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The ultrafast scattering dynamics of intersubband polaritons in dispersive cavities embedding
GaAs=AlGaAs quantum wells are studied directly within their band structure using a noncollinear
pump-probe geometry with phase-stable midinfrared pulses. Selective excitation of the lower polariton at a
frequency of ∼25 THz and at a finite in-plane momentum kk leads to the emergence of a narrowband
maximum in the probe reflectivity at kk ¼ 0. A quantum mechanical model identifies the underlying
microscopic process as stimulated coherent polariton-polariton scattering. These results mark an important
milestone toward quantum control and bosonic lasing in custom-tailored polaritonic systems in the mid and
far infrared.
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Exciton polaritons [1], hybrid quasiparticles that emerge
from the strong light-matter coupling between excitons and
microcavity photons, have become a solid-state playground
for fascinating phenomena previously reserved to ultracold
atomic gases. Owing to their bosonic nature, exciton
polaritons undergo stimulated scattering [2–5] and non-
equilibrium Bose-Einstein condensation [6–11]. These
processes have allowed the observation of exciting quan-
tum phenomena [12], such as superfluidity [13] and
hydrodynamic soliton nucleation [14], topological lasing
[15,16], non-Hermitian effects [17] and spin-orbit inter-
action [18–20]. New materials such as transition metal
dichalcogenides [21] and perovskites [22] have allowed for
further customization of the potential landscape. However,
in all these polaritonic systems the fundamental energy
scale is intrinsically predetermined by the interband tran-
sition of the underlying material, limiting flexibility.
Conversely, the transition energy of intersubband (ISB)

polaritons in semiconductor quantum well (QW) structures
can be freely tuned by varying the QW width and doping
[23] to reach the midinfrared and terahertz ranges of the
electromagnetic spectrum [24,25]. Furthermore, the vac-
uum Rabi frequency, in this case, can be engineered to a
substantial fraction of the transition energy [26–30],
enabling novel quantum electrodynamical effects [31–
36]. Ultrafast modulation of the coupling strength
[28,37–39] opens intriguing possibilities for tailored sub-
cycle dynamics [40]. Moreover, it has been predicted that
ISB polaritons, like their excitonic counterpart, can
undergo nonequilibrium condensation, enabling inversion-
less lasing, and thus on-chip coherent terahertz and

midinfrared light sources [41–43]. Yet up to now, a key
ingredient given by a stimulated scattering mechanism
toward the final state has been missing. First continuous-
wave experiments have confirmed resonant ISB polariton-
LO-phonon scattering toward the ground state [44].
However, the experiments revealed a spontaneous process,
and not yet stimulation.
Here, we demonstrate ultrafast scattering between ISB

polaritons under resonant excitation in a dispersive metal-
insulator-metal resonator [45]. Our ultrafast noncollinear
pump-probe setup allows for tunable narrowband pumping
of the lower polariton (LP) branch at kk ≠ 0, while
simultaneously probing both polariton branches at a differ-
ent point of the band structure (normal incidence, kk ¼ 0).
The experimental observations are reproduced very well by
a quantum mechanical model of polariton-polariton scat-
tering. This result constitutes a major step toward the
realization of freely customizable quantum states of matter
and polariton lasers in the midinfrared and terahertz ranges.
The polaritonic sample under consideration consists of

36 repetitions of GaAs=Al0.33Ga0.67As semiconductor
QWs with a well width of 8.3 nm and a nominal n-type
doping concentration of 4.4 × 1012 cm−2 introduced as δ
layers in the center of the 20-nm-thick barriers. The QWs
are embedded in a patterned metallic microcavity [44,45]
with a top 1D grating featuring a lattice period of Λ ¼
4.2 μm [Fig. 1(a)]. By varying the angle of incidence of the
incoming light, different in-plane wave vectors can be
accessed. The ISB transition lies at an energy of ℏωISB ¼
0.12 eV as confirmed by transmission measurements and
calculations [Fig. 1(b)]. Figure 1(c) shows the numerically
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simulated polaritonic dispersion obtained with a rigorous
coupled-wave analysis (RCWA). It fits the experimental
data (dots) obtained from reflectivity measurements, as
thoroughly described in Ref. [44]. Strong coupling between
the dispersive cavity mode and the ISB transition leads to
the emergence of two polariton branches observable as
reflectance minima (blue regions). They exhibit a pro-
nounced anticrossing at an in-plane wave vector of kk ¼
0.37 × π=Λ with a coupling strength of 2ΩR ¼ 0.24 ωISB.
The LP has an inflection point at kk ¼ 0.29 × π=Λ.
Polariton interaction in exciton-polariton systems, in

