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1. Introduction

Solitons are non-spreading self-localised wavepackets. The first soliton has been described by John Scott Russell in
1834 [1], who observed an isolated non-spreading water wave moving across the Union canal near Edinburgh. With the
development of high power pulsed lasers in 1970-1980’s, it became possible to investigate optical solitons through the
formation of non-diffracting beams and non-dispersing pulses of light propagating in bulk materials or optical fibres with a
x @ nonlinearity [2]. Picosecond pulse narrowing and splitting of the initial pulse into several peaks with increasing pulse
power has been observed in 1980 in optical fibres with anomalous group velocity dispersion [3,4], which is essential for
soliton formation in the case of positive (self-focusing) nonlinearity. Soliton phenomena in single-mode fibres and in many
other systems can be described using nonlinear Schrédinger equations, which has become a paradigm model in soliton
physics.

Matter wave solitons have been demonstrated in the clouds of Bose-condensed atoms placed in a magnetic trap. The
interactions between atoms were tuned from repulsive to attractive via Feshbach resonance which cancels the dispersive
spreading induced by the kinetic energy of atoms [5]. Multiple matter-wave solitons were observed bouncing in the trap and
interacting amongst themselves repulsively [6]. It was also possible to observe bright solitons with condensates consisting of
repulsively interacting atoms by altering the sign of the matter wave dispersion using optical lattice potentials [7]. Similarly,
solitonic effects with light beams have been observed in nonlinear materials with periodic spatial modulation [8].

Self-localised structures existing in a dissipative system with an external supply of energy are often called dissipative
solitons [9,10]. The balance between dispersion and nonlinearity for the dissipative solitons is also accompanied by the
loss-gain balance. Dissipative solitons in optical resonators have been observed, e.g., in the vertical cavity surface emitting
semiconductor lasers (VCSELs) operating in the bistable regime [11,12]. VCSEL solitons can be switched on/off using an
external writing pulse, which makes them potentially suitable for applications in optical information processing.

Microcavity polaritons, which arise from strong exciton-photon coupling in semiconductor microcavities, attracted signif-
icant interest in the last decade [13-16]. The excitonic component in the polariton wavefunctions leads to strong repulsive
polariton-polariton interactions and hence to a strong de-focusing nonlinearity. In fact, the interaction energy between two
polaritons confined in 1-pm? area was measured in the range of 2-10 peV [17], implying x ® polariton nonlinearity to be
two to three orders of magnitude higher than nonlinearity in VCSELs operating in the weak-coupling regime [18], bringing
down the threshold powers required for observation of bistability, parametric wave mixing, and soliton formation. The two-
dimensional nature of the polariton system allows one to address particular polariton states in energy-momentum space
using external laser sources of relatively weak optical power, whereas the giant optical nonlinearity and fast ps response
time of the polariton system are favourable to the development of polariton devices with applications in all-optical signal
processing and switching [19,20].

Non-equilibrium polariton Bose condensates have been observed under non-resonant (above band gap) pumping [21,22],
where it was suggested that polariton-polariton scattering plays an essential role in the convergence to the condensate state.
One of the most remarkable properties of the interacting polaritons is the superfluid-like behaviour [23]. In the case when
a polariton condensate flowing with a finite momentum interacts with a defect, suppression of polariton backscattering
is observed, which is attributed to the renormalisation of the condensate excitation spectrum from parabolic to sonic-like
due to polariton-polariton interactions at high particle density. While condensation is characterised by localisation of the
polariton density in momentum space and formation of an extended state in real space, the soliton formation is associated
with the localisation in real space and spectral broadening in momentum space.

In what follows, we will discuss the theory and experimental results on conservative and dissipative polariton solitons
in planar polaritonic superfluids [24,25], in modulated polaritonic microcavity waveguides (microwires) [26], in slab waveg-
uides [27] and in two-dimensional microcavity lattice potentials [28]. A particular emphasis will be paid to the role of the
polariton polarisation (pseudo-spin) and formation of the so-called vector polariton solitons in both conservative [29] and
dissipative [30] systems. Here, the spin-dependent anisotropy in the polariton-polariton interaction is important, and can
lead to the vector solitons, whose polarisation oscillates rapidly in time and space.

