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Polariton path to fully resonant dispersive coupling in optomechanical resonators
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Resonant photoelastic coupling opens new perspectives for strongly enhanced light-sound interaction in
semiconductor optomechanical resonators. One potential problem, however, is the reduction of the cavity Q factor
induced by dissipation when the resonance is approached. We show in this Rapid Communication through Raman-
scattering experiments that cavity-polariton mediation in the light-matter process overcomes this limitation
allowing for a strongly enhanced photon-phonon coupling without significant lifetime reduction in the strong-
coupling regime. Huge optomechanical coupling factors in the petaHz/nm range are envisaged, three orders of
magnitude larger than the backaction produced by the mechanical displacement of the cavity mirrors.
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Optomechanical resonators have emerged as novel
paradigms for new fundamental ideas and applications
[1-11]. Light-induced rigidity, optomechanical cooling down
to the quantum ground state of mechanical motion [12—-15],
and optomechanical self-oscillation [16,17] are some of the
demonstrated consequences of so-called dynamical backaction
in these devices. Very recently hybrid systems combining
cavity optomechanics and cavity quantum electrodynamics
(CQED) have been theoretically proposed as a means to
evidence unconventional dissipative couplings and cooling
at the single-polariton level [18,19]. Here we experimentally
demonstrate using resonant acoustic phonon Raman scattering
the possibility to access in CQED optomechanics a hugely
enhanced optomechanical coupling of dispersive photoelastic
resonant nature, without significant dissipation-induced cavity
Q-factor quenching.

Dynamical backaction in cavity optomechanical devices
relies on the possibility to strongly couple photons and
phonons in resonators of large optical and mechanical Q factor.
“Radiation pressure” is usually identified as the main origin
of optomechanical coupling. Direct transfer of impulse from
the photon field to the resonator mirrors induces vibrations
on the latter, which in turn results in a backaction on the
optical cavity mode due to the mechanical displacement of
the mirrors. Alternative stronger optomechanical coupling
mechanisms are also being sought [20-26]. We have recently
reported that GaAs Distributed Bragg Reflector (DBR)-based
microcavities constitute optimized optomechanical resonators
operating in the GHz-THz range [27,28], with the potential for
adding an additional photoelastic term to the above described
purely “mechanical” mechanism [24]. The two complemen-
tary sides of the coin in this case are electrostriction, and as
backaction, the phonon-induced modulation of the dielectric
function [24,25]. Under resonant conditions the photoelastic
mechanism in GaAs (and similar materials) [29-31] should
become dominant, allowing for huge optomechanical coupling
factors [24].

A resonant enhancement of dispersive photoelastic cou-
pling is, however, typically related to dissipation. At the
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electronic gap the photoelastic constants resonate, but also at
the gap strong absorption sets in, and thus the optical cavity Q
factor should be quenched. Indeed this is critical for bulk-GaAs
cavities, as illustrated in Fig. 1 where we show the photoelastic
constant of GaAs, and the optical Q factor of a bulk-GaAs
X./2 microcavity close to resonance with the fundamental E
gap. Photons absorbed through the creation of electron-hole
pairs are irreversibly lost into the band continuum, resulting in
the observed strong reduction of cavity Q factor. There is an
enormous potential to exploit photoelastic coupling in resonant
materials in the domain of cavity optomechanics, but in order
to do that dissipative Q factor quenching needs to be avoided.

The interaction of light with a discrete electronic state
instead of a continuum would result in reversible coupling.
Excitons in semiconductors have discrete spectra and could
be an alternative in this direction. While in bulk GaAs and
at room temperature excitons are not stable, they do define
the optical properties of quantum wells (QWSs) because of
the larger binding energy and oscillator strength induced by
confinement [32]. However, in real samples absorption can be
broad and lossy anyway due to roughness and inhomogeneous
broadening. This leads, for microcavities with embedded
collections of QWs in the “weak-coupling regime,” to a general
behavior similar to that displayed in Fig. 1.

