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Hybrid quantumoptomechanical systems [1] interface a macroscopic mechanical degree of freedom
with a single two-level system (TLS) such as a single spin [2–4], a superconducting qubit [5–7], or
a single optical emitter [8–12]. Recently, hybrid systems operating in the microwave domain have
witnessed impressive progress [13, 14]. Concurrently, only a few experimental approaches success-
fully addressed hybrid systems in the optical domain, where macroscopic motion can modulate the
TLS transition energy [9, 10, 15]. However, the reciprocal effect, corresponding to the backaction of
a single quantum system on a macroscopic mechanical resonator, has remained elusive. In contrast
to optical cavities, a TLS operates with no more than a single energy quantum. Hence, it requires
a much stronger hybrid coupling rate compared to cavity optomechanical systems [1, 16]. Here, we
us a hybrid system made of a microwire whose motion couples to a single embedded semiconductor
quantum dot (QD) via strain [9]. We resonantly drive the QD’s exciton using a laser modulated
at the mechanical frequency. In turn, the time-dependent excitation actuates the microwire mo-
tion. The mechanical force, which originates from state-dependent strain, is almost three orders
of magnitude larger than the radiation pressure produced by the photon flux interacting with the
QD. In principle, the state-dependent force could constitute a strategy to coherently encode the QD
quantum state onto a mechanical degree of freedom [1].

The hybrid system we use in this work (see Fig. 1a) is
composed of a single InAs quantum dot (QD) embedded
close to the basis of a conical GaAs microwire [9, 19]. The
QD can be considered as a TLS with a ground state |g〉,
and an excited state |e〉 corresponding to a trapped exci-
ton. The energy of the TLS optical transition is coupled
to the flexural vibration of the wire via strain-induced
semiconductor band gap corrections [8, 9, 15, 20–24]. In-
spired by a recent proposal based on this coupling [25],
we employ here optical excitation to modulate the exci-
ton population at the mechanical frequency: the resulting
periodic strain induced by the QD then generates a flex-
ural oscillation of the wire. This effect originates from
the interaction between the individual exciton created in
the QD and the crystalline lattice via the deformation
potential [8, 25]. The presence of an exciton in the QD
generates an additionnal strain compared to the empty
QD. This state-dependent strain produces in turn a flex-
ion of the whole wire.

The dynamics of this hybrid strain-coupled system is
described by the parametric Hamiltonian,

H = h̄ω0
(σ̂z + 1)

2
+h̄Ωm(b̂†b̂+1/2)+h̄gm

(σ̂z + 1)

2
(b̂+b̂†),

(1)
where h̄ω0 is the QD transition energy for the wire at
rest (h̄ω0 ' 1.35 eV, wavelength 920 nm), and σ̂z =
|e〉〈e| − |g〉〈g| is the Pauli operator describing the popu-
lation of the QD states. Ωm/2π is the mechanical eigen-
frequency of one of the wire fundamental flexural modes

(Ωm/2π = 330 kHz, see Fig. 1b), and b̂ the phonon
annihilation operator of this mode. The last term of
Eq.(1) describes the strain-mediated coupling, and can
be rewritten as h̄gm

(σ̂z+1)
2

x̂
xzpf

. Here, x̂ = xzpf(b̂+ b̂†) is

the top facet position of the wire, with xzpf =
√
h̄/2mΩm

the corresponding zero point fluctuations and m the mi-
crowire effective mass associated with the flexural mode.
The coupling strength reads gm = dω0

dx xzpf. Following
[9], we have measured dh̄ω0

dx = 10 µeV/nm from the
QD photoluminescence lineshape broadening when flex-
ural motion is excited (see SI), while m = 32 pg and
xzpf = 28 fm are deduced from Brownian motion mea-
surements (see Fig. 1b and SI). For the chosen QD, this
yields gm/2π = 68 kHz.

