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Cavity optomechanics with a laser-engineered optical trap
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Laser-engineered exciton-polariton networks could lead to dynamically configurable integrated optical cir-
cuitry and quantum devices. Combining cavity optomechanics with electrodynamics in laser-configurable hybrid
designs constitutes a platform for the vibrational control, conversion, and transport of signals. With this aim we
investigate three-dimensional optical traps laser induced in quantum well embedded semiconductor planar mi-
crocavities. We show that the laser-generated and -controlled discrete states of the traps dramatically modify the
interaction between photons and phonons confined in the resonators, accessing through coupling of photoelastic
origin (go/2m ~ 1.8 MHz) an optomechanical cooperativity C > 1 for milliwatt excitation. The quenching of
Stokes processes and double-resonant enhancement of anti-Stokes ones involving pairs of discrete optical states
in the sideband-resolved regime allow the optomechanical cooling of 180-GHz bulk acoustic waves, starting
from room temperature down to ~130 K. These results pave the way for dynamical tailoring of optomechanical
actuation in the extremely high frequency range (30-300 GHz) for future network and quantum technologies.
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Introduction. Trapping and potential landscape engineering
through nonresonant laser excitation is used in the exciton-
polariton domain to modify the polaritons spatial distribution,
their spectra, and dynamics, including the formation of one-
and two-dimensional lattices, with prospects for new de-
vices and quantum simulators [1-9]. In these experiments
the applied laser defines an effective potential for the exci-
ton polaritons, actuating on either their excitonic or photonic
component. The physical mechanism that acts on the excitonic
component is the Coulomb repulsion, which increases the en-
ergy of the coupled particles [2—6]. The action on the photonic
component depends on local laser-induced variations of the
refractive index, usually defining attractive potentials [7,8].
This latter strategy can also be used to generate confining
cavities, or more arbitrary effective potentials, for pure pho-
tons [7].

Lasers are routinely used in atomic physics to engineer
optical traps for atoms and, in addition, to laser cool them
by quenching the atom motion through so-called Doppler
cooling [10-13]. Laser trapping by optical tweezers with
vibrational cooling or stimulation was also demonstrated
recently for center-of-mass oscillations of nanoparticles lev-
itated in vacuum [14-16]. Concepts related to Doppler
cooling are also applied in a variety of solid systems for
optomechanical dynamical back-action phenomena [17-19],
including cooling of mechanical vibrations (even down to
the quantum limit) [20-24] and laser-induced mechanical
self-oscillation [25,26]. To the best of our knowledge, how-
ever, such cavity optomechanical phenomena have not been
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reported in condensed-matter laser-engineered optical res-
onators.

In this work we demonstrate optically generated photonic
traps as optomechanical devices. A planar semiconductor mi-
crocavity with a spacer constituted by a superlattice (SL)
with 41 GaAs/AlAs bilayers is shown to one-dimensionally
confine photons and vibrations with frequencies as high as
~180 GHz. Application of a green focused laser beam in-
duces in-plane trapping of photons with full discretization of
the optical spectra, strongly enhancing the light-vibrational
coupling. We demonstrate single- and double-resonant Bril-
louin processes and optomechanical cooling of the ~180-GHz
slow phonons of the semiconductor SL from room tem-
perature down to ~130 K. The laser-induced trap could
be dynamically modified so that vibrations are selec-
tively laser cooled or made to self-oscillate, opening the
path for a variety of quantum information reconfigurable
applications.

