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Resonant driving of a single photon emitter
embedded in a mechanical oscillator
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Coupling a microscopic mechanical resonator to a nanoscale quantum system enables
control of the mechanical resonator via the quantum system and vice-versa. The coupling is
usually achieved through functionalization of the mechanical resonator, but this results in
additional mass and dissipation channels. An alternative is an intrinsic coupling based on
strain. Here we employ a monolithic semiconductor system: the nanoscale quantum system
is a semiconductor quantum dot (QD) located inside a nanowire. We demonstrate
the resonant optical driving of the QD transition in such a structure. The noise spectrum of
the resonance fluorescence signal, recorded in the single-photon counting regime, reveals a
coupling to mechanical modes of different types. We measure a sensitivity to displacement of
65 fm/+/Hz limited by charge noise in the device. Finally, we use thermal excitation of the
different modes to determine the location of the QD within the trumpet, and calculate the
contribution of the Brownian motion to the dephasing of the emitter.
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oupling a nanoscale quantum system to a microscopic

mechanical resonator offers a new degree of freedom with

potential applications in precision sensing and quantum
information!. On the one hand, the mechanical resonator can be
controlled via the quantum system, enabling ‘phonon lasing’> > or
cooling towards the mechanical ground state” %. On the other
hand, the quantum system can be controlled via the mechanical
system, offering the perspective of non-demolition readout via a
precise measurement of the oscillator’s position® and applications
in precision sensing.

Mechanical resonators can be constructed on the micro- or
nanoscale from various solid-state materials such as silicon
nitride> ©, silica’, silicon®, diamond®, GaAs'® and so on. Position
readout of the mechanical resonator is usually carried out by
incorporating the mechanical resonator in an optical cavity'!. We
pursue an alternative here, position readout by embedding a
single photon emitter into the mechanical resonator itself.

GaAs is a natural choice of material for this endeavour. First,
GaAs mechanical resonators are easy to make and have good
mechanical properties'® 13. Second, a self-assembled quantum dot
(QD) in GaAs represents an excellent single-photon emitter. At
low temperature with resonant excitation, a QD is a fast, bright
and pure source of single photons!*1, outperforming any other
solid-state emitter. A crucial feature is that the QD transition
frequency is sensitive to the strain induced by a deformation of the
host material: there is an inherent coupling between the mechanics
and the optical properties of the single-photon emitter?,

A coupling between a QD exciton (an electron-hole pair) and a
mechanical oscillator was observed in two recent experiments®® 2!,
There, the readout signal resulted from the non-resonant
excitation of the QD. This is not an ideal situation since the
quality of the emitted photons is low (as inferred from a large
spectral linewidth and low indistinguishability). The mechanical
resonator was driven externally and shifts in the QD’s lumines-
cence spectrum were demonstrated. While this non-resonant
excitation scheme is sufficient for a first characterization of the
coupling strength, it severely limits the potential of the device in
sensing applications, and cannot be exploited to manipulate the
mechanical oscillator.

We report here resonant optical driving of a high-quality QD
embedded in a mechanical system. We use the resonance fluor-
escence (RF) signal to detect sub-picometre displacements of the
mechanical modes at cryogenic temperature by measuring the
fluctuations in the single-photon count rate, an amelioration in
position sensitivitg bgf four orders of magnitude compared to
previous results’” “!. We use a Hanbury Brown-Twiss
configuration to record the signal auto-correlation and reveal a
pronounced coupling to high-frequency mechanical modes up to
50 MHz. As an application of the sensing capabilities of our
device, we use the thermal excitation of a series of mechanical
modes to determine the location of the QD within the nanowire.
Finally we discuss the impact of the strain coupling on the
coherence of the single-photon emitter. Our experiment
demonstrates the use of an embedded single photon emitter for
displacement read-out, and represents a first step towards adding
and removing phonons to the mechanical oscillator via resonant
optical driving of the emitter.

Results

Resonant spectroscopy of a QD coupled to a mechanical
resonator. The mechanical system, a semiconductor nanowire
with a conical taper, a ‘photonic trumpet’??, has been carefully
selected to optimize both mechanical and optical properties
simultaneously. The extra mass located at the end facet of the
nanowire produces large strains in the ‘stem’ of the nanowire
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where the QD is located, resulting in large couplings between the
QD and the mechanical resonator. The QD emits photons pre-
ferentially into the one-dimensional waveguide mode defined by
the nanowire. The mode then expands adiabatically within the
inverse taper, allowing very large couplings to a Gaussian mode in
free-space??, resulting in very large photon extraction efficiencies.
Importantly, we demonstrate here that the large and flat top facet,
which neither clips nor depolarizes the excitation beam, allows for
excellent suppression of the back-scattered light from the reso-
nant laser. This solves an important challenge associated with the
resonant spectroscopy of nano-sized (sub-wavelength) structures.

