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Giant optomechanical coupling and dephasing protection with cavity exciton-polaritons
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Electronic resonances can significantly enhance photon-phonon coupling but are normally avoided in cavity
optomechanics due to absorption losses and dephasing by inhomogeneous broadening. We demonstrate experi-
mentally that exciton-polaritons in semiconductor microcavities enable single-particle resonant optomechanical
couplings with GHz vibrations reaching record values in the tens of MHz range. Moreover, this resonant
enhancement is protected from inhomogeneous broadening by the Rabi gap. Single-polariton nonlinearities and
the optomechanical strong-coupling regime become accessible in this platform.
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The search for strong optical forces (i.e., large optome-
chanical coupling factor g0) is relevant to attain optomechani-
cal (OM) cooling and self-oscillation [1] and to access the OM
strong-coupling regime [1–4]. Single-photon OM nonlineari-
ties are accessible when the cooperativity C0 = 4g2

0/κ� > 1,
with κ and � being the optical and mechanical dissipation
rates, respectively [1]. For the multiple-photon case, the OM
coupling is amplified as geff = g0

√
Np [1], with Np being the

photon number. The OM strong-coupling regime geff > κ,�

[1] thus requires large g0 and small κ and �, but can also be
enforced by strong pumping. Typically, cavity-OM systems
rely on radiation-pressure (RP) forces [5]. This mechanism
is relatively weak [6], and thus OM nonlinearities demand
ultralong photon and phonon lifetimes [7,8]. Semiconductor
materials provide an alternative strategy through the access
to exciton-mediated electrostrictive forces (based on defor-
mation potential interaction, DP), which are enhanced at
electronic resonances [9]. The question is whether this res-
onant enhancement can be transferred to optical resonators,
if decoherence stemming from resonance-related inhomoge-
neous broadening and absorption can be circumvented, and if
this mechanism can attain C0 > 1.