particular polariton-polariton scattering, has led to resonant
amplification when the system is pumped at the inflection
point of the LP branch with a finite in-plane wave vector
kk ¼ kP [Fig. 1(e)] [2–5]. The simultaneous presence of a
probe pulse leads to stimulated scattering, where two

polaritons at the inflection point scatter under energy
and momentum conservation to kk ¼ 0 (signal) and kk ¼
2 × kP (idler), respectively. Scattered signal polaritons can
subsequently emit a photon in the direction of the probe
pulse. For ISB polaritons, however, little is known about
the dynamics on the picosecond timescale [37–39], and
ISB polariton-polariton scattering transferring finite in-
plane momenta has not been experimentally observed.
To explore a scenario akin to what is reported for exciton
polaritons, we excite the LP near the inflection point with a
pump pulse while simultaneously monitoring the polariton
population via a broadband probe pulse at a different wave
vector and energy [Figs. 1(c) and 1(d)].
To this end, we developed a novel noncollinear midin-

frared pump-probe setup [Fig. 2(a)]. The sample is held in
a helium-flow cryostat at a temperature of 10 K.
Ultrabroadband, carrier-envelope phase-locked probe pulses
(duration, 68 fs), which contain frequency components
between 15 and 45 THz above the noise floor, interrogate
both LP and upper polariton (UP) under normal incidence,
i.e., at kk ¼ 0. The bandwidth-limited pump (FWHM,
3.9 THz) is centered at a frequency of 26.2 THz
(Supplemental Material [46]). Goniometric beam steering
allows the incidence angle to be tuned while maintaining
temporal and spatial overlap with the probe pulse at the
sample position, making the setup excellently suited for the
challenges of ultrafast noncollinear pump-probe spectros-
copy. We choose a pump incidence angle of 21°
(kk ¼ 0.25 × π=Λ), which is close to the calculated inflec-
tion point of the LP. The diameter of the pump focus of
150 μm (intensity FWHM) ensures uniform excitation
within the probe spot (diameter, 100 μm). The pump peak
intensity at the sample surface reaches 350 MW=cm2 (pump
fluence, 43 μJ=cm2), while the probe pulse is four orders of
magnitude less intense.A germaniumwafer placed inside the
probe arm couples the probe reflected from the sample into a
grating spectrometer. For quantitative reflectance spectra, we
reference the probe spectrumwith a signal reflected off a bare
gold surface next to the polaritonic sample.
Figure 2(b) shows the reflectance of the sample at kk ¼ 0

as a function of frequency and delay time Δt between the
pump and the probe pulse. For Δt < 0, i.e., before the
arrival of the pump, the spectrum reveals two minima at
frequencies of 24.2 THz and 30.4 THz, corresponding to
the LP and UP states, respectively. Upon excitation by the
pump pulse (Δt ¼ 0), these resonances collapse within
400 fs and a new single minimum at 26.7 THz appears. The
polariton splitting subsequently reemerges within a few
picoseconds. To gain microscopic insights into the carrier
dynamics, we model the experiment theoretically by
expanding the framework of the optical Bloch equations
to incorporate a dispersive microcavity, as employed in our
experiment (Supplemental Material [46]). This approach,
discussed in detail further below, allows us to extract the
excited state population at the temporal center of the probe