The QD-mechanical coupling manifests itself as a time-
dependent frequency shift of the QD transition as the resonator
oscillates. The frequency shift is determined by the strain
coupling 42% 2! (Fig. 1a and c). This is described by the
interaction Hamiltonian

. 7}

int =

6, 1
Uzpf ‘ ( )

where the Pauli operator 6, = 1(|e)(e| — |g)(g|) acts on the QD
two-level system, i is the operator representing the nanowire’s
displacement, u,,s corresponds to the quantum zero-point
fluctuations and 1 = %Hzpf. To readout the displacement of the
mechanical resonator, we drive the optical transition of an
embedded QD with a linearly polarized narrow band laser and
collect the scattered light in the orthogonal polarization?*. By
doing so we detect the RF from the QD and limit the amount of
back-scattered laser light. A displacement u of the mechanical
oscillator results in a detuning A of the QD with respect to the
constant frequency laser and translates into a change 5Ny in the
detected RF count rate (Fig. 1c). Assuming small optical
detunings due to the mechanical oscillation,

ahl

Uzpf

5Nd = u, (2)

where & = dN4/dA depends on the spectral profile of the emitter.

We focus on a 12-pm-long photonic trumpet, featuring a
bottom diameter of 300 nm and a top facet diameter of 1.62 pm,
Fig. 1b. The wire is clamped to a bottom gold-silica mirror via a
flip-chip procedure??. The typical spectrum from a QD inside
such a wire is shown in Fig. 1d. It is obtained from an excitation
with two lasers: a very weak non-resonant laser is used to stabilize
the QD’s charge environment?> while a second laser scans the QD
transition. We observe a maximum in the RF as the second laser
hits the QD resonance (A =0), on top of a photoluminescence
background associated with the non-resonant pump. The large
top facet does not cause depolarization of the excitation beam,
which enables an excellent suppression of the back-scattered light
from the resonant laser (40dB) and results in negligible
background (signal-to-background ratio S:B=125). To reach
the best sensitivity of the QD to the mechanical motion, we have
to maximize the count rate while maintaining a small linewidth.
For this, we operate at the onset of power broadening (Rabi
coupling Qr = y,, with y, = 1.1 GHz, the spontaneous emission
rate of the QD). This results in a linewidth I'j,,/27=1.0 GHz
(Fig. 1d) corresponding to an ‘optical quality factor’ Q=2 x 10°.

Detection of mechanical thermal motion. We now turn to the
noise spectroscopy of the RF signal and determination of the
strain coupling.

Protocol 1. One measurement technique to detect the
mechanical motion is to record a time-trace of the QD RF at a
fixed laser detuning A, Fig. 1c, and perform a Fourier analysis on
the data®®. Fig. 2a shows Sy, the normalized noise power
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Fig. 1 Quantum dot coupling to a nanowire mechanical resonator. a Sketch of the hybrid system: a mechanical oscillator is coupled to a two-level quantum
system. The coupling rate A (pink) competes with the dissipation rates of both components (grey): the intrinsic phonon relaxation rate y,, and the
spontaneous emission rate of a photon ysp. b Practical realization: a quantum dot (QD) is embedded close to the bottom of a micrometre-sized mechanical
resonator. The coupling originates from strain as the nanowire oscillates. The scale bar corresponds to 2 pm. ¢ Effect of the coupling: a displacement u of
the nanowire produces a shift 4 in the QD frequency, modifying the detuning between the QD and the laser. I',y, is the linewidth of the QD,
inhomogeneously broadened by spectral fluctuations. d Resonance fluorescence signal from the charged exciton (CX) as a function of laser detuning
(fluorescence wavelength: 945.6 nm). Qg ~ Yop = 11 GHz. The fit uses a Voigt profile with a contribution to the linewidth of 0.45 GHz from the Lorentzian
part, and 0.70 GHz from the Gaussian one. e The mechanical modes: F;, F, and F5 correspond to the first, second- and third-order flexural modes; T to a
torsional mode and B, to a vertical breathing mode. The colour map represents the strain along the vertical axis within the trumpet (green: tensile, pink:
compressive). The black arrows represent the displacement of the nanowire’s top facet

spectral density, computed from a 20 min time-trace recorded at
A = I'ipp. The spectrum reveals two sharp resonances, labelled Fy,,
and Fy,, at o, /27 = 512.8kHz and @nr,, /27 = 607.9 kHz,
respectively. These resonances, which are absent in the bulk
sample, correspond to the thermally driven mechanical reso-
nances, i.e., the Brownian motion at 4 K. Specifically, we observe
the two first-order flexural modes, whose degeneracy is lifted by a
slightly anisotropic cross section.