Optomechanics with a laser-induced optical trap. The
concept of the proposed cavity optomechanical experiments
with laser-trapped light is illustrated in Fig. 1. The setup is
schematized in Fig. 1(a) and described in the Supplemental
Material (SM) [27]. A microscope overlaps three lasers on
~3 — pum spots. The 514.5-nm green line of an Ar-Kr laser
[“trap laser” (TL)] is focused to generate a Gaussian-shaped
three-dimensional optical trap [7]. A ‘“photoluminescence
laser” (PLL) is used with very low power (typically, several
microwatts) above the SL exciton gap to characterize through
the emission the optical modes of the three-dimensional (3D)
cavity. Finally, a third laser tuned to the TL-generated 3D
optical trap modes is used to resonantly excite the SL vi-
brational modes [“Brillouin laser” (BL)]. Figures 1(b)-1(d)
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FIG. 1. Cavity optomechanics with laser-generated optical traps.
(a) Scheme of the three-laser experimental setup. (b)—(d) Spatial
images of the optical cavity modes that evolve with increasing TL
power (indicated in each panel) from planar 1D confinement in (b) to
fully 3D confined in (c) and (d). The energy of the Brillouin laser
and Stokes scattered photons are indicated with vertical lines. In
(b) the optomechanical process is nonresonant (NR). The situations
corresponding to single (SOR) and double (DOR) optical resonances
are attained in (c) and (d), respectively.

show spectrally resolved spatial PL images corresponding to
increasing TL power (0, 4, and 8 mW, respectively), obtained
with the PLL on and the BL off. The energy of the BL is indi-
cated in the three panels with vertical dashed lines, together
with that of the Stokes (redshifted) photons corresponding
to the scattering by the ~180-GHz (~5.7 cm™!) slow bulk
acoustic mode of the GaAs/AlAs SL embedded in the res-
onator [28,29]. This mode is located at the lower edge of the
Brillouin zone center first phononic band gap of the SL and
thus has almost zero group velocity. Its slow speed leads to an
effective mechanical quality factor Q,, ~ 10° (see a detailed
discussion in the SM [27]). In Fig. 1(b) the broad emission
corresponding to the planar microcavity can be observed start-
ing at ~1.3932 eV and expanding towards higher energies
[due to the parabolic dispersion of the one-dimensional (1D)
confined optical cavity modes]. This condition corresponds
to nonresonant inelastic scattering: neither the BL nor the
Stokes photons are resonant with any optical cavity mode. As
the TL power is increased to 4 mW [Fig. 1(c)], clear modes
of a 3D optical trap emerge, with the fundamental mode
having redshifted with respect to the continuum and falling
precisely at the energy of the BL. This situation corresponds
to an incoming “single optical resonance” (SOR): the BL is
resonant, but the Stokes photons are not. Finally, with the
TL power at 8 mW [Fig. 1(d)], multiple discrete 3D optical
trap modes are evidenced. The fundamental mode has further
redshifted to be resonant with the Stokes photons, while the
BL is resonant with the third optically confined mode. This
situation corresponds to a “double optical resonance” (DOR).
For this experiment the separation between the discrete opti-
cally confined modes was tuned by choosing the size of the
TL illuminated spot, which defines the lateral width of the
Gaussian optical confining potential.
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FIG. 2. Optomechanical coupling as a function of trap laser
power. (a) Fan plot of the energy of the optical trap modes as a
function of TL power. The confined states and the lower edge of
the continuum are shown with connected symbols and with a gray
background, respectively. Horizontal lines identify the energy of
the BL and Stokes scattered photons. Double-pointed black arrows
highlight the situations where DOR is attained. (b) Symbols show the
Brillouin intensity of the SL slow mode as a function of TL power.
Single and double optical resonances are indicated with blue and
red vertical arrows, respectively. The curve corresponds to the model
discussed in the text. Error bars represent the added experimental and
data processing uncertainty. When not shown they are smaller than
the symbol size.

Single- and double-resonant cavity optomechanics. Fig-
ure 2(a) presents a fan plot with the energies of the 3D trap
optical modes as a function of TL power. The energy of the
BL and the Stokes photons scattered by the slow vibrational
mode of the SL are indicated. Figure 2(b) shows with solid
symbols the Brillouin intensity as a function of TL power, as-
sociated with the vibrational slow mode (the PL and Brillouin
spectra are provided in the SM [27]). Starting from low TL
powers, the first two blue vertical arrows highlight situations
in which incoming SOR is attained. The BL is resonant with
a cavity mode (either the first or second confined mode), but
the inelastically scattered Stokes photons are not. Note that
we are in the sideband-resolved regime [12,19,24], that is, the
frequency of the vibrational modes is larger than the width
of the optical cavity modes (the vibrational mode oscillates
several periods before the trapped photon escapes from the
resonator). This condition is critical for diverse cavity op-
tomechanical phenomena and particularly to attain efficient
cooling. One consequence of this sideband-resolved condition
is that the SOR Brillouin signals in Fig. 2 are very weak:
with no available mode at lower energies the scattered photons
cannot escape the resonator, and thus the Stokes process is
strongly inhibited.