FIG. 1. (a) Sample scheme and spatial distribution of the out-of
plane electric field component jEzj. Λ: metal grating periodicity.
(b) Conduction band structure (gray line) and wave function
squared moduli for first (Ψ1) and second (Ψ2) subbands inside an
8.3 nm GaAs=Al0.33Ga0.67As QW with growth direction z. ISB:
intersubband transition. (c) Calculated reflectance (RCWA) of the
sample. The strong coupling of ISB (black dashed) and cavity
resonance (black dotted) leads to the emergence of polariton
states (LP and UP). Measured data (blue dots) is shown for
comparison. The red line marks the pump angle of incidence
θ ¼ 21°. (d) Spectra of narrowband (red solid line) and broad-
band (red dashed line) pump pulses and calculated reflectance at
θ ¼ 21° (blue line) at a lattice temperature of 10 K. (e) Sketch of
parametric polariton-polariton scattering: the pump pulse creates
polaritons at finite kk. Scattering of two pump polaritons leads to
amplification of the probe pulse through one of the polaritons,
while excess momentum is carried away by the other polariton.
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pulse in dependence of Δt [Fig. 2(c)]. At its peak near
Δt ¼ 0, the excited population reaches a sizable fraction of
20% of all carriers. This is followed by an exponential decay
of the population with a decay time of 2.5 ps. The significant
number of excited carriers leads to the observed collapse of
the coupling strength due to optical bleaching [37]. Indeed,
the single resonance observed at Δt ¼ 0 shows excellent
agreement with the expected bare cavity resonance at
26.5 THz [Fig. 2(d)]. Importantly, the in-plane wave vectors
of excitation and observation do not align in our experiment
due to the noncollinear pump-probe geometry. Thus, the
transient collapse of the coupling strength observed at kk ¼ 0

provides evidence of the collapse of the entire polaritonic
band structure, observed here for the first time.
The observation of transient bleaching and the extraction

of the ISB carrier lifetime are important guardrails for our
understanding of the ISB polariton dynamics. However, the

full quench of the polariton bands is undesirable in the
context of bosonic lasing, since ISB polaritons are
composite particles which lose their bosonic properties
under high excitation densities [41]. We therefore refine our
experimental approach using lower peak intensities and a
more selective excitation of the LP branch. To this end, the
bandwidth of the pump pulses is reduced to an intensity
FWHM of only 0.6 THz (Supplemental Material [46]),
even smaller than the polariton linewidth [Fig. 1(d)].
Figure 3(a) shows the reflectance of the sample at normal

incidence, kk ¼ 0, as a function of probe frequency and
delay time Δt. The pump fluence at the sample surface
of 39 μJ=cm2, corresponding to a peak intensity of
70 MW=cm2, is still enough to induce a shift of the UP
and a simultaneous decrease in reflectance in the spectral
region between the polariton branches. However, no
reflectance minimum at the spectral position of the cavity
mode appears. This attests to an incomplete bleaching of
the ISB polariton system as opposed to the full collapse
observed in Fig. 2. Most remarkably and in contrast to the
observations in Fig. 2, a local reflectance maximum
emerges at the high-frequency side of the LP around
Δt ¼ 0. This new peak features a center frequency of
24.8 THz and a spectral and temporal width of approx-
imately 0.6 THz and 1 ps, respectively. The limited
duration signifies that the emergence of this local maxi-
mum requires the presence of both pump and probe pulses.

FIG. 2. (a) Schematic geometry of the angle-resolved ultrafast
pump-probe experiment. The sample is probed at normal in-
cidence with varying pump-probe delay time Δt. The angle of
incidence θ of the pump pulses can be adjusted without changing
Δt or the spatial overlap of the pump and probe foci. Inset:
measured waveforms as incident onto the sample (left) and
reflected from it (right). (b) Measured reflectance spectra as a
function of pump-probe delay time Δt for a broadband pump
pulse with a bandwidth of 3.9 THz (peak intensity 350 MW=cm2,
θ ¼ 21°). (c) Theoretical calculation of the excited polariton
population ρ2. (d) Spectra before the arrival of the pump pulse
(gray) and at Δt ¼ 0 (blue), and calculated reflectance of the
uncoupled cavity resonance (red).

(a)

(c) (d)

(b)

FIG. 3. (a) Measured reflectance spectra in dependence of
pump-probe delay time Δt for a narrowband pump pulse with a
bandwidth of 0.6 THz (peak intensity 70 MW=cm2, θ ¼ 21°).
(b) Simulated reflectance including scattering terms between
pump and probe pulses. (c) Experimental pump spectrum (red) as
well as measured (blue line) and simulated (shaded area)
reflectance at Δt ¼ 0. A narrowband feature emerges with
slightly lower center frequency (blue dashed line, 24.8 THz)
than the pump center frequency (red dashed line, 25 THz).
(d) Simulated reflectance excluding scattering terms between
pump and probe pulses.
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We will show in the following that this signature is the
fingerprint of coherent scattering of polaritons at differing
in-plane momenta. To this end, we describe the dispersive
microcavity and its wave-vector-dependent nonlinear inter-
action in terms of an extended optical Bloch equations
framework involving several momentum states.
The theoretical description includes the dynamics of the

electromagnetic field within the dispersive microcavity and
of a spatially distributed ISB transition within the QW layer
(Supplemental Material [46]). Given the (discrete) trans-
lational invariance along the cavity plane, photonic modes
form a Bloch band with a frequency dispersion ωk as a
function of the in-plane quasi-wave-vector kk. Nonlinear
effects can couple polariton states at differing wave vectors,
calling for a multimode description. The simplest model of
the pump-probe experiment includes three cavities with
frequencies ωcav