2. Theory of exciton-polariton solitons in microcavities
2.1. Model equations

Non-propagating (zero momentum) modes in an ideal planar microcavity can be represented using the basis of circular
polarizations o, which couple with the £1-spin excitons inside the quantum wells. Similarly, the propagating (non-zero
momentum) modes occupied by moving bright solitons can be represented by a TE mode, where the non-zero electric field
component is parallel to the mirrors and perpendicular to the momentum, and a quasi-TM mode, with a dominant electric
field component aligned with the momentum and a small component perpendicular to the mirrors. The quasi-TM mode is
directly associated with the small momentum-dependent energy splitting between the two modes, which becomes zero for
the zero-momentum case.

The equations for the photonic modal amplitudes Ey y in the TE-TM representation are [30]:

O Exy —id(1 £ o) V2Ex y + (¥p — i8p) Ex.y = i QrVx y + (@ £ b) Ep eeX (1)
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Fig. 1. (a) Schematic of a microcavity with quantum well positioned at an antinode of a photon mode. (b) Simulated polariton dispersion of a typical GaAs
microcavity. Black dashed line is dispersion of uncoupled photons, red dashed - uncoupled exciton, blue solid - upper polariton branch, and green solid -
lower polariton branch. (c) Lower polariton branch, upper panel, and corresponding effective mass, lower panel, as a ratio to free electron mass (mg) show
two points of inflection which divide regions of positive and negative effective masses of polaritons.

In the above equation, E, and k, are the pump amplitude and transverse momentum, while y;, and §, are the photon
decay rate and detuning, Qg is the Rabi frequency and d is the photon dispersion coefficient. Relative values of a and b
(la> + |b|? = 1) control the pump polarisation. The momentum dependence of the TM and TE polariton eigenfrequencies
can, in general, be characterized by serial expansions of both kinetic energy and the Rabi frequency in even (for the ideal
planar resonators) powers of the Laplacian. Here we are restricting ourselves to the leading-order approximation, with the o
coefficient characterizing the splitting of the resonances. The amplitudes for the TE photonic and excitonic modes are linked
with the ones for o1 polarizations as Ey =i(Ey — E_), ¥y =i(y¥4 — ¥_). A similar transformation for the TM modes will,
however, be only approximately valid since the component of the TM-mode perpendicular to the mirrors does not couple
with excitons. This difference is, however, disregarded in our calculations, so that Ex ~ E, + E_, ¥, >~ ¥4 + ¥_. Note that
we have chosen the pump momentum along the x-direction.
The equations for the o+ amplitudes of the excitonic field are

s + (Ve —i8e +ilve? = iVIY=P) Vi = iQEx @)

Here V ~0.05 is the relative strength of the inter-spin attraction, y, is the coherence decay rate and . is the detuning
of the excitonic resonance from the frequency of the pump field. Despite the fact that our approach ignores some details,
such as coupling of the coherent excitons with the incoherent reservoir [31], inhomogeneities of the cavities and quantum
wells and the exact account for the energy-momentum dependence at large momenta, it reproduces the main experimental
observations related to polariton solitons and provides a solid theoretical framework for understanding solitonic effects in
microresonators.

2.2. Families of conservative solitons

We start from the case when there is no pump (Ep = 0), all the loss mechanisms are neglected (conservative limit) and
polaritons have one polarization (e.g., o). Then, for the envelope function A of a polaritonic wavepacket with momentum
k =ko and energy €9 = €(kgp) measured from the bottom of the lower polariton branch, one can derive the following 1D
Gross-Pitaevskii (GP) equation [32]:

1
ihd,A = —i€'04A — 5e”a,fA + glAPA, € = de(ko), € = d2e(ko) (3)

Here €'/l = v is the group velocity, while h?/e” = mj is the effective polariton mass (see Fig. 1). €” of the lower branch
polaritons becomes zero at some critical momentum corresponding to the so-called magic angle. g > 0 is the effective
nonlinearity, which is also momentum dependent [32]. Note that when we add the second dimension y, we will find that
the effective mass in the y-direction (perpendicular to the direction of polariton flow) m}, always stays positive.

