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Revealing the dark side of a bright
exciton-polariton condensate

J-M. Ménard', C. Poellmann', M. Porer!, U. Leierseder!, E. Galopin?, A. Lemaitre?, A. Amo?,
J. Bloch? & R. Huber'

Condensation of bosons causes spectacular phenomena such as superfluidity or
superconductivity. Understanding the nature of the condensed particles is crucial for active
control of such quantum phases. Fascinating possibilities emerge from condensates of
light-matter-coupled excitations, such as exciton-polaritons, photons hybridized with
hydrogen-like bound electron-hole pairs. So far, only the photon component has been
resolved, while even the mere existence of excitons in the condensed regime has been
challenged. Here we trace the matter component of polariton condensates by monitoring
intra-excitonic terahertz transitions. We study how a reservoir of optically dark excitons forms
and feeds the degenerate state. Unlike atomic gases, the atom-like transition in excitons is
dramatically renormalized on macroscopic ground state population. Our results establish
fundamental differences between polariton condensation and photon lasing and open
possibilities for coherent control of condensates.
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on radiative transitions between orbital states, which have

been exploited for laser cooling or to control atom-atom
interactions (via the so-called Feshbach resonance mechanism)>2.
In contrast, internal degrees of freedom of quantum fluids formed
by elementary excitations in solids> have remained largely
elusive, even though important information on the nature of the
condensing quasiparticles may be encoded in their internal
structure.

The situation is particularly striking for the prominent example
of exciton-polaritons—design-cut bosonic quasiparticles that
result from strong light-matter coupling in semiconductor
microcavities®” '8 (Fig. 1a). When a sufficiently high-quality
microcavity is nearly resonant with an interband exciton
transition, trapped photons may be emitted and reabsorbed
multiple times by the exciton before they are lost by dissipation or
cavity leakage. Under such conditions, cavity polaritons emerge as
light-matter mixed eigenstates®. Normal mode splitting leads to a
characteristic anticrossing of the lower (LPB) and upper polariton
branches as a function of the in-plane momentum k; (Fig. 1b).
Near kj; =0, the effective mass of the LPB may be four orders of
magnitude lighter than the bare exciton mass’. Furthermore, the
excitonic admixture that determines the mutual interaction
strength of polaritons is adjustable by the frequency detuning

In atomic gases, Bose-Einstein condensation (BEC)! relies
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Figure 1 | Schematic of PL and THz probing of cavity exciton-polaritons.
(a) Polaritons (pink spheres with blue halo) emerge from strong coupling
between the excitonic interband resonance in a quantum well (transparent
sheet) and the photonic mode of a GaAs/AlGaAs microcavity. THz probing
(blue curve) maps out the matter component of the polaritons, while

PL (red arrows) leaking through a Bragg mirror reveals the photonic
component. (b) Normal-mode splitting. The heavy-hole 1s exciton
resonance (dashed curve) and the photonic mode (dotted curve) are
replaced by the upper and lower polariton branches (UPB and LPB,
respectively; solid curves). PL (thick red arrow) originates from radiative
decay of polaritons at small in-plane momenta k;. (¢) THz absorption
probes hydrogen-like intra-excitonic transitions. While the 1s state gets
spectrally shifted by strong light-matter coupling, the optically dark 2p
exciton is not affected by the cavity. The resulting momentum dependence
of the THz transition energy allows us to map out the momentum
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d of the cavity with respect to the exciton resonance!’. These
properties define the metastable zero-momentum state of the
LPB as a unique system to achieve a dynamical BEC.

In fact, a dramatic increase in temporal and spatial
photoluminescence (PL) coherence occurring at high densities
has been interpreted as a spontaneous macroscopic occupation of
the LPB at k=0 (ref. 4). Related phenomena such as nonlinear
Josephson oscillations, vortices and long-range order have
also been reported on the basis of PL data!?~!413, However,
PL monitors only the collapse of polaritons into their photonic
part, whereas a complementary direct handle on the polariton’s
material component, the exciton, has been missing. Hence,
important questions about the very nature of the solid-state BEC
have been left unanswered: What is the exact role of excitons in
the build-up of the macroscopic quantum state? Does the critical
condensation density exceed the Mott transition density, above
which Coulomb screening effectively terminates the existence of
excitons? The debate has been fuelled by a quantitative theory
showing that PL measurements alone cannot fully differentiate
between signatures induced by excitons or free carriers!®17:19:20,
Moreover, the fact that polariton microcavities share their basic
design with vertical cavity surface-emitting lasers operating in the
weak coupling regime suggests that the properties of dynamical
BEC may be simply caused by stimulated photon emission.