P , ωcav
S , and ωcav

I and corresponding wave
vectors kP;S;I . Here, kP and kS denote the incident wave
vector of the pump and probe pulses, respectively, while the
additional cavity at (ωcav

I , kI ¼ 2kP − kS) ensures energy
and momentum conservation as the polaritons at kP and kS
interact. Within a semiclassical picture, the intracavity
field EðxÞ at position x takes the form EðxÞ ¼ EPeikPxþ
ESeikSx þ EIeikIx.
In an analogous picture, the ISB transition is described in

terms of a spatial distribution of two-level emitters with
spatially dependent polarization σðxÞ and population differ-
ence ΠðxÞ between the two electronic subbands. These
quantities can be expanded as σðxÞ ¼ σPeikPx þ σSeikSx þ
σIeikIx and ΠðxÞ ¼ Π0 þ Πqeiqx þ Π−qe−iqx, where q ¼
kP − kS. The polarization σðxÞ contains components cor-
responding to the three momentum states of the intracavity
field, while the population difference ΠðxÞ consists of a
uniform population Π0 plus spatial modulations Πq;−q
owing to the interference of the different intracavity field
components. The time evolution of our system is then
described by nine ordinary differential equations for the
three components of E, σ, and Π. The intracavity fields
evolve according to

i∂tEP=S=I ¼
�
ωcav
P=S=I − i

2
Γcav

�
EP=S=I −ΩRσP=S=I

þ Eext
P=S=IðtÞ;

with the cavity damping rate Γcav. The externally incident
fields Eext

P=S are the waveforms of the pump and probe fields,
respectively, and Eext

I ¼ 0. The intrinsic nonlinearity of the
optical Bloch equations leads to coupling between different
momentum states, e.g.,

i∂tσS ¼ ωISBσS þ ΩRðESΠ0 þ EPΠ−qÞ þ η½ðΠ0 þ 1ÞσS
þ Π−qσP� − i

Γcoh þ ΓEIDðΠ0 þ 1Þ
2

σS:

The mode mixing originates from light scattering on the
spatially modulated population difference ΠðxÞ via the
nonlinear saturation of the ISB transition and the nonlinear
suppression of the depolarization shift stemming from
Coulomb interactions included as η [53]. The coupled
differential equations are numerically solved for a set of
parameters of ωcav;ωISB;ΩR;Γcoh ¼ 18 THz, and Γcav ¼
10 THz retrieved from the steady-state characterization of
the sample, while excitation-induced dephasing ΓEID ¼
20 THz and η ¼ −2π × 4.8 THz are chosen for optimum
agreement with the experiment (SupplementalMaterial [46]).
The calculated reflectance shown in Fig. 3(b) reproduces

both the saturation and the local maximum near the LP very
well. Comparing spectra for Δt ¼ 0 [Fig. 3(c)] even reveals
quantitative agreement between experiment (blue line) and
theory (shaded area) regarding center frequency, spectral
shape, and absolute reflectance. The spectral width of the
feature is comparable to the width of the pump pulses (red
line). Notably, the local maximum is redshifted with respect
to the pump frequency in both experiment and theory.
Our theoretical model allows us to further determine the

microscopic origin of the local reflectance maximum.
Nonlinearities between the three different polariton states
are mediated by the spatially modulated components Πq
and Π−q of the population difference. This can be
unequivocally tested by holding Πq ¼ Π−q ¼ 0 while
keeping all other parameters as in Fig. 3(b). In the resulting
spectra [Fig. 3(d)], the local maximum vanishes com-
pletely, manifesting that polariton-polariton interactions
are at the origin of the signature. To the best of our
knowledge, these experiments mark the first observation of
ultrafast scattering between ISB polaritons with different
wave vectors. This result is particularly remarkable because
of the relatively low quality factors in comparison to
exciton polaritons.
The observed novel process could be similar to the

known nondissipative, i.e., parametric, scattering of exciton
polaritons sketched in Fig. 1(e): two pump polaritons at
kk ¼ kP can scatter under energy and momentum con-
servation to kk ¼ 0 and kk ¼ 2 × kP, respectively, when
stimulated by signal polaritons created by the probe pulse.
Polaritons scattered to kk ¼ 0 can then emit light into the
probe pulse at ωcav