Research in condensed-matter cavity optomechanics typ-
ically avoids optical absorption by working away from
electronic resonances [10–13]. An unwanted consequence
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is that electrostriction decreases and becomes similar in
magnitude to RP [6]. Moreover, these OM resonators are
intrinsically passive devices. Resonance can amplify light-
sound coupling through DP interaction by several orders of
magnitude, as previously demonstrated with GaAs multiple
quantum wells [9,14]. Our aim is thus to translate resonant DP
coupling to the context of optical resonators. By doing this,
in addition, the resonators would become active OM devices.
Microcavities with embedded GaAs quantum wells (QWs)
at resonance in the strong-coupling regime are characterized
by polaritons, quasiparticles that share the properties of the
constituent photons and excitons in ratios that can be tuned
through their energy difference [15]. Polariton optomechan-
ics has been theoretically considered with prospects of new
phenomena at the quantum limit [16–19]. OM nonlinearities
including polariton-driven parametric self-oscillation [20,21]
and asynchronous energy locking [22] have been experimen-
tally demonstrated for many-particle condensates confined in
arrays of traps. Recently, it has been argued theoretically that,
in micrometer-size cavities with QWs, C0 > 1 is accessible
[23]. The strong-coupling regime in quantum electrodynamics
has also been proposed as a means for protecting ensembles
of states against decoherence induced by their inhomogeneous
broadening [24,25]. In this work we show experimentally
that giant values of g0 can be indeed attained by resonant
enhancement in the exciton-photon strong-coupling regime.
Furthermore, we demonstrate that the OM resonant coupling
is protected by the opening of the polariton Rabi gap from
dephasing induced by the inhomogeneous distribution of res-
onant states. We present two complementary experimental
approaches, namely, photoluminescence (PL) in the presence
of piezoelectrically injected resonant bulk acoustic waves
(BAWs) and Brillouin scattering as a function of exciton-
photon detuning and temperature.
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Optical cavities with distributed Bragg reflectors also
confine acoustic phonons [12,26]. We study two different
microcavity structures, specifically designed for polariton
modulation with electrically generated bulk acoustic waves
(sample A), or for Brillouin scattering experiments (sam-
ple B). Both are planar structures (i.e., there is no lateral
confinement) grown with a thickness taper to allow the con-
tinuous variation of the cavity-exciton detuning δ = Ec − Ex.
Here Ec (Ex ) is the cavity (exciton) energy. Sample A is an
(Al,Ga)As microcavity designed to confine ≈1.53 eV pho-
tons and ωm/2π ≈ 7 GHz phonons [27,28]. Six GaAs QWs
are positioned inside the spacer at antinodes of the optical
field and close to an antinode of the acoustic strain field
to enhance the DP coupling [28]. The QWs display heavy-
hole (hh) and light-hole (lh) excitonic transitions separated
by ≈5 meV, strongly coupled to the confined photon state,
leading to three polariton branches with Rabi gaps of ≈7 and
≈5 meV, respectively [27]. Monochromatic phonons are in-
jected into the microcavity using radiofrequency-driven BAW
ZnO resonators, fabricated on the surface of the structure
[27,29]. Sample B is a microcavity with a thick 9λ/2 spacer
constituted by a 41.5-period GaAs/AlAs multiple quantum
well (MQW) [9,27]. A MQW is a periodically modulated
acoustic structure, so its acoustic properties can be described
in the band-folding scheme [30]. We perform resonant Bril-
louin backscattering experiments at 30 and 78 K, coupling to
a ωm/2π ≈ 180 GHz zero-group-velocity (ZGV) mode that
results from this folding. Brillouin scattering is performed
in double optical resonance (DOR) [31,32], i.e., the angles
and energies are set so that both incoming and outgoing pho-
tons are tuned to polariton resonances of the lower branch.
Figures 1(a) and 1(b) present color maps of PL spectra
(10 K) obtained on sample A as a function of the BAW
amplitude for negative and zero photon-exciton detuning δ,
respectively. The corresponding spectra are included in the
Supplemental Material (SM) [27]. These were obtained un-
der low nonresonant optical excitation powers (below the
polariton condensation threshold) and by driving the cavity
with the ≈7 GHz acoustic mode of the resonator [27]. Below
threshold, the polariton linewidth κ � ωm. In this adiabatic
modulation regime the polariton lines broaden symmetri-
cally in the time-integrated PL. Resolved sidebands are only
expected for the nonadiabatic limit (κ < ωm). For the neg-
ative detuning in Fig. 1(a), the hh excitonic-like resonance
can be identified at ≈1.531 eV and the cavity-like mode at
≈1.511 eV. It is apparent, and particularly striking in this case
where the polariton modes resemble their bare constituents,
that the BAWs mostly affect the exciton’s energy (through
DP interaction), and only very little the photon cavity mode
(reflecting the weak RP contribution). The contrasting evo-
lution of the two branches (MP excitonic and LP photonic)
is indicated with dashed thin lines in Fig. 1(a). For the zero-
detuning case in Fig. 1(b), the LP and MP split symmetrically
around the exciton energy by the Rabi gap ≈7 meV, and for
this detuning become modulated in similar amounts by the
externally applied BAWs.

We derive the mechanically induced LP and MP energy
modulation �ELP(MP) from the PL spread of the respective
mode in Figs. 1(a) and 1(b). The strain s at the QWs for
a given radio-frequency power PRF is calculated from the

FIG. 1. (a), (b) Time-integrated polariton emission of sample
A as a function of radio-frequency power applied to the piezo-
electric transducer. Panel (a) corresponds to a negative detuning
(−17.5 meV), panel (b) to zero detuning. The horizontal white arrow
is the hh exciton energy Ex ≈ 1.530 eV. Panel (c) is a scheme of the
relevant pairwise interactions (exciton-photon h̄	R, photon-phonon
h̄gRP, and exciton-phonon h̄gDP) and energy levels of the optome-
chanical resonator with embedded QWs, in which gDP � gRP. Panels
(d) and (e) display the experimental and theoretical optomechanical
coupling factor gom/2π , respectively, as a function of the exciton
strength of the corresponding polariton branch (hh strength for the
lower polariton LP, and lh strength for the middle polariton MP). In
panel (d), solid circles (triangles) correspond to the LP (MP), and
the labels (a) and (b) indicate the experimental points originated in
panels (a) and (b), respectively. Dashed lines are guides to the eye. In
panel (e), open squares and triangles correspond to the theoretical
model presented in the text, with no adjustable parameters. The
continuous lines indicate the excitonic Hopfield coefficient scaled
to fit gom/2π at the largest detunings both for the LP and the MP
branches.