The interaction between the microwire and the QD re-
lies on the strain difference that the material surrounding
the QD experiences when the QD hosts a single exciton
[26]. The rest position xe of the mechanical oscillator
for the excited QD is different from the rest position xg
for the empty QD (see Fig. 1c,d and SI). The difference
between these two positions is given by

xe − xg = −2
gm
Ωm

xzpf. (2)

As a consequence, when the QD is in the ground state
and is optically brought in the excited state on a time
scale much faster that 2π/Ωm, the QD induces on the
wire a static force

FQD = k(xe − xg), (3)
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Figure 1: Principle. a, Scanning electron microscope im-
age of the GaAs photonic wire. The approximate position
of the InAs QD is marked by a yellow triangle. b, Brown-
ian motion of the wire at cryostat temperature of T = 5 K
(microwire temperature T = 25 K, see SI) measured with a
probe laser intensity P = 100 µW as in the experiment. c,d,
Schematic explanation of the effect. The lower insets are a
cut of the wire showing the approximate position of the QD
(yellow pyramid). When the QD is in its ground state (in c),
the wire rest position is xg. When the QD is excited (hosts an
exciton, represented as an orange electron and a green hole in
d), its physical size is larger so that the rest position of the
wire is displaced to xe. e, Principle of the experiment. The
QD is illuminated by a laser resonant with its optical tran-
sition at h̄ω0. The laser intensity is modulated at the wire
mechanical frequency Ωm/2π, and the wire motion is mea-
sured as a function of the laser detuning with respect to the
QD transition.

with k = mΩ2
m the oscillator stiffness.

In our experiment, the QD is driven by a laser whose
intensity is chopped with a 50% duty cycle at the wire’s
mechanical frequency Ωm/2π. The QD exciton decay
time typically amounts to τQD = 1 ns [27], about 3 or-
ders of magnitude faster than the mechanical oscillator
period (∼ 0.3 µs). Thus, the force generating the me-
chanical motion only depends on the average QD popu-
lation measured by 〈σ̂z〉 over half a period. When the
laser is on (off) the maximum average excited state pop-
ulation is 1/2 (0), so that 〈σ̂z〉 = 0 (〈σ̂z〉 = −1). So
the wire rest position is periodically displaced from xg
to xg + (xe − xg)/2, leading to the excitation of a QD
induced wire motion (Fig. 1e) with a root mean square
(rms) amplitude at resonance (see SI):

xQD =

√
2

π
η
gm
Ωm

Qxzpf, (4)

where η is an efficiency factor accounting for the fact that
photons reaching the QD may not all excite it due e.g.
to spectral wandering of the transition line, and Q is the
wire mechanical quality factor (Q = 1650). For η = 1,

Figure 2: Experimental set-up. The sample is anchored
on the cold finger of a helium flow cryostat. The sample
temperature is T = 25 K. The light enters the microscope ob-
jective of numerical aperture NA= 0.6, via a polarizing beam
splitter (PBS). Resonant QD excitation (green background)
is performed by an external cavity diode laser at λ = 920
nm, which is intensity modulated at the wire resonant me-
chanical frequency by an acousto optical modulator (AOM).
To remain on resonance, the modulation frequency is locked
on the photothermally actuated motion via a phase lock loop
(PLL). A non resonant diode laser at λ = 825 nm is used
for preliminary photoluminescence characterization, and as a
"cleaning" laser for the resonant excitation (see Methods).
Fluorescence photons are counted by an Avalanche Photodi-
ode (APD) at the output of a high resolution (12 µeV) spec-
trometer. Motion detection (orange background) is carried
out with an external cavity diode laser at λ = 950 nm. Its
position dependent reflexion from the wire top facet is ex-
tracted using a Faraday rotator (FR) and sent to a photodi-
ode whose signal is demodulated with a lock-in amplifier (see
Methods). The position stabilization (pink background) is
performed with a diode laser at λ = 980 nm, whose reflexion
from the wire top facet is detected on a quadrant photodiode
(QPD) feeding a Proportional Integral Derivative (PID) servo
controlling the microscope objective x-y position. Lasers at
λ = 920, 950, 980 nm are intensity stabilized.

our system parameters lead to xη=1
QD = 4.4 pm, whereas

the rms spread of the Brownian motion at a temperature
T = 25 K is xBr = xzpf

√
2kBT/h̄Ωm = 50 pm.

