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Using angle-resolved Raman spectroscopy, we show that a resonantly excited ground-state exciton-
polariton fluid behaves like a nonequilibrium coolant for its host solid-state semiconductor microcavity.
With this optical technique, we obtain a detailed measurement of the thermal fluxes generated by the
pumped polaritons. We thus find a maximum cooling power for a cryostat temperature of 50 K and below
where optical cooling is usually suppressed, and we identify the participation of an ultrafast cooling
mechanism. We also show that the nonequilibrium character of polaritons constitutes an unexpected
resource: each scattering event can remove more heat from the solid than would be normally allowed using

a thermal fluid with normal internal equilibration.
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Owing to the selection rules in light-matter interaction,
light can pick up energy and momentum from matter and
conversely, as soon as translational invariance is broken by,
e.g., a dielectric interface or a pointlike dipole such as an
atom. This seemingly trivial property is at the basis of
several spectacular achievements such as Doppler cooling
of atomic gases [1], optical tweezers [2], or cavity mirror
motion cooling by radiation pressure [3-5]. Long before
such ideas were implemented, Pringsheim proposed in
1929 that such an effect could be used to cool down solids
[6]. Indeed, discrete translational invariance in ideal solids
is broken by thermal vibrations of the lattice (phonons), the
energy of which can be transferred to light. Such a
mechanism is known nowadays as anti-Stokes fluorescence
(ASF): a laser is tuned to the vibrational ground state of an
electronic transition, such that the reemitted photons are
likely to take away with them the energy of one or several
thermal phonons, resulting in a temperature drop of the
material. The technologic advantages of such a technique
are obvious, like the absence of moving mechanical parts,
and the very convenient nature of light as a coolant, easy to
create, dissipate, and propagate across large distances.

In order to implement this strategy, the material must
feature an electronic transition with a high radiative rate and
quantum efficiency (i.e., a vanishing nonradiative recombi-
nation). Owing to their imperfections, these conditions are
hard to meet in real materials. The best results so far have
been obtained in ytterbium-doped crystals. Indeed, in spite
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of the long radiative lifetime and weak oscillator strength of
the embedded ytterbium atoms, their high quantum effi-
ciency allowed cooling from room temperature down to
T = 110 K [7,8]. In semiconductor materials, the excitonic
transition has a much larger oscillator strength, a stronger
coupling to phonons, and a shorter radiative rate. It was thus
predicted that optical cooling in semiconductors should be
more efficient [9,10]. However, despite encouraging results
[11,12], it is only recently that a room temperature ZnS
nanostructure could be cooled downto 7' = 260 K [13]. The
difficulty lies in the fact that, owing to their extended nature,
excitons are more prone to multiphonon nonradiative
relaxation via impurity or defect states. These relaxation
channels involve phonon cascade emission [14] that com-
petes with the phonon absorption achieved by ASF, making
it hard to reach a positive net cooling power.

In this work, instead of bare photons, we consider using
resonant optical pumping of ground state exciton polaritons
to excite polariton ASF, and thus generate a cooling
power in a solid-state semiconductor microcavity (MC)
in the strong coupling regime [cf. Fig. 1(a)]. Polaritons
are bidimensional quasiparticles that benefit from a half-
photonic, half-excitonic nature [15] to achieve much
stronger interaction with phonons than photons [16,17].
Figure 1(c) shows the principle of the most interesting
cooling mechanism achieved by this excitation scheme, and
that we report in this Letter: within a short lifetime of
~1 ps, a polariton can be excited into a higher energy state
by absorbing a thermal acoustic phonon of average energy
hQ;. Its subsequent radiative recombination results in the
net energy transfer of 7€2; from the thermal phonon bath to
the outside electromagnetic vacuum. This mechanism is
illustrated in Fig. 1(b) in terms of nonequilibrium
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FIG. 1 (color online). (a) Principle of the cooling method: the
polariton field absorbs thermal phonons resulting in polariton
ASF emission. The wavy arrows depict photons, while the
springlike arrows represent phonons. (b) Illustration of the
cooling mechanism in terms of nonequilibrium thermodynamics:
the blue (red) intracavity flow represents “cold” (“hot”) polar-
itons. (c),(d), and (e) Summarize the three heat exchange
mechanisms set in motion by the cooling method. Phonon energy
is counted positive (negative) for emission (absorption). Fast
cooling mechanism (b) removes phonons of average energy 7€,
slow cooling mechanism (c) removes phonons of average energy
nQ,, while two-photon absorption (d) generates a phonon
cascade (heat) of average energy Aw, — h€,. The gray rectangle
is the area outside the polariton light cone.