energy injected by the piezoelectric BAW resonators and
using a transfer-matrix model for the spatial distribution
of the acoustic cavity mode (see details in the SM) [27].
From it we derive the displacement �u = s/q, with q be-
ing the phonon wave number. We thus experimentally obtain
gom/2π = �ELP(MP)/�u, i.e., the change of polariton (LP or
MP) energy per unit displacement, which is shown in Fig. 1(d)
with the dark red circles and black triangles for the LP and MP
modes, respectively, as a function of the excitonic strength
of the corresponding polariton mode. The excitonic strength
refers to the hh component for the LP and to the lh for the MP,
both of which vary from zero to one when going from very
negative to very positive detuning. At very negative detuning
the LP mode is mostly photonic, while the MP is hh excitonic.

gom/2π can be related to the single-particle linear OM
coupling g0 = gomxzpf [1]. xzpf is the displacement due to
zero-point fluctuations and depends on the precise three-
dimensional (3D) geometry of the microstructured OM
resonator [23,33,34]. The maximum magnitude measured at
large hh excitonic fractions is gom/2π ≈ 20 THz/nm. To
grasp the implications of this value, one can consider a pillar
of circular shape and 1.2 μm diameter for which we estimate
xzpf ≈ 1 pm [27,35]. Using the measured gom/2π , we obtain
for this case a record g0/2π ≈ 20 MHz (see a comparison
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FIG. 2. Panels (a) and (b) are color-intensity maps of the pho-
ton and heavy-hole spectral weights, respectively, calculated for the
polariton branches of sample B. The symbols in panel (c) are the
calculated OM coupling factor gom/2π , due to radiation-pressure
(RP, open circles) and deformation-potential (DP, solid circles) in-
teraction. The solid curves correspond to the scaled excitonic (DP
case) and photonic Hopfield (RP) coefficients, respectively.

between different optomechanical platforms in Table II of the
SM) [27]. The origin of such giant g0 and its strong detuning
dependence will be addressed theoretically next.

To introduce the model used to calculate g0, we consider
sample B. The QWs in this sample also display two ener-
getically close hh and lh excitonic transitions, which strongly
couple to the confined photon state, leading to three polariton
branches [27]. The hh (lh) Rabi splitting is 	hh(lh) = 8.7 (4.3)
meV and is almost temperature independent for T < 150 K.
The corresponding detuning dependence of the photon (Ac)
and hh-exciton (Ahh) spectral densities, derived from PL ex-
periments at 78 K [27], are shown in Figs. 2(a) and 2(b),
respectively. Sc(hh) = ∫

ω
dωAc(hh) is the fraction of each bare

state on the coupled modes (i.e., the Hopfield coefficient). We
focus our attention here on the LP branch, which evolves from
purely photonic to hh excitonic when going from negative to
positive detuning (the lh contribution to this state is negligi-
ble).

gom/2π [shown in Fig. 2(c)] is calculated for a planar
structure as the shift induced by a mechanical perturba-
tion on the absorptance peak associated with the LP, A =
1 − R − T . R and T are the reflectance and transmittance,
respectively, obtained with the transfer-matrix method. The
excitonic resonance is included in the dielectric function of the
QWs as

ε(ω) = ε∞ +
∑

l

4πβlω
2
l

ω2
l − ω2 − i�lω

[36,37], where ε∞ is the background permittivity, ωl is the lth
excitonic energy (l = hh or lh), and �l is the corresponding
excitonic linewidth. This model describes well the avoided

crossing between excitons and photons in the cavity [27].
The excitons’ oscillator strengths 4πβlω

2
l are set to fit the

experimentally observed Rabi gaps. With a similar transfer-
matrix method, the acoustic modes can also be derived [27]
and, with the obtained spatial distribution, their effect on the
absorptance A can be evaluated. As illustrated with the scheme
in Fig. 1(c), photons interact with the excitonic component of
polaritons through DP interaction, and with the photonic com-
ponent through RP. The DP contribution corresponds to the
effect of strain s = ∂u/∂z on the excitons’ energies, included
as ω̃l = ωl − l × s, where hh(lh) is the hh (lh) DP coef-
ficient. RP corresponds to the change of polariton energies
induced by the movement of the interfaces within the structure
due to the displacement u(z). We note that an additional con-
tribution to gom/2π arises from the strain-induced variation of
ε∞. Physically, this term emerges from all DP contributions
associated with higher-energy, nonresonant gaps. Its detun-
ing dependence follows that of the RP term, with a similar
magnitude [35]. For simplicity, in what follows, we consider
this photoelastic contribution included within RP. Standard
parameters were used for the calculation of gom/2π presented
in Fig. 2(c) [27].