The experimental set-up (see Fig. 2) combines a res-
onant fluorescence set-up with a motion measurement
scheme (see Methods). The excitation laser is intensity
modulated by an acousto-optical modulator (AOM) at
the mechanical frequency with an on-off square function.
Its continuous wave intensity before the microscope ob-
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jective is 150 nW, slightly above the QD saturation power
of 100 nW. A characteristic property of QD induced mo-
tion is that it features an amplitude proportional to the
QD excited state population, which is monitored by the
QD fluorescence. To reveal this signature, we scan the
excitation laser frequency across the QD resonance while
measuring simultaneously the QD fluorescence and the
wire motion (see Methods). The latter is demodulated
at the driving mechanical frequency to determine its two
quadratures. The incoherent Brownian motion is aver-
aged out by acquiring data for more than 20 hours, while
laser intensities and microwire position are actively sta-
bilized (see SI).

The QD fluorescence is plotted as a function of laser
detuning in Fig. 3a, together with the wire motion ampli-
tude in Fig. 3b. The averaged motion amplitude features
a peak which perfectly matches the resonance condition
between the laser and the QD transition. This consti-
tutes a first signature of the QD induced motion. The
motion peak lays on top of a 50 pm non-resonant back-
ground. Since the laser power is sufficiently low to avoid
any significant radiation pressure or gradient force, we
attribute this background to photothermal actuation of
the wire [24] (see Methods).

A second signature of the QD induced motion is re-
lated to its phase. As seen in Fig. 3c,e the photothermal
motion features a phase delay ΦPT = −36◦ between the
excitation and the force. This delay is attributed to heat
conduction and dissipation within the wire (see SI). On
the other hand, the QD induced force is expected to be
quasi-instantaneous as it follows the comparatively fast
QD dynamics (τQD � 2π/Ωm). The total coherent mo-
tion resulting from the coherent addition of these two ac-
tuation mechanisms experiences therefore a phase shift
∆ΦQD with respect to the photothermal motion alone
(see Fig. 3d). This phase shift is indirectly measured via
a phase locked loop (PLL) used to track the mechanical
frequency (see Methods and SI for details). As seen in
Fig. 3c the inferred averaged motion phase shift exhibits
a peak at QD resonance, whose origin is the QD induced
motion. The rms coherent motion vector extremities for
detunings scanned across the QD resonance are displayed
in Fig. 3e in the quadratures plane. The vertical orienta-
tion of these points indicates that the QD induced force
follows instantaneously the laser modulation, in line with
the fact that the QD induced motion is caused by a strain
effect governed by the fast QD dynamics.

The experimental rms amplitude of the QD induced
motion is xQD = 0.6 ± 0.1 pm as seen in Fig. 3e. This
result matches the expected value, by adjusting η to
η = 0.15 in Eq.(4). This non-ideal η value is attributed
to the fast (faster than 1 s) spectral diffusion of the reso-
nantly excited QD transition leading to an effective blink-
ing with 15% of on periods as already observed with sim-
ilar QDs [27].

The above measured displacement amplitude corre-
sponds to a force F exp

QD =
mΩ2

m

Q × xQD ' 50 aN. We com-
pare this force to the maximum radiation pressure force

generated by a photon flux corresponding to the photon
flux interacting with the QD in the present experiment.
We therefore consider a laser beam with incident photon
flux η/2τQD perpendicular to the wire axis, and perfectly
reflected at the very tip of the wire. This force is given
by Frad = η h̄klτQD

= 0.1 aN, with kl the laser wave-vector,
and τQD = 1 ns the QD lifetime.

Remarkably, this strong single-photon force enhance-
ment compared to radiation force is granted while the
underlying photon-exciton conversion process is preserv-
ing the photon number. This essential property makes
our approach intrinsically suitable to quantum photon-
ics engineering, including coherent processing of nonclas-
sical quantum superpositions of QD states, and to the
use of mechanics as a quantum bus for storing and rout-
ing entangled QD states. Such compelling applications
require important technological improvements. Simula-
tions show that optimizing and miniaturizing the geom-
etry can increase both mechanical resonance frequency
and hybrid coupling rate [30]. This strategy yields a
triple benefit: i) At higher frequencies, the photother-
mal effect becomes much slower than the mechanical pe-
riod and therefore vanishes. ii) Concurrently, this allows
the system to operate in the resolved sideband regime
[31, 32], which enables the preparation and manipulation
of quantum motion states [8]. iii) Furthermore, higher
coupling rates open the perspective to reach the strong
coupling regime, were the coupling rate exceeds all deco-
herence rates.