A family of dark soliton solutions, existing for the m} > 0 is given by

A= \/g (tanh(rﬁcos P)cosp —i qsin¢) e—iqt/h @

where 7 = %(x —te'/h) — %t\/ﬁ sin¢. These are the solutions which have been observed in the experiments with the

polaritonic flow scattered by a cylindrical obstacle [33,24]. ¢ is the greyness parameter (¢ = 0 corresponds to the black
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solitons), which also determines the soliton velocity shift with respect to the group velocity of the linear polaritons. ¢ > 0
is the parameter determining polariton density in the soliton background, N = q/g. The soliton core width is given by the
so-called ‘healing length’: [ =h/,/2m*Ng.

If the nonlinear interaction between the oy polariton branches is accounted for, then Eq. (3) is replaced by coupled
GP equations. The relatively weak cross-spin interaction favours the existence of so-called half-solitons, when the polariton
density in one component is quasi-constant across the soliton core in the other component [34,29]. Conservative solitons
in a system with losses exist only as adiabatically decaying quasi-solitons. To claim the soliton observation, the decay time
ideally should be longer than the characteristic time of the dispersive spreading, which in the energy units implies that
the polariton linewidth is less than two nonlinear energy shift, y,i < 2gN. Using the polariton basis, as opposed to the
equations for the photonic and excitonic fields, also has its limitations. In particular, it has been formally shown in Ref. [35]
that a new class of the dark soliton solutions and vortices can exist in the full model in the regime of the so-called ‘intrinsic
bistability’, which is possible providing the cavity and excitonic resonances do not coincide. For these new solutions, the
soliton core in the excitonic component can become arbitrarily narrow, while the one for the photonic component stays
wide, so that the excitonic part of the dark soliton is only weakly influenced by the photonic one [36].

The stability of the conservative dark solitons in the polaritonic condensates has not been studied in detail yet, but
preliminary results [35] indicate that using the two-component photon-exciton model introduces a drift instability absent
in the GP approach. This, in part, can be related to the fact that the GP approach can not capture all the dynamical features
if the excitonic and cavity resonances do not coincide. Families of conservative solitons and their stability in the two-spin
model have not been studied yet. In this regard, one can expect differences with respect to nonlinear optics, where the self-
and cross-spin interactions have the same sign. Also, more formal mathematical studies of the half-soliton regime can be
beneficial both to the interpretation of the existing studies and to guidance of the forthcoming experiments. We should also
mention here that accounting for the second transverse dimension is well known to lead to the break-up of the dark soliton
stripes into trains of vortices with alternating polarities [37].

A family of bright solitons existing for the m} < 0 is given by

A= Z—qsech 2q (x— 1|E”|Vt) e—i%qt—ivx—}—izl—h\e”wzt (5)
g l€”] h

The above solitons are probably the most obvious candidates, not only for experimental observations, but also for practical
applications. However, they are still the least studied of all possible polariton-solitons.

The GP equation (3), becomes invalidated, when the essential part of the soliton spectrum overlaps with the point where
the effective mass changes its sign, so that the soliton existence conditions become violated. This is the case for both bright
and dark solitons. The GP model can be generalised by including the higher-order terms in the serial expansion of € (k).
In particular, the third-order derivative term becomes the leading order term around the point m} = co. This observation
brings a connection with the significant volume of knowledge generated in the fibre optics community about the role this
term plays in soliton dynamics and, in particular, in frequency conversion and supercontinuum generation [4]. Regarding
the latter, the so-called Cherenkov radiation emission by solitons and mixing of solitons with dispersive radiation [4], which
are different from the familiar parametric processes relying on the phase-matching of dispersive waves only, still have not
been studied in the polaritonic context.

2.3. Dissipative polariton solitons

If a resonant pump is applied (Ep # 0), then the losses are compensated and non-decaying cavity solitons can exist
[32,38-40]. Theory of polariton-solitons in microresonators has many common features with the theory developed for
non-polariton cavity solitons [10,41,42], but it has important novel aspects as well. An obvious one is that the effective
mass changes its sign as momentum varies, so it can have different values and signs in the two transverse directions. In the
polariton basis, the GP model can be generalised to include losses (y), pump (P) and higher order dispersions (¢”’). The
resulting equation is usually referred to as the generalised Lugiato-Lefever (gLL) model:

1 1
iho A= (8 —iy)A —i€ 9A — 5e”a,ﬁA + i;e’”af +glAI*A—P, €" =8}e(ko) (6)

Here § is the energy offset between the lower branch polariton at kg and the pump photon. Diffraction along the second
dimension has been disregarded, which can be useful to simplify numerical procedures and is physically justified if lateral
confinement has been implemented (see, e.g., [32,43]). For y =€¢” =0 and €” < 0, the above equation has an analytical
bright soliton solution [41]. For P = 0, this solution transforms into Eq. (5), while for P # 0 it splits into two branches, one
(upper) stable and one (lower) unstable [41,42]. For €”” # 0, the soliton gets an oscillatory tail, while its velocity acquires a
shift relative to €’/h [32].

