
laser, which is different as that in [27], where the phenomena of polariton dyad is demonstrated
with the application of two spatially separated pulse lasers. Additionally, the green dashed line in
Fig. 1(b) shows that the scale of the extension of the interference is wider than that of the defect
region, which is affected by the relatively small wave number k.. The larger of the value for the
wave number k., the narrower of the scale for the extension of the interference.

This simple in-phase state of a polariton dyad can be dramatically modified as one increases
the pumping power Py [as shwon in Fig. 2 with Py = 1.2 X Py,]. Since the nonlinear energy of
polariton-polariton interaction increases dramatically with the pumping power Py, it becomes
comparable to the kinetic energy. During the procedure of two polariton condensates formation,
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Fig. 2. (a) The dynamical evolution from the in-phase state with a pair of dark solitons to the
anti-phase state with only one stable dark solion. Spatial profile of the density (green dashed
line) and the corresponding phase jump (red dotted line) for the dark solitons, respectively,
at t=3000ps (b) and t=10000ps (c).

the balance between the nonlinear and the kinetic parts induces the spontaneous creation of
another interesting nonlinear phenomenon: a pair of dark solitons [instead of dark holes in
Fig. 1] connected by a none-zero sink-type constructive interference feature, as shown in Fig. 2(a)
(t < 5x10°ps) and Fig. 2(b). Significantly, this in-phase configuration with a pair of dark solitons
is not a stable but a metastable state. After a certain time of evolution, phase symmetry breaking
occurs and induces the resynchronization of the polariton dyad to an anti-phase configuration,
with only one dark soliton (# > 5 x 10%ps). The corresponding density and 7 phase jump for the
stable dark soliton state at f = 2 x 10*ps is shown in Fig. 2(c). The phase of the polariton dyad
switches from the in-phase state to the anti-phase state.

The type of phase coupling (either in-phase or anti-phase) of the polariton dyad depends both
on the width a of the defect potential and on the wave vector k. of the out-flowing polaritons. In
this work, the defect potential width of a is within the range where the two condensates are always
synchronized. With a fixed distance a, both the polariton density and the wave vector k. increase
along with the pumping power Py. If the conditions (both width a and wave vector k. are satisfied
with Jy(k.a) < 0) favor formation of an anti-phase state, due to the noise present in the system a
jump from one state to the other can occur, which is seen at ¢ ~ 5000ps on Fig. 2(a), for example,
but depending on the noise can occur at different times (see Appendix).Then another question
comes: why this stable anti-phase configuration with only one dark soliton could not appear as an
initial spontaneously created state during the procedure of polariton condensates formation? Two
condensates considered in our system are nonresonantly pumped with one homogeneous field
and hence have the same value of the wave number k.. Under the influence of defect potential,
the flow with the same wave number k. occurs thanks to the repulsive polariton-polariton and
reservoir-polariton interactions. In the result of interaction of two nonlinear polariton waves
propagating toward the center with k., in-phase synchronized state is spontaneous created during
the procedure of the condensates formation. It is easy to understand that the formation of the
in-phase synchronized state does not rely on the value of the pumping power. However, the
evolution time of the state is relevant to the pumping power: The higher of the pumping power,



Research Article

Optics EXPRESS

5|5 Mar 2018 | OPTICS EXPRESS 6273

>

0.8 1777
(@)
=
(o8
<ol 184350
0.6 — 0 T 120 ’
X (Lm)
e — ® 13
350 density . phase 11
ST 4.1
ol 5 30
X (L m)

Fig. 3. (a) The oscillating dark soliton in the defect potential. Although it is a stable state, for
better visual effects, we plot it only from t=6000ps to t=8000ps. (b) Corresponding density
(green dashed line) and phase jump (red dotted line) at t=7000ps for the moving dark soliton.
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Fig. 4. (a) Observation of the anti-dark soliton (the figure and the inset have the same axis
unit), (b) Spatial profile of the density (green dashed line) for the anti-dark state and the
external potential V(x) (red dotted line).

the shorter of the evolution time for this in-phase synchronized state. Additionally, we’d like to
point out that, although the evolution time of this in-phase synchronized state is disturbed by
the noise, the final observed stable anti-phase state named as dark soliton is not affected by the
disorder [see Appendix].

We note that, in the regime of pumping power where balance between kinetic and nonlinear
energy holds, with the increase of pumping power, the soliton varies from the stationary state
(1.1P;, < Py < 1.4P,) to the oscillating state (Py = 1.5P;) accompanied with the phonon
scattering [as shown in Fig. 3]. The width of the dark soliton is less than that of the defect
potential and reduces with the increase of pumping power Py, similar as the case discussed
in [17]. Different from the creation scheme of dark soliton proposed in [17], here the dark soliton
is formed due to the anti-phase coupling of two condensates but not the 7 phase jump as an initial
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seed.

With further increase of pumping power up to around Py = 1.7P;,, while outflow wave
number k. is modified so as to satify the condition of Jy(k.a) > 0, two condensates transform
into the in-phase coupling again to pick the state of the highest occupation. Fig. 4(a) shows the
corresponding dynamical evolution, where the in-phase state is not sink-type as in Fig. 1 but
appears anti-dark accompanied with the balance between the nonlinear and the kinetic energy.
There have two in-phase synchronized states: one with a pair of oscillating dark solitons and the
other with an anti-dark soliton. The former is spontaneously created as a metastable state during
the procedure of condensates formation, as mentioned before. The latter is spontaneously picked
as a stable state during the dynamical evolution to maximize the total occupation number for the
condensate. We note that, for the in-phase state with anti-dark soliton, the healing length of the

condensate & = h/./2m* géD |¥|? is roughly equal to the defect potential width a.

4. Conclusion

To summarize, we demonstrated that, when two nonresonantly pumped exciton-polariton
condensates are excited with a homogeneous pumping laser and a defect potential, dissipative
dark and anti-dark solitons can be observed and stabilized. The formation of these solitons
is related to the phase coupling of a polariton dyad and the final stable state are not affected
by the random noise [see Appendix]. This opens a route to observe the stable solitons in the
nonequilibrium polariotn BEC and to experimental demonstration of states which is easy to
implement. Additionally it becomes an important step towards construction of low-powered
opto-electronic devices.

Appendix A.

The effect of noise In the manuscript, we add white gaussian noise both at the beginning and
during the propagation with a relatively small amplitude. For example, we consider 100% noise
ratio in the initial seed || = 0.01 and 1% propagation noise ratio in eq.(2). To check the impact
on the condensate state, we consider the dynamical evolution with noise of higher magnitude.
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Fig. 5. The dynamical evolution from the in-phase state to the anti-phase state with different
noise. (a) and (b): The initial seed is increased up to || = 0.1 with 100% noise ratio, the
propagation quantum noise is 1%; (c) and (d): The initial seed is || = 0.01 with 100%
noise ratio, the propagation quantum noise is added up to 10%.

or the initial classic noise, while keep the propagation quantum noise as 1% invariant, we increase
the value of the initial seed up to || = 0.1 plus 100% noise ratio [10 times of the original one in
manuscript, as shown in Fig. 5(a)]. For the propagation quantum noise as depicted in Eq. (2), we
add it up to 10% but keep the initial seed the same as that in the manuscript [|| = 0.01 plus
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100% noise ratio, as shown in Fig. 5(c)]. It is shown both in Fig. 5(b) and Fig. 5(d) that the final
stable condensate state is not affected apparently by the disorder. The disorder could only affect
the dynamical evolution procedure before the final state is observed. With a higher magnitude of
disorder, the lifetime for the metastable state (a pair of dark solitons) is decreased.
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