Two results can be highlighted in Fig. 2(c). First, except
for negative detunings below ≈ − 50 meV, where a crossover
is observed, the DP largely surpasses the RP contribution,
being approximately two orders of magnitude larger at zero
detuning. Second, the overall detuning dependence of the RP
and DP contributions to gom/2π follow the photonic (Sc) and
excitonic (Shh) Hopfield coefficients, respectively, shown with
solid curves in Fig. 2(c) and scaled to fit the data at the max-
imum detunings. This result justifies the ad hoc assumption
taken in Refs. [20,23], i.e., g0 = Sc gRP

0 + Shh gDP
0 .

The same model, when applied to sample A (only based on
the specific layered structure and with no fitting parameter),
leads to the lower and middle polaritons to the results shown
with open squares and triangles in Fig. 1(e). Following the
above discussion, we present in the same figure, with a solid
blue line, Shh multiplied by a constant (which corresponds
to the hh gDP

om ). Based on the same considerations, for the
middle polariton mode that varies from being purely hh-like
to lh-like (this mode has very little photonic component [27]),
the corresponding g0 = Slh gDP

0,lh + Shh gDP
0,hh [solid black line

in Fig. 1(e)]. The two excitonic OM factors g0,lh and g0,hh

scale as the corresponding DP coefficient hh(lh) (≈10.5 eV
and ≈6.5 eV for the hh and lh excitons, respectively). As fol-
lows from Figs. 1(d) and 1(e), there is an excellent quantitative
agreement between experiment and theory [27], strengthening
our conclusion that the main contribution to g0 is the DP
interaction, which follows the detuning dependence of the
excitonic component of the polariton.

Information on the detuning dependence of the OM
coupling factor can also be obtained through the resonant de-
pendence of the Brillouin intensity. This is shown in Fig. 3(a)
for 30 and 78 K, for inelastic scattering by the ZGV mode
at ≈180 GHz in sample B. Note the four-orders-of-magnitude
resonant increase of the scattering efficiency observed at 30 K,
comparable to that observed for a similar MQW without
photonic confinement [9]. The detuning dependence is, how-
ever, markedly different. For the bare MQW is displayed in
Fig. 3(a) with a red dashed-dotted curve, as extracted from
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FIG. 3. (a) Brillouin scattering intensity on sample B as a func-
tion of detuning for 30 and 78 K. Symbols represent the experiments
and solid curves the model. Inset shows example of a Brillouin
spectrum showing the zero-group-velocity mode (ZGV), and the two
backscattering peaks (BS). The phonon dispersion in the folded-band
scheme is also shown. The horizontal line at 2kL indicates the BS
transferred wave number. The effect of inhomogeneous broadening
on the 30 K case is shown with the dashed steel-blue curve (the blue
arrow indicates the dephasing protection by strong coupling). The
red dashed-dotted curve is the detuning dependence for an identical,
but bare (no cavity confinement), MQW, as extracted from Ref. [9].
Panel (b) is the detuning dependence of the LP full linewidth at
different temperatures. Panel (c) shows the extracted temperature
dependence of the photon and hh exciton linewidths. The horizontal
dashed line corresponds to the exciton inhomogeneous broadening.
Thin solid curves in panels (b) and (c) are fits with the theoretical
models explained in the text.

Ref. [9]. The steepness of this resonance is determined by the
excitonic linewidth (≈70 μ eV at 30 K). For the microcavity
with an embedded MQW in Fig. 3(a), in contrast, the detuning
dependence is determined by the excitonic Hopfield coeffi-
cient (which varies over the same scale as the Rabi splitting
≈9 meV). The decrease of resonant enhancement with tem-
perature, as shown in Fig. 3(a) and which for 78 K amounts
to one order of magnitude, evinces the role of dephasing. We
address these effects next.

Figure 3(b) presents the detuning dependence of the LP’s
full linewidth for different temperatures ranging from 5 to
150 K. It is observed that at 30 K the LP’s linewidth is
almost detuning independent (decreases slightly when going
from photon to hh exciton character), while at 78 K a clear
broadening occurs as polaritons become more excitonic (re-
flecting the phonon-induced exciton dephasing). From these
data we extract the temperature dependence of the hh exciton
(�hh) and cavity (�c) linewidths [38], shown with symbols in