Bright solitons in the full photon-exciton model have been studied in Refs. [32,25,30]. Polarization properties of these
solitons appear to be highly relevant for their experimental observation [30]. In particular, if the pump field is either circu-
larly (b or a =0) or linearly (|a] = |b|) polarised, then the circularly polarised solitons are stable [30]. The linearly polarised
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Fig. 2. (A to C) Real-space images of the polariton gas flowing downward at different excitation densities in the presence of a double defect (total width:
15 mm). The gas is injected above the red line. At high density (A) (117 mW), the fluid is subsonic (vgow = 0.25¢s) and flows in a superfluid fashion around
the defect. At lower densities (B) (36 mW; vqqw = 0.4cs), a turbulent pattern appears in the wake of the defect, eventually giving rise to the formation of
two oblique dark solitons (C) (27 mW; vgew = 0.6¢5). (D to F) Interferograms corresponding to (A) and (C), respectively.

From [24]. Reprinted with permission from AAAS.

solitons existing for the linearly polarised pump field can be considered as consisting of the two circularly polarised com-
ponents, which interact repulsively (V <0, m} > 0), resulting in the exponential instability of these soliton states and their
evolution towards the quasi-circularly polarised ones [30]. Thus o4-solitons are the preferential states for either choice
of the pump polarization. These solitons can be subject to the oscillatory Hopf instability, as many other types of cavity
solitons [42], providing losses are sufficiently small and pump is sufficiently strong.

The soliton existence based on the negative effective mass balanced by the defocussing nonlinearity apply only in the di-
rection of the pump momentum. The reasons for the solitonic effects in the perpendicular direction are different; since
the effective polariton mj is positive, the parametric processes do not involve mixing of momenta with the non-zero
y-projection. Hence if one takes an idealised model with 9, = 0, then the upper state of the polariton bistability loop
is stable and so are the fronts connecting upper and lower branches of the polariton bistability loop [38-40]. These fronts
taken at the pump frequency generally move along y, but the motion can be prevented by a pinning mechanism due to the
presence of the localised polariton field components at the signal and idler energies. Thus a family of one-dimensional para-
metric solitons is formed. Families of 1D solitons in x and y coexist across a broad parameter range [38-40]. However, the
2D solitons, for which two different trapping mechanisms balance the diffraction out simultaneously, appear only in a very
narrow range of the parameter space [38,39]. When the pump momentum is either zero or small, so that m} , > 0, then
families of dissipative 1D and 2D dark solitons have been found and their dynamics were studied in detail in Refs. [44,45].

3. Experimental reports of polariton solitons
3.1. Conservative dark solitons in polariton superfluids

In [24] Amo et al. present their study of propagating polariton fluids in microcavities resonantly excited with an external
laser beam at a finite k-vector. Solitons and vortices develop in the unpumped region where polaritons propagate out of the
excitation spot. In this respect, the polariton system can be treated by the Gross-Pitaevskii equation with losses but without
gain [33], as mentioned in the previous section.

The main experimental result is presented in Fig. 2. At subsonic speeds (the speed of polariton vqqy, is about 1/4 of the
speed of sound, cs, of polariton condensate excitations), the polariton condensate is in superfluid regime. When it hits a
large defect (dark region), polariton scattering is suppressed, as evidenced by the absence of density modulation. We note
that such a suppression of scattering can not be attributed simply to the screening of the potential barrier, since there is still
a zero polariton density observed in the region of the defect. As the excitation density and hence the speed of sound are
decreased, low-density channels are observed in the wake created by the defect. The interference pattern of the condensate
emission and the plane wave reference beam reveals fork-like dislocations along these low-density channels, which are
related to the passage of vortices with orbital angular momentum M = +1. The system enters a so-called turbulent regime.
Finally, at even lower densities, the fork-like dislocations in the interference pattern transform into phase jumps of ,
characteristic of oblique dark solitons. Similar results were also obtained by Grosso et al. with the pulsed excitation [46].
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Fig. 3. (a), (c) The measured degree of circular and diagonal polarisations, respectively; (b), (d) The calculated patterns from the solution to the nonlinear
spin-dependent Schrodinger equation. The dashed lines show the trajectory of the inner (grey) and outer (black) half-solitons. The trajectories of the