On increasing the TL power in Fig. 2(b) the Brillouin
signal strongly increases, displaying three clear maxima. By
correlating these maxima with the fan plot in Fig. 2(a), it
follows that the system successively goes through three DORs
(indicated by red vertical arrows). These DORs involve first
the excitation with the BL through the third optical trap
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state and scattering through the first (3 — 1), with increasing
power successively 4 — 2 and 5 — 3. The magnitude of this
trap-enhanced optomechanical coupling decreases as the or-
der of the involved optical modes increases. As we will argue
below, the optomechanical coupling scales as 1/D, where D is
the lateral diameter of the involved trap-confined mode [30].
Because of the Gaussian shape of the laser-induced opti-
cal trap [7], modes are laterally less confined as their order
increases. The accessed DORs could allow for optome-
chanical cooling and stimulation, which will be addressed
next.

Optomechanical cooling. The relevant consequences of
dynamical back-action in cavity optomechanics are the pos-
sibilities to cool, or, alternatively, stimulate, the mechanical
motion by cw laser excitation [17-19]. The standard way to
cool (stimulate) a mechanical mode with a single optical mode
is by red-detuned (blue-detuned) laser excitation of the latter.
This process is most efficient when the detuning between the
laser and the involved optical cavity mode equals the energy
of the vibrational mode. This method is strongly weakened in
the sideband-resolved regime because the transmission of the
pump photons into the resonator is strongly reduced (as with
the Stokes photons in the SOR discussed above). This problem
can be overcome by using two optical cavity modes coupled
by the mechanical motion [26,31,32], as we have shown by
the DOR with the laser-generated discrete optical states in
Fig. 2(b).

We use a two-mode scheme as depicted in Figs. 3(a)
and 3(b). The TL power is set at the condition of the strongest
DOR shown in Fig. 2(b) (Pr. ~ 10 mW). Without changing
the BL energy, the system is modified to operate in cooling
(anti-Stokes) or stimulation (Stokes) conditions simply by dis-
placing the spot on the structure and thus rigidly shifting the
optical cavity modes (the planar microcavity is grown with a
taper to allow for this tuning). For the two situations the same
two optical trap modes participate but interchange their roles.
Moreover, the detuning between the BL and the SL exciton
resonance is constant, so that for the two processes the laser
exciton-mediated photoelastic resonance and eventual resid-
ual heating are the same [33]. Thus, the difference between
the intensities of the Stokes and anti-Stokes processes is the
intervening boson factor, which is proportional to n + 1 for
the creation (Stokes) and n for the destruction (anti-Stokes) of
a phonon, with n being the phonon occupation. Consequently,
the Stokes and anti-Stokes intensities can be used to obtain n
and thus probe the presence of either vibrational pumping or
cooling [34-36].