Fig. 3(c). �c turns out to be temperature independent (�c ≈
0.4 meV), while �hh monotonically increases with tempera-
ture. Its variation can be fit [39] with a linear contribution
of the acoustic phonons thermal population and a second
term proportional to the longitudinal optical phonon popu-
lation nLO: �hh(T ) = 0.02 meV + (1.1 × 10−2 meV/K)T +
(16.6 meV)nLO [shown with the solid thin curve in Fig. 3(c)]
[9,39]. The zero-temperature value �hh(0) = 0.02 meV (im-
plying an excitonic Q factor ≈8 × 104) corresponds to a
homogeneous linewidth [40], which contrasts with the much
larger measured inhomogeneous spread of exciton states
�inh

hh ≈ 1.1 meV [indicated with a horizontal dashed line in
Fig. 3(c)]. It is quite notable in Fig. 3(b) that, at low temper-
atures, the LP linewidth, even at the largest positive detuning,
does not reflect the inhomogeneous broadening of the exci-
tonic states.

Polariton-mediated Brillouin scattering can be described
as a three-step process [32]: (1) conversion of the impinging
photon of frequency ω to an incoming polariton, followed by
(2) the scattering of this polariton into another polariton of the
same branch but different in-plane wave vector and frequency
ω′ = ω − ωm, accompanied by the emission of a ZGV acous-
tic phonon, and (3) the conversion of this latter polariton into
an external photon, which is finally detected. This sequential
process can be modeled as IB ∝ Sc(gRP

0 Sc + gDP
0,hhShh)2Sc�

−2
LP ,

where it is assumed that the phonon frequency is small so
that the Hopfield coefficients corresponding to incoming and
scattered polaritons are the same. Note that IB scales as g2

0,
similar to C0. The conversion between external photons and
polaritons in both the incoming and outgoing channels leads to
IB ∝ S2

c . And the interaction of excitons with phonons through
the DP mechanism leads to IB ∝ S2

hh. Consequently, the max-
imum Brillouin efficiency occurs close to zero detuning were
the product S2

c S2
hh is maximized (both Hopfield coefficients

are ≈1/2). This implies that only half of the maximum gDP
0,hh

is typically accessed. The lifetime of the two intervening
polariton states is included through �−2

LP [27,32]. In this ex-
pression for IB it is assumed that, for the LP branch, Slh ≈ 0.
Theoretical results are shown with solid curves in Fig. 3(a).
Because of the intrinsic uncertainty on the determination of
absolute Brillouin cross sections, the experimental curve at
30 K has been scaled to coincide with the theoretical maxi-
mum, this being the only adjustable parameter valid for both
temperatures. The agreement between theory and experiments
is noteworthy. The quenching of the resonant enhancement
with temperature is due to the broadening of the polariton
line, which follows the detuning dependence of the excitonic
component of the polariton (the polariton-phonon scattering
is protected from dephasing due to exciton inhomogeneous
broadening, but at 78 K phonon-induced homogeneous broad-
ening is already evident). The dashed steel-blue curve in
Fig. 3(a) is the calculation assuming that at 30K the hh exciton
would also be affected by its inhomogeneous broadening. It is
clear that the opening of the Rabi gap in the strong-coupling
regime protects polaritons against such dephasing [40], re-
maining at low temperatures only the phonon-dependent
homogeneous linewidth as the limitation factor for the fully
resonant, exciton-mediated, DP OM interaction. Note that this
homogeneous broadening at low temperatures is extremely
small [�hh(0) = 0.02 meV], probably reflecting the motional
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narrowing effect also present in the strong-coupling regime
[41–43].

To conclude, we have reported a direct experimental de-
termination of the resonant enhancement of the OM coupling
factor in distributed Bragg reflector-based microcavities with
embedded QWs in the polariton strong-coupling regime. The
OM coupling is dominated by the DP interaction, two orders
of magnitude larger than that due to RP. Inhomogeneous
broadening is avoided due to the opening of the Rabi gap.
Polariton strong coupling is thus demonstrated as a path for
protection against decoherence in OM applications. Based
on the enhanced OM coupling, we estimate that OM nonlin-
earities (C0 ≈ 1) can be attained with pillar cavities with a
diameter of ≈1.2 μm, and with experimentally feasible opti-
cal and mechanical Q factors ≈5 × 104. Polariton condensates

are also interesting due to the large coherence time of their
collective phase (as compared with the decay time of indi-
vidual polaritons) [21]. Based on the condensate coherence
time measured in our devices (in the range 1–2 ns) [20], we
conclude that as few as 2 × 103 polaritons in the condensate
are required to attain the OM strong-coupling regime (geff >

κLP, �m) [44].
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