The sensitivity of the measurement to the laser detuning is
shown in Fig. 2b, where we plot the noise power associated with
each mode, i.e., the area A = [Sy,n,(f) df under each peak. We

un  a(d)

find from equation (2)
2
A . ,
( Uzpf <Nd(A)>>

where uy, and u,,¢ correspond to the thermal and zero-point
fluctuations, respectively. These quantities depend in particular
on the characteristics of the mechanical resonator, namely its
mode frequency and motional mass. The former is obtained from
our measurement, while the latter is determined through a finite
element simulation of the resonator. u,, depends on the mode

A4) = (3)
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temperature, taken as 4K assuming thermalization of the
oscillator to the He bath (see section II 3 and Methods). For
the first flexural mode we find u,,r=2.3 ><_10’14m and ug, =
1.2 x 107! m. The detuning dependence of (N4(4)) and a(4) are
obtained from a fit of the RF spectrum in Fig. 1c, so that equation
(3) eventually only depends on the strain coupling A. Using
Ak, /2m = 280kHz and A, /27 = 55kHz, we find good agree-
ment with the experimental data. The bandwidth of this
measurement protocol is limited by the detector’s dead-time. In
our case, this means a cutoff at a frequency of 10 MHz.
Protocol 2. To probe the strain coupling in the MHz range, we
perform an auto-correlation measurement of the RF signal with
two detectors in a Hanbury Brown-Twiss configuration?’.
Figure 3a shows the result from a 70 min measurement recorded
at A = I';yp,. The dip at zero delay is the signature of single-photon
emission from the QD. Its moderate depth is a consequence of the
timing jitter of the detectors (note that the dip is narrowed by the
unresolved Rabi oscillations induced by the amplitude of the
drive, Qg ~ y,p). The bunching peak at short delays (z < 100 ns) is
related to a blinking in the QD emission?®. The peak value
increases as the on:off ratio in the QD emission diminishes; the
decay time of the bunching is a measurement of the correlation
time of charge fluctuations in the QD environment®’. In addition
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Fig. 2 Brownian motion of the fundamental mechanical mode. a Photon
noise power spectral density recorded at detuning A =TI’ (integration
time 20 min). The resonances correspond to Brownian motion of the first-
order flexural modes. The phonon relaxation rate for mode Fy, (Fy,) is
Ym/27m =220 Hz (y/27x =230 Hz). The background corresponds to the
shot noise level. b Photon noise power A as a function of laser detuning for
Fix (pink circles) and Fy, (green diamonds). The solid lines are fits to the
experimental data with 4 as the only free parameter. The error bars
correspond to the uncertainty on the quantum dot laser detuning over the
20 min measurement time

to these features, we observe a small oscillation, with a period of
~25ns, which runs over the entire 8ps time-span of the
experiment. This oscillation corresponds to the signature of the
strain coupling in the photon counting regime.

A Fourier analysis of the intensity correlation data at 7> 0.25
ps is shown in Fig. 3. The spectrum reveals a whole series of
resonances corresponding to different modes of the mechanical
resonator. In particular, the lower-frequency mode corresponds
to the first-order flexural mode (F;) already evidenced in Fig. 2,
and the pronounced peak at 37 MHz corresponds to the vertical
breathing mode (B,) immediately visible in the time-dependent
data. Complete mode assignment is obtained from a numerical
simulation. With fine adjustment of the trumpet’s dimensions
(see Methods) we are able to reproduce the spectrum within a
maximum error of 7.5% in the exact frequency (vertical dotted
lines in Fig. 3b). In particular, we find that an ellipticity in the
base diameter of 20% accounts for the szplitting observed in
Fig. 2b, in good agreement with earlier work?’. Quite remarkably,
we observe a pronounced amplitude for B, despite the smaller
phonon population associated with this high-frequency mode
(thg, = 1.4 x 10713 m). This is the consequence of the large strain
field associated with this specific mode. Quantitatively, this
translates into a coupling Ap, /27 = 3.6 MHz, much larger than
the values obtained for the mode F,. The dissipation rate of B,
also significantly increases, reaching y,, 5 /27 = 0.14 MHz.
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Fig. 3 Quantum dot-mechanical coupling in the photon counting regime.
a Auto-correlation function recorded at A ~ I';,, (the entire data extends
over 8 ps). The oscillation in the right inset results from the mechanically
induced modulation in count rate (the fit is a sine with a period of 27 ns).
The fit in the left inset (pink solid line corresponds to a perfect single-photon
emitter subject to blinking (£2gr =7s,) and includes the timing jitter of the
detectors (500 ps). b In black, the noise power spectral density obtained
from the Fourier transform of the auto-correlation measurement. The black
dotted lines correspond to the resonance frequencies obtained from a
simulation