We propose here that the situation is qualitatively modified
when the “strong-coupling regime” is considered [33-35].
Cavity polaritons, the quasiparticles that define the strong-
coupling regime, provide the solution to the posed problem for
the following reasons: (i) inhomogeneous broadening becomes
irrelevant in the strong-coupling regime. In fact a single
linear combination of the set of exciton states couples to the
electromagnetic field. In addition, this coupled polariton mode
is redshifted into the transparency region of the material, out
of the spectral region were a continuum can lead to irreversible
loss. The remaining N — 1 remain as uncoupled optically
“dark” states [36,37]. Moreover, (ii) polaritons allow for
extended lifetimes because the dressed states bounce back and
forth from exciton to photonic character before the excitation
can dephase through the more dissipative channel [38], and
(iii) polariton mixing leads to much smaller masses, leading
to spatial averaging over the disorder potential and hence
motional narrowing of the spectral lines [39]. The consequence
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FIG. 1. (Color online) Right scale: Photoelastic constant as a
function of the detuning between the laser energy and the E, gap of
GaAs (from Refs. [29,31]). Left scale: Optical cavity Q factor for a
/2 GaAs resonator. Symbols in the photoelastic constant correspond
to data derived from piezobiregringence experiments, [29] and the
dotted curve is a schematic behavior derived from recent predictions
based on Brillouin scattering data [30,31]. The solid symbols in
the Q factor correspond to measured values, while open symbols
are extrapolated assuming no additional mode broadening in the
transparency region of GaAs.

is that polariton states are characterized by a homogeneous
broadening, which in high-quality samples can result in Q
factors in the 10* range.

We will evaluate the optomechanical photoelastic coupling
and the optical Q factor under polariton excitation in an
optical microcavity by studying the Raman efficiency for the
optical generation of hypersound [40,41]. The sample is a
planar microcavity with Aly3Gag7As/AlAs (61.17/71.21 nm)
DBRs—20 pairs in the bottom, 16 pairs on top. Because res-
onant Raman experiments involving the 20 GHz fundamental
optomechanical mode of the microcavity are presently unac-
cessible [42], we will concentrate this investigation on higher
frequency 250 GHz acoustic phonons confined in an acoustic
multilayer performing as a microcavity spacer [43,44]. The
latter consists of a 32-period GaAs/AlAs (14.16/5.81 nm)
multiple quantum well (MQW). The experiments have been
performed in resonance around the GaAs exciton of these
MQWs at 1.53 eV. The optical microcavity has a thickness
gradient that allows for the tuning of the cavity mode in the
vicinity of this energy.

Figure 2 (top) shows with solid symbols the measured
polariton energies as a function of cavity-heavy-hole exciton
detuning §py [41], together with a simultaneous fit of all
three polariton branches, with eigenstates of the form
[33-35] |[P) = AE(Sw)IC) + AL (Su)|H) + AL (8y)IL). The
coefficients SE = |AL]?, SH =|AL1%, and S} =|ALP,
shown in Fig. 2 (bottom) for the lower and middle polaritons,
describe the strength of the cavity-, heavy-, and light-hole
excitonic states, respectively, on the dressed polariton states.
P stands for the lower (LP), middle (MP), and upper
(UP) polariton branches, respectively. The modulation of
such cavity-polariton states by externally injected phonon
pulses and surface acoustic waves has been investigated in
Refs. [45-47]. In what follows we will demonstrate that they
provide the means to channel the strongly efficient resonant
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FIG. 2. (Color online) (a) Polariton energies (solid symbols) and
fitted dispersion (continuous curves) as a function of cavity-heavy-
hole exciton detuning (8 ). LP, MP, and UP indicate the lower, middle,
and upper polariton branches, respectively. 2y ~ 9.1 meV and 2, ~
5.9 meV are the heavy- and light-hole Raby splittings, respectively.
The uncoupled exciton states and cavity mode are indicated with
dotted curves. The gray background marks the continuum of e-h
excitations. (b) LP and MP photonic and excitonic strength as a
function of 8.

optical excitation of mechanical vibrations in the context of
cavity optomechanics, without dissipative quenching of the
optical Q factor.

Figure 3 summarizes the main results of this paper.
Experimental Raman intensities as a function of &y are
displayed as color maps for a double resonant configuration
with both the laser and collected photons tuned along each of
the three polariton branches. Experiments were performed at
80 K in quasidouble resonance, with light collected normal
to the sample, and the laser incident with ~5° [48,49]. The
detuning is varied by shifting the spot position on the sample
and adjusting the laser energy to the corresponding local
polariton energy, following thus the curves in Fig. 2(a). Typical
Raman spectra corresponding to folded acoustic modes with
energies around 8 cm~! (or 250 GHz) are shown at the
left panels for the maximum integrated intensity of each
polariton branch [44,48]. Modes normally seen in Raman
experiments using forward and backscattering configurations
[50] are simultaneously observed in microcavities [51-53] due
to the standing-wave character of the confined electromagnetic
field (see Ref. [41] for a detailed analysis of the spectra).
The larger Raman intensity concentrates close to the branch’s
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FIG. 3. (Color online) Experimental Raman intensity maps as a
function of 8y, for the three polariton branches. The color scale is
logarithmic, with red the most intense Raman cross section. The top
panel shows the calculated polariton dispersion. Open stars indicate
the expected condition for maximum Raman efficiency, without
account of lifetime effects. Left panels present the Raman spectra
obtained at the maximum integrated intensity for each polariton
branch, labeled with a vertical arrow in the corresponding map.

anticrossing, that is, when polaritons display similar excitonic
and photonic character.