half-solitons appear as extremes of circular polarization, and as domain walls in diagonal polarization. The grey arrows in (b) indicate the direction of
acceleration of the half-solitons induced by the effective magnetic field.

Adapted by permission from Macmillan Publishers Ltd: Nature Physics [29], copyright 2012.

Note that Ref. [47] has questioned whether the experimental results in [24] can be considered as the definitive observations
of the dark polariton solitons or can be partly interpreted as the linear interference effects. Nevertheless, side-by-side
comparison of linear and non-linear regimes strongly supports the dark soliton interpretation [48].

Furthermore, the break-up of dark solitons into pairs of circularly cross-polarised dark half-solitons has been pre-
dicted [34] and observed [29], as shown in Fig. 3. This effect occurs because of the presence of an effective in-plane magnetic
field [49], arising from the polarisation splitting between the transverse electric (TE) and transverse magnetic (TM) cavity
modes. The effective magnetic field, which interacts with polariton pseudospin (polarisation) in similar way as the Coulomb
force does with charges, splits the integer soliton into a pair of oblique half-solitons with opposite polarisations. In this
respect, such mixed pseudospin-phase excitations behave like one-dimensional topological magnetic monopoles. In micro-
cavities resonantly pumped with a laser at normal incidence, oblique spinor half-solitons were also predicted to emerge out

of a Skyrmion lattice in the non-linear optical spin Hall regime due to the presence of TE-TM splitting and spin-dependent
polariton-polariton interactions [50].

3.2. Polariton gap solitons in periodic lattices

The periodic spatial modulation of a medium creates an artificial band structure with energy gaps and normal polariton
dispersion described by negative effective mass. In the presence of nonlinearity given by effective repulsive interactions
between polaritons, spatially self-localized states may appear within the energy gaps. These states, known as bright gap
solitons (GSs), are metastable solutions to the Gross-Pitaevskii equation [51]. In contrast to continuous systems, discrete
solitons in array lattices represent collective excitations of the nonlinear chain as a whole.

Tanese et al. [26] have demonstrated the formation of gap solitons in 1D semiconductor microcavity wires with a mod-
ulated thickness under both continuous wave and pulsed nonresonant excitation. The periodically modulated width (the
modulation period is P = 2.7 ym and the wire width is modulated between Wpjn = 1.9 pm and W, = 2.8 pm) of the
wires results in a periodic modulation of the cavity mode energy, which in turn creates a periodic potential for the polariton
states. Such a periodic potential leads to the formation of polariton mini-Brillouin zones (MBZ) separated by energy gaps
in energy-momentum space. The size of the MBZ is given by the modulation period: kypz = 7 /P, and the energy gap is
determined by the amplitude of the modulation.

Above a certain threshold, polaritons can spontaneously condense into localised states with energy in the band gap.
Depending on the excitation power, either condensation into an anti-symmetric bright gap soliton state (S1, Figs. 4(a, c)) or
a symmetric localised defect state (S2, Figs. 4(b, d)) occurs. The wavefunction of the S1 state extends over many periods of
the realspace lattice, while in momentum space, it has maxima at the edges of MBZ where polariton effective mass m* <0,
which is characteristic of the gap soliton. Analytically the spatial profile of the bright gap soliton is described by sech?
function [26], in agreement with in the experimental results. By contrast, at higher pump power, the substantial energy

blueshift of the condensed polaritons into the gap leads to a defect state S2, which is strongly localised in realspace with an

exponentially decaying amplitude profile. A linear combination of the S1 and S2 states can be also observed at intermediate
powers.
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Fig. 4. A modulated wire is excited with a 2 pm CW laser spot centred on a maximum of the periodic potential (narrow region of the wire). Total emission
intensity measured from a single modulated wire as a function of the excitation power. (a, b) Spectrally and spatially resolved emission for two excitation
powers (in logarithmic colour scale). (c, d) Spectrally resolved far-field emission measured on the same wire for the same excitation powers (in linear
colour scale); the first mini-gap induced by the periodicity is indicated with dashed lines.