In this article, we simultaneously observe the photon and the
matter part of a condensing exciton-polariton gas. To this end,
we combine PL experiments with terahertz (THz) spectroscopy
probing the atom-like internal structure. This concept allows us
to directly observe how excitons form and feed a polariton
condensate occurring below the Mott density. We quantify a
strong polariton population at k;=0 via a new internal
absorption line. The experimental idea is illustrated in Fig. lc.
As hydrogen-like pairs of one electron and one hole, excitons
feature an orbital structure. Dipole transitions between the 1s and
the 2p states are resonant in the THz spectral range and have
been used to probe the formation of free excitons at arbitra
centre of mass momenta or to drive nonlinear optics>!?’.
When embedded into a high-quality semiconductor microcavity,
strong light-matter coupling modifies the dispersion of the 1s
state at small in-plane momenta. In contrast, the dispersion of the
optically dark 2p state remains set by the centre of mass motion
of the bare exciton (Fig. 1c). Therefore, the 1s-2p resonance
depends on kj; and THz spectroscopy may be used to map out the
polariton distribution in momentum space.

Results

Photonic component. Our GaAs/AlGaAs microcavity contains
12 quantum wells located at the antinodes of the optical mode
(Supplementary Fig. 1; Supplementary Methods). The sample is
kept at a lattice temperature of Ty = 10K and features a small
cavity-exciton detuning 6 =2 meV. Normal mode splitting lowers
the energy of the LPB at k=0 by 8 meV (Fig. 1c). Unbound
electron-hole pairs are injected above the band gap by 20-fs
optical pulses at a photon energy of hw,=1.65eV (Supple-
mentary Figs 2 and 3). We identify the onset of polariton
condensation by collecting the total PL intensity as a function of
the density of photoinjected electron-hole pairs, p (Fig. 2a).
The superlinear increase in the intensity, above a threshold of
pe=06x10'%cm ~2, is characteristic of what has previously been
explained by the emergence of stimulated polariton scattering®’.
Angle-resolved PL spectra confirm this conjecture: for a low
density p;=5x10 0cm_2<pC (Fig. 2b), light emission
is spread over a broad range of angles —20°<0<20° In
contrast, dramatic narrowing of the PL angular distribution is

distribution of the polaritons as they relax towards k=0 (green seen above the condensation threshold, at p, =15 x 1010cm—2
dotted arrow). (Fig. 2¢).
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Figure 2 | Probing the photonic part of polaritons at the condensation
threshold. (a) Time- and momentum-integrated PL intensity as a function
of the density of photoexcited electron-hole pairs p. Unbound electron-hole ol ! . ! . . A . A .
pairs are injected by 20-fs pulses centred at hw, =1.65eV. The steep 8 12 8 12

increase in the PL intensity above a critical density p. =6 x 10'%cm~2 has
been assigned to bosonic stimulation due to the formation of a dynamic
condensate. Broken lines: guides to the eye underpinning the linear increase
in PL intensity in the low- and high-density limits. Angle-resolved PL
measurements taken for p;=5 x 100 cm =2 (b) and p, =15 x 100 cm 2
(e), that is, below and above the critical density p.. When p exceeds p.,
the broad PL dispersion collapses into a degenerate momentum and
energy state indicative of a polariton condensate.

Matter component. Simultaneously, we also trace the THz
response of the microcavity as a function of the delay time 7 after
photoinjection of free electron-hole pairs. Electro-optic sampling
resolves both amplitude and phase of the THz waveforms
transmitted through the sample. The spot size of the incident
THz pulse is two times smaller than the excitation area to ensure
a homogeneous probing of the carrier dynamics. These data allow
us to retrieve the photoinduced changes of the real parts of both
the optical conductivity Ao, and the dielectric function Ag;
(Supplementary Methods). Different pairs of THz emitter and
detector crystals allow us to resolve different regions of interest of
the THz window (Supplementary Fig. 4). Figure 3 depicts spectra
for representative delay times t below the critical density. For
7 =2 ps, the monotonic decrease (increase) in Ag; (A¢;) indicates
that a Drude-like response of the photoinjected carriers pre-
vails??2, At later delay times, a distinct maximum of Ac,
develops at ico =9 meV accompanied by a dispersive feature in
Ag; due to the 1s-2p transition of bare excitons expected in the
7-nm-wide GaAs quantum wells?®. THz absorption at this
energy, thus, measures the exciton population. As seen from
the amplitude of the resonance features, the exciton density grows
on the timescale of 100 ps before a decay dynamics sets in on the
nanosecond scale?!.