To proceed further in a more quantitative description of
the experimental observations we next present the model of
Raman scattering mediated by polaritons [41]:

IR(Ey) o T; 7 |{ P H g p(wpn)| Ps)|* T py
x 8(E; — ha)ph — Ey). (1)

Here | P;) and | P;) are the initial and final polariton states,
with energies E; and E;, respectively. The lifetime of the
initial state is t;, while p, represents the final density of states
[40,54-57]. A photon of energy E; impinges on the material’s
surface and is converted into a polariton P; with probability 7;.
Before dephasing by relaxation processes occurring in a typical
time t;, the polariton P; interacts with the lattice through
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the Hamiltonian Hgpr (photoelastic coupling), creating or
annihilating an acoustic phonon of energy hw,y. Finally, the
scattered polariton P; leaves the system with a probability 7.

Equation (1) for the LP can be expressed in a simpler form
for intrabranch scattering using the previously defined photon
and exciton strengths [41]:

2 2 2 _
IgP o SEP (S + o SEP ) s )

To derive Eq. (2) the probability for an external photon
to couple with a polariton is taken as proportional to the
photon strength of the latter, Tip o S&°. Tp is determined
by the homogeneous spectral width of the involved polariton
state, I'Lp = ‘L'L_Pl. pLp is also proportional to FI}}. The
polariton width is ' p = [ Sg¥ + Ty & + T SEF, with T,
'y, and 'y the homogeneous spectral widths of the cavity
mode, and the two involved exciton states, respectively.
The electron-phonon Hamiltonian matrix element has been
expressed as [41] |[(LP|Hgr|LP)|? S}:IP2 +<)5%SIL‘P2 with
ap = (L|Hgr|L)/{(H|Hgr|H). This equation expresses the
fact that polaritons interact with the lattice only through their
exciton component. It is in Eq. (2) that the two central concepts
of this work are captured: First, the quadratic dependence
on Sy expresses the strong double-resonant photoelastic
interaction, and secondly a smoothly behaved and narrow
I'tp reflects the fact that the LP mode’s linewidth (i.e., its
Q factor) is determined by the homogeneous broadening of
cavity and exciton modes, and is not significantly altered by
losses. Similar equations can be derived for the other two
polariton branches.

To be optimized Eq. (2) requires a simultaneous maximiza-
tion of the photonic and excitonic strengths of the participating
polaritons. If the photon component dominates, light will
couple efficiently with the material polaritons, but the latter
will couple poorly with the lattice. A large exciton strength of
the polariton assures a strong interaction with phonons, but a
poor coupling efficiency with the outside world. The optimum
hence should occur when exciton and photon strengths are
similar, that is, close to zero cavity-exciton detuning [open
stars in Fig. 3 (top)]. The maxima of the Raman efficiencies for
all three branches fall close to these values, but are somewhat
shifted towards detunings corresponding to larger excitonic
character on each branch. This effect derives from lifetime
effects in Eq. (2), as we discuss next.

In Fig. 4 (bottom) we present with solid symbols the
Raman intensity (integrated over the full Raman spectra) as
a function of §y measured for the lower (left) and middle
(right panel) polariton branches. Let us first address the LP
case. The dashed curve corresponds to a simpler form of
Eq. 2) Ip x SiCSj(ng S¢, i.e., without inclusion of lifetime
effects. Besides a rigid redshift of the curve with respect to the
experiment, it is quite notable the resemblance, particularly
when the only adjustable parameter in this calculation is the
maximum intensity. The blueshift of the data with respect
to the calculation is indicative of lifetime effects. In fact,
according to Eq. (2) the resonance scan maxima should
shift either towards more photonic or excitonic character,
depending on whether the cavity confined photon or the
exciton, respectively, have a longer lifetime. The continuous
curve in Fig. 4 (bottom left) corresponds to the full calculation
using Eq. (2). Here we have used the measured linewidth of the
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FIG. 4. (Color online) Bottom panels: Total Raman integrated
intensity as a function of cavity-E H, detuning for the lower (left
panel) and middle (right panel) polariton branches. Curves are
obtained using Eq. (2) (see text for details). Note the logarithmic
scale. Top panels: Corresponding cavity polariton mode Q factor
for each branch derived from the fit of the Raman intensities.
Solid circles are independent experimental values estimated from the
photoluminescence linewidths. Gray regions indicate the continuum
of e-h excitations.