Adapted by permission from Macmillan Publishers Ltd: Nature Communications [26], copyright 2013.
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Fig. 5. (a) Square lattice for polaritons created by the interference of two surface acoustic waves (SAWs) propagating along the X = [010] and y = [001]
surface directions of a (100)-(Al, Ga) As microcavity. The lattice moves along the (X + y) = [110] direction with a velocity of iy = +/2Usaw, where
usaw = 3 um/ns is the SAW phase velocity. (b) Schematic representation of the OPO process in the modulated polariton dispersion along I' — M. The
pump state is generated by tuning the laser energy and angle of incidence. Above the threshold of formation of the PMCP polaritons scatter into the signal
and idler states, as indicated by the arrows. (c) k-space PL image of an incoherent polariton gas. The red point at kp = (kp,, kp,) = (0,1.7) pm~! marks the
blocked pump state. The PL peaks on the sides are the diffracted pump beams. The white lines delineate the first four MBZs. (d, c) are the corresponding
images at P = Py, and P; = 1.4Py,.

Adapted from [28].

Cerda-Méndez et al. [28] have further shown the formation of polariton gap soliton states in 2D dynamic microcavity
lattices created by perpendicular surface acoustic waves (SAW) with wavelength Asaw ~ 8 pm (Fig. 5(a)) in the optical para-
metric oscillator (OPO) regime (Fig. 5(b)). In this case, the periodic potential is mainly created due to spatial modulation
of the exciton level, whereas the square lattice results in mini-Brillouin zones (MBZs) of dimension ksaw = 27T /Asaw Sepa-
rated by the energy gaps. In a homogeneous microcavity, polariton macroscopic coherent phases (PMCPs) originating from
stimulated polariton-polariton scattering from the pump normally appear at the lowest energy state with zero in-plane
momentum. By contrast, in the presence of SAW of moderate amplitude, PMCPs are excited via the accumulation of parti-
cles at critical points of negative mass with energies above the ground state level (Figs. 5(c-e)), which is indicative of the
formation of a bright gap soliton.

3.3. Conservative bright polariton solitons in semiconductor waveguides

In Ref. [27], Walker et al. used planar AlGaAs/GaAs waveguides with InGaAs quantum wells embedded in the core, where
a propagating waveguide photonic mode formed by total internal reflection strongly couples to quantum well excitons, see
Fig. 6(a). Compared to microcavities, the waveguide system has the advantages of an order of magnitude faster polari-
ton velocity (30-50 pum/ps, Fig. 6(b)), simplicity of the design, and fabrication and compatibility with existing designs of
high-performance waveguide photonic circuit elements.

The effective mass on the lower polariton branch is negative at any momentum (Fig. 6(b)), so formation of bright solitons
is expected, since polariton-polariton interactions are repulsive. In Ref. [27] a sub-picosecond pulse with energy resonant
with the lower polariton branch is injected into the waveguide via grating coupler (Fig. 6(a)). The output pulse duration
and its spectrum are detected after the pulse propagates 600 pm. At low excitation power the initial pulse broadens from
350 fs to 4 ps due to large polariton group velocity dispersion. By contrast, as the pulse power is increased to about 0.5 p],
the duration of the output pulse narrows below the resolution 2 ps (Fig. 6(c)). Such temporal compression is indicative
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Adapted from [27].
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Fig. 7. (a) Schematic diagram of experiment. A large area of the sample is quasi-resonantly illuminated with a continuous wave (CW) pump. A picosec-
ond writing pulse (WP) (red) triggers the soliton pattern formation. (b) Polariton dispersion (solid black curve) of the lower polariton branch (LPB). The
schematic location of the pump and WP in energy-momentum space are shown; in the experiment the shaded area above k > 2 pm~! is blocked in the
detection path to avoid saturation of the detectors by the reflected pump and WP beams. (c) Bistable polariton density as a function of pump momentum.
Arrow indicates the state of the system created by the pump before incidence of the writing pulse.