thermodynamics: “cold” polaritons are injected into the
microcavity; over time a fraction of them picks up heat
from the surrounding phonon bath, giving rise to a “hot”
component of the polariton fluid. Hot and cold polaritons
finally exit the microcavity under the form of photons. Two
additional thermal exchange mechanisms also take place, a
cooling one shown in Fig. 1(d), and a heating one shown in
Fig. 1(e), as will be discussed later.

Polaritons have many advantages over other optical
methods to cool down semiconductor materials: their
cavity-like dispersion [cf. w(k;) in Figs. 1(c)-1(e)] fully
inhibits the Stokes emission, which is a source of phonon
emission. Moreover, owing to their bidimensional degree of
freedom, a 2D continuum of states is available for anti-
Stokes scattering, so that thermal phonons of arbitrary low
energy can be removed in the process, thus preventing a
cooling power cutoff at low temperatures. Another useful
property of polaritons in this context is their ultralight mass
of ~107 in electron mass unit: it allows anti-Stokes
polaritons to remain within the light cone even when high
energy thermal phonons are involved [cf. Fig. 1(c)], and it
quenches the coupling with pointlike defects that could
cause nonradiative recombination. We verified indeed that
this relaxation channel could be safely neglected in this
thermal analysis [18]. Finally, the strong coupling regime

reduces the scattering of polaritons towards the long-lived
dark exciton level [27] that favors nonradiative recombi-
nation. In this context, a large Rabi splitting is desirable.
We thus fabricated a high-quality selenide-based MC for
our experiment similar to that used in Ref. [28], displaying
a Rabi splitting of 712z = 29 meV, stable for any cryostat
temperature ranging from 7 =35 to 7 = 150 K. In this
experiment, polariton cooling is set in motion by shining a
linearly polarized cw laser beam at normal incidence on the
MC, focused in a spatially Fourier-transform spot of 20 ym

diameter, and resonant with ky =  /k% + k% = 0 polaritons

at hwy = 2791.1 meV.

Our aim is not to directly measure a temperature drop of
the MC. Such a task is indeed technologically challenging:
one first needs to grow a microcavity with a nonabsorbing
substrate on the back side, or needs to remove it; second,
suspended microstructures must then be designed and
etched in order to achieve the best possible thermal
insulation from the rest of the sample. In this work, in
order to demonstrate the principle and to characterize the
performance of this cooling method, we use polariton ASF
to perform a detailed measurement of the different thermal
fluxes generated within the MC by the pumped polaritons.
Since polariton ASF is isotropic and depolarized by anti-
Stokes scattering [18], it is measured by angle-resolved,
cross-polarized spectroscopy in the reflection configura-
tion. We choose a negative cavity-exciton energy detuning
6=—-17meV (at T =4.2 K) of the MC so that the
polariton dispersion spans over an energy range of A =
hwy — hwyg = 26 meV [cf. Fig. 1(c)]. In this way, at the
temperature we are interested in, most of the thermal
phonons have an energy lower than A and thus create
anti-Stokes polaritons within the light cone. The small
remaining fraction creates bare excitons at large momenta
as shown in Fig. 1(d). These two mechanisms will be
labeled as fast and slow cooling, respectively, thereafter.