S . Additionally, in a broadened band
structure, dissipative scattering processes of polaritons off
the population grating formed by the pump and probe
pulses can contribute to the scattered signal (Supplemental
Material [46]). The relative strength of the two microscopic
processes depends on the specific configuration, e.g., on
the polariton dispersion and the linewidths.
We further characterize the polariton-polariton scattering

quantitatively by investigating its pump power dependence.
Figures 4(a)–4(c) show reflectance spectra at the LP for
different pump peak intensities Ipeak of 40 MW=cm2 (a),
57 MW=cm2 (b), and 80 MW=cm2 (c). The scattering
signal maintains its spectral and temporal position,
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reaching a reflectance as high as 0.5 for the highest pump
fluence [Fig. 4(d)]. Additionally, the local maximum is
monitored when varying the pump peak intensity contin-
uously between a few kW=cm2 and 40 MW=cm2

[Fig. 4(e), black line]. For Ipeak < 4 MW=cm2, the effi-
ciency of the polariton-polariton scattering process scales
superlinearly with respect to the pump intensity. For higher
pump intensities, saturation is observed, most likely in
connection to the ISB transition bleaching as discussed
above. The quantummechanical theory reproduces both the
superlinear increase of the reflectance and, within a factor
of 2.5, the subsequent saturation for high pump powers
[Fig. 4(g)]. Conversely, the signal intensity scales linearly
as a function of the probe pulse intensity [Fig. 4(f)], as
expected for a scattering process involving bosonic par-
ticles, thus signifying the stimulated character of the
process. Finally, we note that only a fraction of the scattered
polariton population decays radiatively out of the cavity.
While, as of now, saturation occurs below a reflectance
value of 1, further improvements, for example in the quality

factor of the ISB transition [54], could well enable gain in
the near future (Supplemental Material [46]).
In conclusion, we have investigated the ultrafast dynam-

ics of ISB polaritons in a dispersive metal-insulator-metal
cavity in a noncollinear midinfrared pump-probe experi-
ment. At large fluences, phase-stable ultrashort pulses
bleach the ISB transition on a timescale of a few 100 fs,
inducing a full collapse of the coupling strength.
Conversely, when the LP is selectively excited with
narrowband pump pulses, ISB polaritons undergo stimu-
lated scattering between states at finite in-plane momentum
and the bottom of the LP band at kk ¼ 0. In an intermediate
excitation regime below saturation, the efficiency of this
process increases nonlinearly with the pump power. We
believe that with further optimization—for example, by
fine-tuning the Hopfield coefficients of the polaritonic
states involved (Supplemental Material [46]) and by
designing resonators with lower losses [55]—this process
could enable gain and eventually condensation and inver-
sionless lasing of ISB polaritons [37–39].

We thank Martin Furthmeier, Ignaz Laepple, and Imke
Gronwald for technical assistance, and Simone De Liberato
for discussions. This work was supported by the European
Union Future and Emerging Technologies (FET) Grant
No. 737017 (MIR-BOSE). This work was partially sup-
ported by the French RENATECH network. The experi-
ments in Regensburg were partially supported by the
Deutsche Forschungsgemeinschaft through research
Grant No. HU1598/8.

*jean-michel.manceau@c2n.upsaclay.fr
†christoph.lange@tu-dortmund.de

[1] C. Weisbuch, M. Nishioka, A. Ishikawa, and Y. Arakawa,
Observation of the Coupled Exciton-Photon Mode Splitting
in a Semiconductor Quantum Microcavity, Phys. Rev. Lett.
69, 3314 (1992).

[2] P. G. Savvidis, J. J. Baumberg, R. M. Stevenson, M. S.
Skolnick, D. M. Whittaker, and J. S. Roberts, Angle-
Resonant Stimulated Polariton Amplifier, Phys. Rev. Lett.
84, 1547 (2000).