Note that our result can be readily extended to ex-
isting systems, starting with waveguide embedded single
photon sources [33], which may host ultra-high frequency
mechanical degrees of freedom [34, 35]. Other poten-
tial high-frequency candidates include hybrid phononic
nanostrings [36], surface acoustic waves coupled to quan-
tum dots or nitrogen vacancy centers [20, 21], and hybrid
photonic crystal cavities [37].

These improvements notwithstanding, our experiment
can already be interpreted and exploited from the more
fundamental standpoint of quantum thermodynamics,
the whole process being reminiscent of a nanoengine
[38]. The quantum emitter converts the energy inco-
herently provided by the light field (heat) into coherent
mechanical motion (work). Importantly, the bath is out-
of-equilibrium, which opens novel scenarios for quantum
and information thermodynamics [39, 40].

To summarize, we have been able to set in motion a
micro-oscillator of mass 0.1 ng by optically manipulat-
ing the quantum state of a single quantum object. The
motion is generated by periodically driving the excitonic
population of an embedded quantum dot, which is cou-
pled via strain to the position of the oscillating wire. This
built-in coupling is extremely robust to any external per-
turbation and features a high level of integration, making
the next generation of hybrid photonic nanowires a po-
tential solid-state building block for quantum photonics
circuitry.
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Figure 3: Experimental results. a, QD fluorescence, b, total motion rms amplitude, and c, total motion phase shift, are
displayed as a function of the resonant laser detuning with respect to the QD transition. The fluorescence data is fitted with
a Gaussian whose centering and width are kept for the fitting of the motion amplitude and the phase shift. In c, the phase
shift is inferred from the frequency shift the PLL has to apply to maintain the set phase (see Methods and SI). d, This sketch
represents the coherent component of the wire motion in the quadratures plane (rotating frame). X and Y are the rms values
of the coherent motion quadratures, defined as xc(t) =

√
2(X cos Ωmt− sin Ωmt). The phase reference is the laser modulation

Ilas(t) = I0 cos Ωmt. A phase delay is thus described with a negative angle. In blue is shown the total motion vector when
the laser is off QD resonance. This corresponds to the photothermal (PT) motion only. The orange vector represents the QD
induced motion at QD resonance. The red vector displays the total motion at QD resonance. It is recalled that for a drive with
instantaneous action, the motion at the mechanical resonance exhibits a −90◦ phase shift. The PT motion features an extra
ΦPT = −36◦ phase shift. In e are displayed experimental data corresponding to a zoom on the effect of the QD induced motion
on the total motion. The photothermal background motion is represented by the blue vector. Each data point represents the
total motion (ie photothermal + QD induced) corresponding to a different laser detuning across the QD resonance as in a-c.
For all the graphs of this figure, error bars are the standard error of the mean.
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Methods

QD fluorescence detection

The QD fluorescence (wavelength around 920 nm) is
detected by a photon counting avalanche photodiode at
the output of a 1.5 m focal length spectrometer equipped
with a 1200 grooves/mm grating (resolution 12 µeV). The
resonant laser reflexion is attenuated by a cross polarizer
scheme. To further reject the resonant laser light, the
spectrometer is adjusted on the high energy phonon side
band 0.5 meV away from the QD line [26]. Note that
these high energy phonons (0.5 meV = 120 GHz) are not
at all related to the wire motion but to bulk semiconduc-
tor crystal thermal excitations. The phonon side band
signal is lower than the zero phonon line, but the laser
background is almost completely removed leading to a
greatly improved signal to noise ratio (see SI).

Additionally, as already observed by other groups [41],
the sample must be illuminated by a weak power (100
nW) non resonant (wavelength 825 nm) laser to saturate
defects around the QD to reduce spectral diffusion and
observe resonance fluorescence in good conditions.

Integrated over several hours, the QD linewidth is in
the 100 µeV range owing to slow spectral wandering on
a time scale of several minutes. After proper data pro-
cessing (see SI), we can reduce the effects of slow spectral
wandering to reach a linewidth of 12 µeV (see Fig. 3a).

Note that polarization sensitive photoluminescence
spectroscopy of the chosen QD has shown that the line
of interest comes from a charged exciton (trion).