A typical raw ASF spectrum is shown in Fig. 2(a) for a
cryostat temperature of 7 =20 K in logarithmic color
scale. It is obtained by spectrally resolving a narrow slice
(along k) of the ASF emission, where residual laser light is
further rejected by spectral and k-space filtering [cross-
hatched region at the bottom of Fig. 2(a)]. A careful
calibration of the whole setup optical transmission allows
us to obtain the ASF spectrum iygz(w) in absolute anti-
Stokes photon emission rate in counts per second. Finally,
since ASF emission is isotropic, the total ASF spectral
density [ gr(w) within a cone of 8.4° < @ < 43° radius is
extrapolated. I,sp(®@) normalized by the excitation power
P, 1s plotted in Fig. 2(b) for different P),,. Details on the
experimental setup and data treatment are given in the
Supplemental Material [18].

A first striking behavior is that the high energy part of the
spectra behaves nonlinearly with respect to P),,. A careful
numerical analysis of this data set allows us to extract
A () and A® (w), i.e., the fraction of the ASF spectrum
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FIG. 2 (color online). (a) ASF spectrum at 7 =20 K, in
logarithmic color scale versus k, and #fw. The corresponding
emission angle @ is shown on the top axis. The red line is a fit to
the dispersion shape. (b) ASF spectral density divided by P, in
cts/s/meV/uW. The color of the solid lines evolves from blue to
green for increasing laser power Pj,. (c) Measured (blue stripe)
and fitted (solid blue line) linear component A))(w) of the
spectrum in cts/s/meV/uW. Red: measured (red stripe) and
fitted (solid red line) quadratic component of the spectrum in
cts/s/meV/uW?2. The solid red line is proportional to Ipy (w).
The dashed black line is the fast cooling component in AV (@),
while the dash-dotted blue line is the slow one.

that behaves linearly and quadratically, respectively, with
respect to Py, [18]. As shown in Fig. 2(c), A®)(w) has the
same spectral shape as a photoluminescence spectrum
Ip (@) [solid red line in Fig. 2(c)] obtained under non-
resonant excitation with a cw laser tuned at Aw, =
2990 meV, i.e., above the band to band transition.
AP (w) thus clearly results from two-photon absorption
of the pump laser under the form of high energy free
carriers, followed by a phonon cascade that relaxes the
carriers back into the polariton states [i.e., the mechanism
shown in Fig. I(e)]. From the thermal balance point of
view, this mechanism is a source of heat since each
absorption event adds a cascade of phonons of total average
energy fi(w, — ;) into the lattice, where 7w, + € ) is the
average energy of Ip; (w). Fortunately, its quadratic behav-
ior with respect to Py, makes its contribution negligible at
low enough excitation power Pj,.

AW (), the part of the spectrum that is linear with Py,
results from the absorption of thermal phonons by ground
state polaritons of energy fw, followed by fluorescence at
higher energy. It thus provides the wanted cooling power,
and involves two distinct mechanisms. In the first one, that
we call “fast,” a ground state polariton is scattered directly
into an excited polariton of average energy 7(w, + Q)
that recombines radiatively within a time scale of ~1 ps
[cf. Fig. 1(c)]. The second one, that we call “slow,” has the
excitonic reservoir (outside the light cone) as a longer
lifetime (~200 ps [29]) intermediate state [Fig. 1(d)].

Within a spectral analysis of A)(@), the proportion of
these two different contributions can be evaluated quanti-
tatively. Indeed, a Fermi golden rule approach provides an
accurate simulation of the fast ASF spectrum [y (w)
[dashed line in Fig. 2(c)] that shows that its contribution
is maximum at low energy (only the high energy flank is
visible experimentally). On the other hand, the slow ASF
spectrum is well accounted for by the experimentally
measured nonresonant spectrum /p (@), which exhibits a
pronounced bottleneck ~15 meV above the ground state
[dash-dotted blue line in Fig. 2(c)]. We clearly see in
A (@) these two contributions: the upper flank of a peak
on the low energy side energy (fast ASF) and a shoulder on
the high energy side (slow ASF). Using both 7y (w) and
Ip (@) to fit AV (w) [cf. blue solid line in Fig. 2(c)], the
fraction of fast cooling p contributing to the overall cooling
power is thus evaluated. The accuracy of this procedure is
assured by the fact that Iy, (w) and Ipp (w) have a quite
different spectral shape. Note that since the microcavity
parameters, Ip; (w), as well as the materials parameters are
measured or known from the literature (cf. Supplemental
Material [18]) only the overall multiplicative factors of
A (®) and A®)(w) are free fitting parameters.