[3] C. Ciuti, P. Schwendimann, B. Deveaud, andA. Quattropani,
Theory of the angle-resonant polariton amplifier, Phys.
Rev. B 62, R4825 (2000).

[4] R. M. Stevenson, V. N. Astratov, M. S. Skolnick, D. M.
Whittaker, M. Emam-Ismail, A. I. Tartakovskii, P. G.
Savvidis, J. J. Baumberg, and J. S. Roberts, Continuous
Wave Observation of Massive Polariton Redistribution by
Stimulated Scattering in Semiconductor Microcavities,
Phys. Rev. Lett. 85, 3680 (2000).

[5] J. J. Baumberg, P. G. Savvidis, R. M. Stevenson, A. I.
Tartakovskii, M. S. Skolnick, D. M. Whittaker, and J. S.
Roberts, Parametric oscillation in a vertical microcavity. A
polariton condensate or micro-optical parametric oscilla-
tion, Phys. Rev. B 62, R16247 (2000).

FIG. 4. (a)–(c) Measured reflectance spectra for pump peak
intensities of 40 MW=cm2 (a), 57 MW=cm2 (b), and
80 MW=cm2 (c) as a function of Δt. (d) Reflectance for different
pump intensities ranging from 10 MW=cm2 to 80 MW=cm2 at
Δt ¼ 0 (solid lines) and for Δt < 0 (dashed). (e) Black curve:
reflectance at the spectral maximum of the signature at Δt ¼ 0 as
a function of pump peak intensity Ipeak. Black dots: discrete
values extracted from measurements shown in panels (a)–(c).
Blue line: linear fit to the data for pump intensities between
180 kW=cm2 and 4 MW=cm2. (f) Measured spectral fluence
Φout

ν in dependence of probe inputΦprobe
ν at the spectral maximum

of the signature at Δt ¼ 0 (black dots) and linear fit (blue line).
The linear dependence signifies stimulation. (g) Simulated re-
flectance for Δt ¼ 0 at the spectral maximum of polariton-
polariton scattering in dependence of the pump intensity.

PHYSICAL REVIEW LETTERS 128, 247401 (2022)

247401-5

https://doi.org/10.1103/PhysRevLett.69.3314
https://doi.org/10.1103/PhysRevLett.69.3314
https://doi.org/10.1103/PhysRevLett.84.1547
https://doi.org/10.1103/PhysRevLett.84.1547
https://doi.org/10.1103/PhysRevB.62.R4825
https://doi.org/10.1103/PhysRevB.62.R4825
https://doi.org/10.1103/PhysRevLett.85.3680
https://doi.org/10.1103/PhysRevB.62.R16247


[6] A. Imamoğlu, R. J. Ram, S. Pau, and Y. Yamamoto, Non-
equilibrium condensates and lasers without inversion.
Exciton-polariton lasers, Phys. Rev. A 53, 4250 (1996).

[7] H. Deng, H. Haug, and Y. Yamamoto, Exciton-polariton
Bose-Einstein condensation, Rev. Mod. Phys. 82, 1489
(2010).

[8] H. Deng, G. Weihs, C. Santori, J. Bloch, and Y. Yamamoto,
Condensation of semiconductor microcavity exciton polar-
itons, Science 298, 199 (2002).

[9] J. Kasprzak, M. Richard, S. Kundermann, A. Baas, P.
Jeambrun, J. M. J. Keeling, F. M. Marchetti, M. H.
Szymanska, R. Andre, J. L. Staehli, V. Savona, P. B. Little-
wood, B. Deveaud, and S. Le Dang, Bose-Einstein con-
densation of exciton polaritons, Nature (London) 443, 409
(2006).

[10] R. Balili, V. Hartwell, D. Snoke, L. Pfeiffer, and K. West,
Bose-Einstein condensation of microcavity polaritons in a
trap, Science 316, 1007 (2007).

[11] J.Bloch, I.Carusotto, andM.Wouters,Spontaneouscoherence
in spatially extended photonic systems: Non-equilibrium
Bose-Einstein condensation, arXiv:2106.11137.

[12] I. Carusotto and C. Ciuti, Quantum fluids of light, Rev.
Mod. Phys. 85, 299 (2013).

[13] A. Amo, J. Lefrère, S. Pigeon, C. Adrados, C. Ciuti, I.
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