Adapted from [25].

of the bright soliton. Further proof of the bright soliton is revealed by measuring the time of flight of different frequency
components. In the soliton regime, the frequency dependence of the time of flight is cancelled since all harmonics travel at
the same speed. From the soliton formation threshold, a nonlinear refractive index three to four orders of magnitude larger
than in any other ultrafast optical systems (based on silicon, InGaP or AlGaAs in the weak coupling regime) was deduced,
which verifies the highly nonlinear nature of the polariton platform.

3.4. Propagating bright dissipative polariton solitons

While above we mainly focused on the conservative soliton system, where the role of the pump can be neglected, in this
section the results on the observation of propagating dissipative polariton solitons are summarised. Here, the pump plays
an important role. Namely, a dissipative soliton is excited when the pump is tuned slightly above the polariton resonance
at k-vectors, where polaritons have a negative effective mass. In this case, the pump field inside the microcavity exhibits
bistable behaviour as a function of pump power. The dissipative soliton can be considered as a local switch from the lower
to the upper state of the bistabile pump field. Moreover, broadband polariton-polariton scattering results in population
of the broad spectrum in momentum space, fully compensating polariton losses and leading to a stable localised state: a
dissipative soliton.

In 2012, Sich et al. [25] presented the first experimental observation of such a bright 2D dissipative polariton soliton
propagating in a semiconductor GaAs microcavity with InGaAs quantum wells. The scheme of the experiment is shown
in Figs. 7(a, b). A continuous wave (CW) pump laser is applied at a k-vector kp, which is above the point of inflection of
the lower polariton branch (LPB). The pump beam is focused to a 70 pm (full width at half-maximum, FWHM) Gaussian
spot. The lower polariton branch is driven quasi-resonantly by the pump laser, so that the internal polariton field exhibits
bistable behaviour as a function of the pump k-vector (kp), as shown in Fig. 7(c). A writing pulse (WP) with a duration of
5 ps triggers soliton formation.

Please cite this article in press as: M. Sich et al., Soliton physics with semiconductor exciton-polaritons in confined systems, C. R. Physique (2016),
http://dx.doi.org/10.1016/j.crhy.2016.05.002




COMREN:3306

M. Sich et al. / C. R. Physiquie eee (eeee) eee—osee 9
WP: 7 pm WP: 15 pm
1.0a) 17ps 7 [(d) 22ps 110 1.536
x1.6 x8.6
05 s 807.5 E
L 1.535 <
> <)
8 g
0.0 :Cj 808.0 E
1.0 1.534 = g
. = 808.5
s s 0 2.0
> 05F >
2 2
5] g T . . : .
£ o0 £ 1.0t (h) n/s\cg7s—am 1
1.0F ; s 05k o ]
U(c) 44 ps a’ Y-
x14.2 g
8.6 ym = 00+ 4
05 ] © WP polarisation:
i » d oo
05r / —O-TE 1
—A—o
0.0 A0 Aa-B=AT A A i
0 10 05 00 05 10
Pump p
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Adapted from [25,30,52].

The effect of self-focusing of the polariton wavepacket excited by WP, which is characteristic of soliton formation, is
shown in Fig. 8. The soliton size, as mentioned before, is determined by a combination of the cavity and pump parameters,
and is expected to be of the order of 2 nm [32] - smaller than the experimental resolution of ~5 pm. At first, a 7-um
WP is used (Figs. 8(a-c)), then a 14-um WP is applied (Figs. 8(d-f)). In both cases, the soliton size along the direction of
propagation (x axis) is measured to be ~ 5 nm, which confirms the prediction above. Furthermore, the measured dispersion
of the soliton in Fig. 8(g) shows a linear dependence in the broad range of k-vectors down to k =0, as is expected for
a non-dispersive solitonic wavepacket. Notably, the dissipative soliton propagating with the same velocity can be excited
using WPs of different k-vectors and energies: self-organised polariton-polariton scattering from the pump, and not the
WP, defines the soliton properties. We note that localisation in the y-direction is also observed due to the presence of
the localised polariton field components at the signal and idler energies, as predicted theoretically. Therefore, a 2D spatial
microcavity polariton soliton is formed.