We have carried out this analysis at different cryostat
temperatures. We found that the fast cooling mechanism
has a peak contribution of p =61% at T =20 K, and
remains significant up to 7 = 100 K [cf. Fig. 3(b)]. This
fast cooling mechanism is unique to polaritons: its time
scale is fixed by the polariton lifetime which is 2 orders of
magnitude shorter than the slow cooling one. This dynam-
ics is even faster than the phonons typical thermalization
time [30]. The observation of this fast cooling mechanism
in a MC in the strong coupling regime is the key result of
this Letter. The slow cooling mechanism is reminiscent
from that involved in exciton-enhanced optical cooling [9].
At such low temperatures, its contribution can seem
surprising as it involves thermal phonons of energy
comparable with A > kgzT. However, the weak phonon
population at this energy is compensated by two aspects:
(i) the excitonic density of states, which is 4 orders of
magnitude larger than that of polaritons, and (ii) the fact
that for such large A’s the phonons involved are of the
longitudinal optical (LO) type, and thus exhibit a coupling
strength with polaritons 50 times larger than the acoustic
ones involved in the fast cooling [31].

Now that we have a measurement of the three main
mechanisms involved in the heat exchange between polar-
iton and thermal phonons, we can derive an experimental
value of the thermal energy removed from the MC per units
of time [i.e., the cooling or fridge (fr) power] as

Pfr(Plas’ T) = /dw{Plash(w - wO)A(l)(wv T)

— P2 h(2w) — 0)AP (@, T)}, (1)

las
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FIG. 3 (color online). (a) Total cooling power Py versus
cryostat temperature (7)) and laser power Pj,. The dashed vertical
rectangles contain color plots of the measured function P, (Pyy)
[see main text and Eq. (1) for the method]. The rest of the color
plot is an interpolation serving as a guide to the eye. The dashed
line separates the cooling region from the heating one. (b) Par-
ticipation p of fast cooling (FC) (SC stands for slow cooling)
involved in the overall cooling process. (c) Red crosses: average
energy hwy — 7€, of the phonon cascade involved in the two-
photon absorption heating. Blue hollow circles: average phonon
energy 7Q. removed by the overall cooling process. The dashed
line shows the theoretical average energy of polaritons szeq(T)
assuming thermal equilibrium with the phonon bath (same
temperature T). hQ,,(T) is the average energy of thermal
phonons.

where A(@ — @) is the energy of a phonon which has been
removed when a photon is detected at the energy 7w.
Positive P;. means cooling while negative means heating.
Note that in this approach, Py, is a lower bound of the true
cooling power since due to the objective finite numerical
aperture, only 46% of the whole momentum space is
accessible. Indeed, the inaccessible large ky ring involves
the absorption of high energy thermal phonons, which have
a large contribution to cooling via the slow channel. We
extracted Py for temperatures ranging from 7 = 4.2 to
T = 150 K. The result is summarized in Fig. 3(a) versus
temperature and laser power. We find that the maximum
cooling power PP** = (0.10 + 0.02) pW, with p = 40% is
achieved at 7 = 50 K, and remains positive below. As
explained above, this is only possible because polariton
ASF does not involve a discontinuous electronic density of
states but rather a continuous one with no energy gap
between the pump polaritons and the available anti-Stokes
states. Therefore, phonons of very low energy can be
pumped out from the thermal bath by this method. Such a
behavior is another unique feature of polariton cooling and
constitutes the second key result of this Letter. Note that
this cooling power is generated within a micron-scale
volume resulting in a large cooling power density of

P = (80 £ 16) uW cm™>. Finally, we see in Fig. 3(c)
(red diamond) why the main limitation to polariton cooling
is two-photon absorption; indeed, although this absorption
rate is low as compared to the cooling rate (at least at power
Py,s low enough), each such event releases a large amount
of heat f(wy— Q,) in average, ranging from 2760 to
2780 meV.