Wire motion detection

The wire motion is detected via the reflexion of a laser
focused on the edge of the wire top facet, so that the
wire motion modulates the reflected intensity. This probe
laser is a shot-noise limited external cavity diode laser.
Its wavelength (950 mn) is chosen so that it can be ef-
ficiently filtered from the QD fluorescence light using
tunable edgepass interference filters, and its energy is
below the QD transition energy to minimize its impact
on QD excitation. The mechanical signal to noise ratio

(in power) scales linearly with the probe laser intensity.
However the detection of the QD resonance fluorescence
is degraded for probe beam intensities exceeding 100 µW.
We are thus limited to this intensity of 100 µW. This low
light level requires the use of a high gain avalanche pho-
todiode (APD) that enables us to measure the Brownian
motion at a cryostat temperature of T = 5 K (sample
temperature of T = 25 K, see SI) in good conditions (see
fig. 1b). Finally, for the displacement measurement to
be quantitative, we carefully calibrate the APD voltage
change dV produced by a known static displacement dx
of the probe laser with respect to the wire (see SI).

Photothermal motion

The resonant laser is at an energy of El = 1.35 eV
(wavelength 920 nm) well below the GaAs gap at T = 25
K (Eg = 1.518 eV, wavelength: λg = 817 nm). It is nev-
ertheless very weakly absorbed along the wire, mainly by
surface defects. Its on-off modulation at mechanical fre-
quency leads to periodic heating and thus deformation of
the non-perfectly symmetrical wire. From the QD line
shift when the laser is "on", the temperature increase
caused by light absorption has been estimated to be less
than 0.01K. This QD independent driven motion has a
root mean square amplitude of xPT = 50 pm and fea-
tures a phase delay ΦPT = −36 ± 5◦ with respect to a
motion that would respond instantaneously to the excita-
tion laser modulation. This phase delay is well accounted
for by estimating the thermal time response of the wire
(see SI).

Thanks to this photothermal actuation we can lock
the laser modulation frequency to the wire mechanical
resonance using a Phase Locked Loop (PLL) to cope with
the slow mechanical frequency drift attributed to wire
icing. Additionally, the PLL in-loop frequency signal is
used to infer the total motion phase shift (see below and
SI).

Experimental procedure

The bottom of the wire contains a layer of about 100
self-assembled QDs [42] (cf Fig. 1a and SI). Different QDs
exhibit different transition energies, so that resonant ex-
citation allows us to address a single QD. The asymmet-
rical section of the wire gives rise to two non-degenerate
fundamental flexural mechanical modes. The chosen QD
is off-centered (about one fifth of the radius) so that it
experiences strain as the wire oscillates along one of the
two linearly polarized fundamental flexural modes [43],
but not too far out to remain well coupled to the guided
optical mode of the wire, and immune to surface effects.

The experimental procedure consists in scanning the
intensity modulated resonant laser wavelength across the
QD transition, while recording the motion of the wire.
The QD induced motion being smaller than the Brown-
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ian motion (xQD/xBr ∼ 1/100), the signal must be inte-
grated over time to average out the Brownian motion (see
SI). The chosen strategy is to carry out more than 1000
scans of one minute over a duration of about 20 hours.
The scan data are postprocessed before the final averag-
ing allowing to reduce the effects of technical noises and
QD instabilities (see SI).

To ensure stability of the experiment during this time,
the power of all lasers is stabilized, the thermal drift of
the wire position with respect to all lasers is tracked us-
ing an extra laser (wavelength 980 nm) reflected on the
wire towards a quadrant photodiode (see SI), and the
mechanical frequency is tracked with a phase locked loop
(PLL), (see SI).

Phase shift measurement

During the experiment the mechanical drive frequency
is locked to the wire resonance using a Phase Locked Loop
(PLL). The total motion phase change ∆ΦQD caused by
the QD induced motion is compensated by the PLL via
the shift of its driving frequency by ∆Ω/2π in order to re-

main on the set phase. For frequency change smaller than
the mechanical linewidth (i.e. ∆Ω� Ωm/2Q) the phase
to frequency conversion factor at mechanical resonance is
dΦ/dΩ = 2Q/Ωm, so that ∆ΦQD = (2Q/Ωm)∆Ω. This
allows us to infer the QD induced motion phase change
∆ΦQD from the measured frequency change ∆Ω/2π (see
SI for more details), as plotted as the green dots in
Fig. 3c.

Data availability

Data are available from the public repository https:
//zenodo.org/record/4118790#.X5H6jZrgqV4.

Code availability

Data processing code is available from the pub-
lic repository https://zenodo.org/record/4118790#
.X5H6jZrgqV4.
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