cavity mode obtained in the pure photonic regime (I'c ~ 3.3
meV, i.e., acavity Q factor ~450), corresponding to a lifetime
¢ ~ 0.2 ps. The only fitting parameters are the maximum
Raman intensity, and the ratio I'c / I'y. The H -exciton lifetime
that is obtained from the fit is ~ 1.8 ps (corresponding to
I'y ~ 0.4 meV homogeneous linewidth, as compared to ~ 1.1
meV inhomogeneous broadening measured at very negative
detunings), which is reasonable for a GaAs MQW at 80 K. The
agreement is remarkable. The Q factor derived from the fit of
the Raman intensity using the polariton model is shown with a
full line on the top panel in Fig. 4 (left). As an additional test for
the model, an estimation of the cavity polariton mode Q factor
obtained from the measured photoluminescence linewidths is
shown with full circles. Note the contrast with the situation
depicted in Fig. 1 for bulk GaAs. The cavity Q factor nicely
follows the predicted behavior, related to the homogeneous
linewidth of the polariton. For the strongly coupled cavity
structure studied here, with I'c > 'y, the Q factor even
increases on resonance. These results highlight the main
conclusions of this Rapid Communication, i.e., the presence of
a strong double-resonant photoelastic coupling, and the lack of
a detrimental influence of exciton dephasing on the effective
polariton Q factor.

On closing we center our attention on the resonant behavior
on the middle polariton, shown in the right panels of Fig. 4.
The dashed-dotted curves correspond to the model using the
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same fitting parameters as for the LP, taking I'; = I'y;. Note
the calculated double maxima, which is due to the separate
almost optimum balance of S¢ with either Sy or Sy . The abrupt
decay of the measured Raman intensity around §5 = 10 meV
results from the onset of dissipation as the polariton branch
overlaps with the continuum of single-particle e-h excitations
(indicated with gray background in Figs. 2 and 4), not taken
into account by the model. The continuous curve is also
obtained using the full calculation based on Eq. (2), but with
such additional interband dissipative mechanism affecting
I'mp- A good description of the experiment is obtained adding
ad hoc to I'yp a smooth function defined by a step function of
Gaussian profile with typical width ~0.5 meV, approaching
zero at large negative detunings, and a constant value ~
1.2 meV for energies larger than the ionization edge (exciton
binding energy ~ 6.5 meV). The MP Q factor, shown in the
top-right panel, strongly drops on the onset of the continuum
of e-h excitations. This behavior contrasts with that displayed
by the LP, and is conceptually similar to that evidenced by the
Q factor of the bulk-GaAs microcavity in Fig. 1.

The magnitude of the light-sound interaction relevant to
backaction can be quantified by the optomechanical coupling
factor gom = dw/du which describes the variation of the cavity
mode angular frequency @ with the mechanical displacement
u [28]. Qpr = gomXo is also used as a measure of the optome-
chanical coupling. Here xo = /i/2m.$2 is the zero-point
motion of the mechanical oscillator, and m.g its effective
motional mass. The optomechanical coupling factor in DBR-
based GaAs microcavities has been recently calculated to be
gg:; = 83 THz/nm using a value P = 200 for the photoelastic
constant [24]. To this purpose u is defined, as in Refs. [25,28],
to be the maximum amplitude of displacement of the resonator
for the specific mechanical mode under consideration (the
fundamental breathing mode at 20 GHz in our case). Based
on the same calculation, and assuming that a fully resonant
photoelastic coupling can be attained in the strong-coupling
regime (photoelastic constantsinthe 5 x 10° range; see Fig. 1),
we thus estimate enormous optomechanical coupling factors
gom in the petaHz/nm range (petaHz = 10" Hz) in polariton
optomechanics. Considering a micropillar A /2 cavity of 1 um
radii, for the Qy =20 GHz mode m¢s; ~ 8 pg, and thus
Qg ~ 10° Hz (i.e., in the ~GHz range). We note that other
cavity optomechanical realizations typically have gy, in the
sub-GHz/nm range, and Q2 in the hundreds of kHz.

In conclusion, we have highlighted the problem posed
by dissipation to fully exploit the strong resonant dispersive
photoelastic mechanism for dynamical backaction in cav-
ity optomechanics, and demonstrated how this problem is
overcome when cavity-polariton optomechanics is considered.
New promising perspectives that combine the worlds of cavity
optomechanics with CQED in the presence of ultrastrong
optomechanical coupling can be envisaged from these results.
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