Figure 3(c) presents the BL power dependence of the
Stokes (red) and anti-Stokes (blue) signal intensities. A lin-
ear dependence with BL power is expected in spontaneous
Brillouin scattering (indicated by a dashed straight line extrap-
olated from the region of low power). Departures from this
linear dependence are a signature of higher-order processes
(that is, n is not determined by thermal equilibrium but be-
comes dependent on the BL power). The Stokes contribution
follows a linear dependence quite closely, with a possible
weak supralinear behavior above ~3 mW. The anti-Stokes
signal clearly departs from linearity around ~2.5 mW, dis-
playing a systematic sublinear behavior. From this departure
and the fact that at low BL powers the system is in ther-
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FIG. 3. Optomechanical cooling with a laser-induced optical
trap. (a) Schemes of the Stokes (stimulation) and (b) anti-Stokes
(cooling) geometries. The colored curves are fan plots describing
the optical trap modes as in Fig. 2(a). The energy of the BL and the
Stokes (S) and anti-Stokes (aS) photons are indicated with horizontal
lines. ££2 correspond to the energy of the SL slow vibration. Note
that in (a) both the Stokes and anti-Stokes channels are allowed
with available optical modes. In (b) the Stokes channel is strongly
inhibited with no optical modes accessible at energies lower than
that of the BL. The expected Brillouin spectra resulting from these
available resonances are schematized at the top of (a) and (b). (c) Ex-
perimental intensity of the S and AS signals as a function of BL
power, obtained for the resonance conditions depicted in (a) and (b),
respectively, and a TL power of 10 mW (DOR condition in Fig. 2).
The dashed straight line is a linear fit based on the low-power data.
Shaded regions indicate the experimental uncertainty (see the SM
for details [27]). The red and blue curves are guides to the eye.
(d) Effective mode temperature (or, equivalently, mode occupation)
for the slow SL vibrational mode deduced from the AS intensities in
(c). The yellow dashed curve is a fit with a dependence of the form
no1/(14C).

mal equilibrium (linear region), we can extract the phonon
population as a function of BL power for the anti-Stokes
configuration, or, equivalently, the effective temperature of
the mode [see Fig. 3(d)]. A significant mode cooling from
room temperature down to ~130 K is demonstrated, reaching
a mode occupation of only ~15 without cryogenic refrig-
eration. We note that the anti-Stokes scheme depicted in
Fig. 3(b) is ideal for optomechanical cooling due to the ex-
istent DOR mediated by 3D optical trap modes, and because
no modes are available at energies lower than that of the BL.
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Consequently, the competing Stokes processes are strongly
inhibited [12,19,24]. For the Stokes geometry, this is not the
case: optical modes present at energies higher than that of
the BL contribute through anti-Stokes channels to balance the
phonon generation and thus to limit the possibility to access a
self-oscillation threshold with the Gaussian photon potential
used.

Optomechanical coupling and cooperativity. The main
optomechanical coupling mechanism in SL-embedded semi-
conductor microcavities close to excitonic resonance is
photoelastic (an electrostrictive optical force) [37,38]. The
single-photon photoelastic coupling rate gy can be calculated
from the overlap integral of the normalized incident and scat-
tered optical [£(z)] and strain [9,uy,(z)] fields as [31]

1
VDiD,

g =K /GE(Z)pLZ(Z)azum(Z)g:,S(Z)gwi(Z)dZ, ()
L

where I =

m e Here el = di' Y €;d), dy is the
total structure’s thickness, and d; is the width of each individ-
ual layer of the heterostructure. Lgf)ft is the spacer thickness
plus the contribution of the exponential penetration of the
field into the distributed bragg reflectors (DBRs). L is the
sample thickness. €, is the media relative permittivity. pj, is
the material-dependent photoelastic constant, resonant in the
GaAs quantum wells. And w; (ws) and D; (Dy) are the angu-
lar frequency and effective lateral diameter of the incoming
(scattered) photon mode, respectively. This expression high-
lights the relevance of (i) a good overlap between light and
strain fields (attained for the SL slow vibrational mode [27]),
(i1) a large photoelastic coupling (existent in GaAs quantum
wells [33]), and (iii) a small optical mode diameter, accom-
plished through the Gaussian laser-engineered optical trap.
We compute go/27 = 1.8 MHz for the SL slow mode at
Q=27 x 180 GHz (see [27] for details). This is a very
strong optomechanical coupling, two orders of magnitude
larger than the radiation pressure contribution in these de-
vices [39].

The strength of the interaction is quantified by the optome-
chanical cooperativity, C = 4?% Here, ng,, is the number
of photons in the cavity, and k and Iy, are the photon and
mechanical decay rates, respectively [19]. The coupled op-
tomechanical equations for two optical cavity modes detuned
by the frequency of the phonon lead to an optomechanically
modified phonon effective lifetime I'egf = 'y (1 £ C) [19,31].
The minus sign corresponds to stimulation (the laser exciting
in the upper energy mode), while the plus sign corresponds to
cooling (excitation is done in the lower energy mode). Non-
linearities require the cooperativity C to become of the order
of or larger than 1. For example, for higher mode excitation
C =1 (Cegr = 0) defines the phonon “lasing” threshold.