In reference [30], Sich and co-authors investigated the effect of spin-dependent polariton-polariton interactions on the
formation of circularly and linearly polarised solitons. It was found that when the background CW pump and the WP which
triggers the soliton are circularly co-polarised, then solitons with the same circular polarisation are excited. Once triggered,
the soliton maintains its polarisation during propagation over macroscopic distances, indicating phase synchronisation be-
tween the nondegenerate TE and TM polarised polariton modes. If the pump is linearly polarised, then solitons with either
o4+ or o_ circular polarisation can be triggered by a WP with the corresponding circular polarisation due to the very dif-
ferent interaction strengths between circularly co- and cross-polarised polaritons (circularly co-polarised polaritons strongly
repel, whereas circularly cross-polarised polaritons weakly attract). Fig. 8(h) shows a systematic study of the soliton circular
polarisation degree (CPD), o, as a function of the pump CPD, pp, for the cases of o, o_ and linearly polarised WPs, where
CPD is defined as p = (|E4|? — |[E—|?)/(|IE4|?> 4+ |E_|?). It shows that o (o_) polarised spatially localised pulses can be
excited in the range of p, from 1 to —0.25 (-1 to 0.25) using o (o) polarised WPs. Thus solitons can be excited under
a linearly or circularly polarised pump at the same pump power. There is a range pp from about —0.25 to 0.25 when both
o4 and o_ polarised solitons can be triggered. For the linearly polarised WP, the slight bias of p, towards o or o_ polar-
isations by 0.1 quickly ensures excitation of either o or o_ circularly polarised solitons with |p| &~ 0.85-0.95, implying the
stability of circularly polarised solitons if the symmetry is slightly disturbed.

Theoretically it was also found that linearly polarised solitons excited by a linearly polarised WP are unstable: it is more
energetically favourable for the system to evolve into spatially separated cross-circularly polarised solitons, which keeps
the energy of excited polaritons in resonance with the feeding pump. As a result, when both pump and WP are linearly
polarised, a vector soliton is formed with circular polarisation rapidly oscillating in space/time.

In subsequent work, Chana et al. [52] have demonstrated formation of patterns of dissipative solitons by using WP
pulse elongated along the propagation x direction or along the perpendicular y direction. Since the WP had a size of
about 30 pum, much bigger than the size of a single soliton (5 pm) given by the interactions and cavity parameters, the
polariton wavepacket injected by the WP is expected to break into multiple localised solitons. A similar effect is observed
in the cold atom system, when an initially extended condensate cloud trapped in a parabolic potential breaks into repelling
localised solitons with the change of atom interactions from repulsive to attractive via Feshbach resonance [6]. It was also
predicted theoretically that each of these localised polariton solitons may have a multi-hump structure with several field
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Adapted from [52].

maxima (from 2 to 5) across its profile separated by ~ 2 nm. Multiple localised solitons following one another in space and
time are observed in Fig. 9 for WP elongated along x. The size of an individual soliton in the x-array varies in the range
from 7 to 14 pm, depending on the WP power, which is bigger than the soliton size observed for smaller WP. Such an
observation suggests that individual solitons in the array may have a multi-hump structure, which is not spatially resolved
in the experiment. Soliton separations in time of ~ 10 ps in the x-arrays are potentially promising for the development of
polaritonic devices operating at ~ 100 Gbit/s, where solitons are used as data bits in logic gates [53]. By elongating the WP
in the transverse y direction, it was also possible to observe stable y-soliton arrays formed perpendicular to the propagation
direction, arising from changes of the front velocity across the propagating beam profile.

4. Conclusions and outlook

To conclude, we have summarised the theoretical and the experimental studies of families of polariton solitons in micro-
cavities, wires, and waveguides. It is important to note that giant optical nonlinearity enables the formation of mesoscopic
polariton solitons with the number of quasiparticles in the range of 100-1000. Squeezing of soliton states associated with
increased/reduced fluctuations in the amplitude or phase of soliton emission above/below the quantum limit [54,55] may
be an interesting direction to investigate. Additionally, spin-dependent polariton-polariton interactions may also lead to pe-
culiar effects of polarisation squeezing in the soliton regime. On the other hand, there are proposals for the realisation of
topological polariton insulators in microcavity structures [56] and waveguides [57] in the strong coupling regime. The strong
nonlinearity may also enable the formation of topological solitons, the motion of which is entirely dictated by the topology
of the engineered structures [58].
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