According to these results and our understanding of
polariton cooling, both the fast cooling participation ratio p
and the cooling power Py could be largely increased by
making two fairly simple changes in the MC design. First,
by lowering the quality factor Q = wy/(2zy) (presently,
0 = 5600), the ratio of the two-photon absorption rate over
the cooling rate would decrease since the earlier scales as
1/7% and the latter scales as 1/y. Obviously, Q cannot be
decreased to arbitrarily low values as it must remain large
enough for the strong coupling regime to be preserved.
Second, when A exceeds the energy AQ["§* of the highest
frequency LO phonon mode, the scattering of a polariton
into the excitonic reservoir by a single phonon becomes
forbidden by energy conservation. A strong suppression of
the slow cooling mechanism in favor of the fast one is thus
achieved. Such a suppression has been demonstrated
already in a different context in a ZnO MC [32]. An
additional condition required to preserve the fast cooling
mechanism is that the excitonic fraction should remain
significant. Both conditions are easily met in state-of-the-
art selenide and telluride microcavities that combine large
Rabi splitting and low LO phonon energy.

This work also gives us a striking insight on the thermal
properties of a nonequilibrium cryogenic fluid (polaritons)
interacting with a thermal bath (phonons) over a time scale
too short for it to thermalize. As illustrated in Fig. 1(b),
during their intracavity lifetime, the cold polaritons are
heated up by the thermal phonons. The steady-state polar-
iton gas resulting from this interaction is highly nonthermal
—it consists of two independent components: a cold gas
that did not interact with phonons and recombines at the
same energy at which it entered the MC, and a smaller hot
one, in which the captured heat is distributed according to a
nonthermal distribution function, a measurement of which
is given by A(") (@). These hot and cold components do not
mix up like in a normal fluid, because at the low densities
involved in this cooling scheme, polaritons do not interact
with each other. The properties of this hot component are
rather unusual: in Fig. 3(c) we plotted 7Q,.(T'), the average
energy of A(l)(w), which represents the average energy
removed from the solid per scattering event. 7Q.,(T), the
average energy of a hypothetical polariton gas at thermal
equilibrium is shown on the same plot. We find that
between T'=4.2 and T = 100 K, AQ. > 7€, meaning
that the thermal energy removed from the solid by each
polariton of the hot component is larger than if they were at
thermal equilibrium with the lattice. We can also compare
hQ.(T) with 7€, (T) = 2.701k,T, the average energy of
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the thermal phonon bath. It appears that between T = 4.2
and T =50 K, Q2. > thh, meaning this time that the hot
component of the polariton gas is even ‘“hotter” than the
phonon bath itself. This surprising result suggests that
introducing a nonequilibrium character to a coolant fluid
might constitute a useful resource to enhance its
performance.

In this work we have shown, as an experimental proof of
principle, that polaritonic cooling of a semiconductor MC
works and presents unusual properties with respect to state-
of-the-art methods of optical cooling in solids. First, owing
to the specific polaritonic density of states, which allows
removing low energy thermal acoustic phonons, cooling
can be achieved at arbitrarily low cryostat temperature.
Second, polaritonic cooling involves a new mechanism
referred to as fast cooling that is unique to polaritons, and
opens up an experimental window on nonequilibrium
thermodynamics of phonons. Finally, we have shown that
polariton fluids constitute an experimental model system to
study the heat transport properties between a thermal bath
and a nonequilibrium fluid.
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