The self-oscillation threshold power for the two-mode
(PT(?) configuration is related to that for the one-mode (PT(l?)

configuration by PT(? = PT(L) /(1 + 42—5“) [31]. For the system
under consideration Q, /2w ~ 180 GHz > « /27 ~ 75 GHz.
That is, Pﬁl) ~ 24 x Pﬁ). The factor of 24 arises because one
of the two photons intervening in the optomechanical process
is detuned with respect to the optical cavity mode and thus a
larger external laser power is required to inject the intracavity

photons required to attain self-oscillation. This explains the
smaller intensity of the SORs when compared to the DOR
processes in Fig. 3(b). Consideration of the relative contri-
bution of single- and double-resonant optical processes based
on this factor and that of the mode lateral size dependence
1/D discussed above and extracted from the experimental
spatial images in Fig. 1 allows us to phenomenologically
model the Brillouin intensity dependence with TL power as
shown by the solid line in Fig. 2(b) (details are included
in [27]).

While this model describes quantitatively the relative
contribution of the different resonances, evaluation of the
conditions needed for cooling or self-oscillation requires addi-
tional considerations. In fact, there are important assumptions
implicit in the equation ey = 'y (1 £ C), the most relevant
being that only the two described DOR optical modes are
available for the optomechanical processes, with no compet-
ing inverse channels present. As discussed above, this is a
reasonable description of the anti-Stokes geometry in Fig. 3(b)
but not of the Stokes one in Fig. 3(a). We thus concentrate next
only on the cooling geometry. With g, obtained from Eq. (1),
using ¥k = 2w x 75 GHz, I'), = 27 x 160 MHz, and the in-
tracavity photon number ng,, = P/(hwk) ~ 2 x 10° for a BL
power of Pgr. ~ 10 mW as used in the cooling experiment of
Fig. 3(d), we obtain C ~ 2. Thus, a reduction of the phonon
occupation by a factor of ~3 is expected, as observed in the
experiment (e ~ 3 Ty). In fact, a fit to the cooling data
assuming a dependence of the form n o« 1/(1 4 C) [shown by
the dashed yellow curve in Fig. 3(d)] yields the experimental
determination g, " /2 ~ 1.83 MHz, notably coincident with
the theoretical estimation from Eq. (1).

We have demonstrated that laser-generated 3D optical traps
in a planar semiconductor microcavity lead to a strong en-
hancement of the optomechanical coupling. Compared to
optical confinement using etched traps, the proposed scheme
does not require technologically complex techniques of device
microfabrication and avoids lateral edges, which are known
to be limiting factors for both the photon and phonon life-
times [30]. The laser-generated Gaussian trap allowed for
optomechanical cooling of the slow ~180-GHz vibrational
mode of a GaAs/AlAs SL by ~200 K from room temperature
down to ~130 K. The large magnitude and resonant charac-
ter of the electrostrictive optomechanical coupling [33] and
the accessed sideband-resolved regime allow us to envisage
the possibility to laser cool these extremely high frequency
vibrations down to the quantum regime even at room tem-
peratures. In addition, proper design of the photon potential
to quench the limiting anti-Stokes channels should allow for
phonon lasing. This could be attained with the Gaussian po-
tential demonstrated here using single outgoing resonances
with smaller energy vibrations (such as the 20-GHz con-
fined modes known to exist in these structures [30]), or,
alternatively, by designing more complex potentials through
structured illumination as demonstrated in the framework of
polaritonics, for example, in Ref. [9]. Indeed, it is straight-
forward to extend the results reported here to the polariton
regime, in which intrinsic lasing of the system can be ex-
ploited to boost a mechanical self-oscillation regime [40].
Our results thus open new roads in the conception of hy-
brid devices based on cavity quantum electrodynamical and
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optomechanical phenomena based on reconfigurable laser po-
tential landscape engineering.
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