Interestingly, the energy position of the exciton line shifts from
fio =9 meV, at 1 =40 ps, to 11 meV, at 7 =1 ns. We attribute this

Energy (meV) Energy (meV)

Figure 3 | Time-resolved THz response of the formation and cooling of
reservoir excitons. (a) Real part of the pump-induced THz conductivity
A, for various delay times 7 (indicated next to the curves) after
photoinjection of unbound electron-hole pairs of a low density of p,

by a 20-fs near-infrared pulse (hw,=1.65eV). (b) Corresponding real
part of the dielectric function, Ae;. Blue spheres: experimental data; black
curves: two-component model simultaneously fitting Aoy and Ag;. The
corresponding densities of excitons (px) and unbound electron-hole pairs
(pe-n) extracted from the fits are displayed in Fig. 4d. ZnTe emitter and
detector crystals are used in the experimental setup to resolve the THz
signal between 6 and 14 meV.

dynamics to polariton cooling: the quasiparticles are redistributed
from large-momentum states—called the reservoir—towards the
bottleneck region near the inflection point of the polariton
dispersion’, where the strong non-parabolicity of the LPB
blueshifts the internal 1s-2p resonance (Fig. 1lc, green arrow).
As a first approximation, we compare our experimental results
with a two-component model of excitons and unbound electron-
hole pairs?!?2, By adjusting the energy of the 1s-2p transition as
a free parameter, Ag, and Ag; are simultaneously well reproduced
(Fig. 3, black curves). A quantitative summary of the densities of
free carriers (p._,) and the exciton reservoir (px) retrieved from
the model fits is given in Fig. 4d: while the free carriers dominate
immediately after photoinjection, their density drops below 20%
for delay times 7>200 ps. At the same time, the exciton reservoir
fills up to a maximum density of px(r=200ps)=0.8 X py,
followed by a nanosecond decay.

Increasing the pump fluence may ultimately drive a Mott
transition in the system. In this situation, excitons completely
cease to exist due to strong Coulomb screening, strong coupling is
lost and any lasing feature in the PL is related to standard photon
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Figure 4 | Time-resolved THz response of condensed polaritons. Real part of the pump-induced THz conductivity Ag; (a) as a function of delay

time 1, for p=p,, and (b) as a function of excitation density p, for t =50 ps. The dielectric function Ag; corresponding to both situations is shown in
Supplementary Fig. 6. Blue spheres: experiment; black broken curves: two-component model fitting simultaneously Agy and Ag,. Corresponding densities
px and pe-, extracted from the fits to a are displayed in e. Red shadows: a Lorentz function (full-width at half-maximum =3 meV) traces the departures
between the experimental data and the two-component model due to polariton population at k= 0. GaP emitter and detector crystals are used in the
experimental setup to resolve the THz signal between 8 and 22 meV. (¢) Density p.onq Of polaritons at k;; = O as a function of excitation density, as obtained
by spectrally integrating the red shaded areas in b. Broken line: guide to the eye. (d) Densities of free carriers, p.-, (green spheres), and reservoir excitons,
px (blue spheres), as extracted by fitting the two-component model to the data in Fig. 3, displayed as a function of 7. The excitation density is p = p.
The data are compared with the time-resolved PL intensity (black curve) obtained from streak camera measurements (Supplementary Fig. 10).

(e) Corresponding data obtained above the critical excitation density p = p,.

extracted from a.

lasing under population inversion and not to polariton
condensation?®. Photon lasing in the weak-coupling regime is
expected to lead to a Drude-like THz response (Supplementary
Fig. 5) instead of excitonic resonances.

To test whether a Mott transition is already reached when the
PL indicates condensation, we record the THz dielectric response
at p,>p. (Fig. 4a). Again, the Drude response of free
carriers dominates initially (7<10ps). While a sizeable fraction
of unbound electron-hole pairs now survives even beyond these
early times, excitons in the reservoir clearly start to build up. The
corresponding peak in Ao, (Fig. 4a) and the dispersion in Ag,
(Supplementary Fig. 6) occur at hw=9meV, for 7=50ps,
followed by a qualitatively similar blueshift to that seen above
(Fig. 3a). The temporal traces of p._p, and px extracted from the
two-component model are depicted in Fig. 4e. While the weight
of free carriers is qualitatively different from the situation
observed at low fluence, the sheer existence of excitons above
the condensation threshold demonstrates that the system, indeed,
remains below the Mott transition and strong light-matter
coupling regime persists. A systematic study of the free and
bound carrier densities as a function of the pump fluence
confirms this conclusion (Supplementary Fig. 7).

4
© 2014 Macmillan Publishers

pe-n (green spheres), px (blue spheres) and pcong (red spheres) are

Most importantly, the THz response also features an additional
novel manifestation of the polariton condensate. For
50 ps<t<150ps, the data significantly depart from the two-
component model. In the vicinity of hw =17 meV, that is, far
above intra-excitonic resonances in the reservoir, an additional
peak in Ao, (Fig. 4a, red shadow) and a concomitant dispersive
slope of Ag; develop (Supplementary Fig. 6). The resonance
energy coincides with the expected 1s-2p transition in polaritons
located at k=0 (Fig. 1c). This excitation is expected to become
detectable only when the minimum of the LPB is macroscopically
populated. Indeed, the absorption line is not seen for densities
p <p. while it grows above this threshold (Fig. 4b). Hence, we
conclude that the additional absorption feature originates from a
macroscopic population of the LPB close to k= 0, indicating the
transition of the system into the condensed phase. The frequency
of this novel resonance can be consistently shifted by changing ¢
(Supplementary Figs 8 and 9; Supplementary Discussion).

Our observation provides qualitatively new proof that the
strong coherent emission associated with dynamical condensation
is fundamentally different from the operation of vertical cavity
surface-emitting lasers, which remain in the weak-coupling
regime and exploit free carriers. By spectrally integrating the
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Lorentzian fit (red shadows in Fig. 4ab) highlighting the
departure of Ao, from the two-component model, we obtain a
first experimental estimate of the density p.ong of cold polaritons
at k=0 as a function of the excitation density (Fig. 4c) and the
delay time 7 (Fig. 4e, red spheres). The excitation density required
to observe an onset of a macroscopic polariton population at
Ky =0 (Fig. 4c) amounts to p = (5 £ 1) x 1010cm—2. Remarkably,
this value coincides, within error margins, with p., the threshold
extracted from the PL data of Fig. 2a. The maximum value of
Peond> reached in our experiment, for p=p, and 7=50ps
(Fig. 4e), amounts to pcopa = 6.5 X 10°cm ~ 2, representing 4% of
all electron-hole pairs.

Finally, we compare the THz dynamics of reservoir excitons
and polaritons at kj=0 with the complementary time-resolved
PL measurements probing the photonic part of polaritons at
small momenta. For low density p; (Fig. 4d), the PL intensity
trails px with a distinct delay of more than 50 ps due to multiple
scattering events with acoustic phonons that are required to relax
the quasiparticles towards small k) values. Conversely, Fig. 4e
shows that the excitonic and photonic components of the cold
polariton population follow the same dynamics within the
experimental error, indicating that they likely originate from
the same macroscopic condensate. A comparison of px below and
above the critical excitation density (Fig. 4d,e) reveals that the
decay of the exciton density in the reservoir is accelerated as long
as the condensate is present for 7 <200 ps. This feature may be a
direct consequence of stimulated bosonic scattering into the
macroscopically populated zero-momentum state, which may
efficiently deplete the exciton reservoir.

Internal degrees of freedom of solid-state quantum fluids
provide a fundamentally new access to macroscopic wavefunc-
tions. As a first example, we probe an intra-excitonic transition to
map out the matter component of a condensing exciton-
polariton gas and explore the real nature of the dynamical
condensate. The same concept may be extended to other
intriguing condensates based on magnons, photons or excitons’.
In the future, high-intensity THz pulses may even bring coherent
control?2>2730" and optical protocols exploiting the internal
degrees of freedom of solid-based quantum fluids into reach.
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