The measured noise spectrum may be translated into an
equivalent displacement noise spectrum. For Fj, this results
in a sensitivity to the displacement of the top facet of 2.6 x 10713
mHz V2 (\/S,, =6.5x10"* m Hz /2 for B,). At present, this
value is limited by charge noise in the device. For our system, this
nevertheless represents reading displacement amplitudes equal to
the zero-point fluctuations in just 70s.

Quantum dot position determination. As a first application of
the sensing capabilities of our device, we use the QD’s sensitivity
to the local strain to determine the exact location of the QD inside
the photonic wire. This is a non-trivial task, important, e.g., for
the coupling of two emitters via optical modes*’. To do so, we use
the thermal excitation of a series of modes. The idea is that each
mode is driven equally by the thermal noise and produces a
specific strain at a given location in the wire. By comparing the
relative amplitude of the measured resonances, it is possible to
extract the position of the QD inside the wire.

The procedure goes as follows. We simulate the strain
corresponding to a unit displacement of the top facet for a QD
at a fixed distance of 110 nm from the base. (In our case, the
situation is simplified by the fact that we already know the precise
location of the QD layer in the z-direction from the growth.) We
then compute the exact displacement associated with each mode,
which corresponds here to the average displacement resulting
from the Brownian motion at 4 K. From this proportionality
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Mode

Table 1 Simulated strain for a QD on the x axis for the different mechanical modes

O (MHZ) uth (Pm) €2z eyy Exx
Fix 0.61 12 45x1078 -13x1078 -15x%1078
B, 8.2 1.2 1.4x10™M -11x10™M -7.5x10712
Fax 13.4 0.45 3.0x1078 -81x107° -9.7x107°
B, 40.0 0.14 7.0x1078 -21x1078 -1.9%x1078
Fax 55.0 0.10 23%x1078 -63%x107° -7.6x107°

the time-averaged displacement uy, at T=4.2K

The QD is located 35 nm away from the centre along the x-axis. Details of the geometry of the nanowire are given in Section IV 5. The strain values are given for a displacement of the top facet equal to
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Fig. 4 Determination of the QD position inside the nanowire. a One quadrant of the QD plane (x and y correspond to the long and short axis of the ellipse,
respectively). Coloured symbols correspond to various QD positions which result in the spectral signatures in b and ¢. The black star corresponds to the
position of QD1. b Grey bars, left axis: experimental data obtained in protocol 1. Symbols, right axis: simulated strain along the z axis for four different angles
(in degrees) and a fixed distance (r=35nm) to the centre (a different distance results in a linear scaling of the right axis). ¢ Comparison between
experiment (protocol 2) and simulated strain along the z axis for various QD distances to the centre (¢ =20°)

factor, we obtain the strain corresponding to the Brownian
motion. Table 1 shows the results for a QD located on the x axis,
at a 35 nm distance from the centre (blue circle in Fig. 2a). We
observe that for all modes except T, the strain €., in the vertical
direction dominates over the other components. In fact we find
that e, ~ €,, ® —v &, where v=0.31 is the Poisson ratio: to a
good approximation, the QD experiences a uniaxial stress along
the z-direction?® 39, This results in Syy eﬁz. To determine the
QD’s position, we first vary the in-plane angle ¢ for a fixed
distance of the QD to the centre, and calculate the relative
amplitude of the first-order flexural modes(F;, and Fy,). This is
shown in Fig. 4b, where we plot the results for four different
values of ¢ and scale it to the experimental result. In a second
step, we vary the radial position until we get a good agreement
with the amplitudes of the entire series of higher-order modes,
Fig. 4c. This technique allows for an accurate positioning of the
QD, modulo a symmetry versus the x and y axes (this experiment
does not resolve positive and negative coordinates). We find that
QD1 is located 35 nm away from the axis of the trumpet, with an
angle ¢ =20° (black star in Fig. 4).

Some comments are in order. First, the assumption that the
system is at bath temperature is tested in situ: the QD is an
excellent thermometer and we observe, in particular, no laser-
induced heating. Second, a related idea was introduced recently in
ref. 30, In this work, the authors measure a shift in the QD energy
as they drive the motion of the wire (addressing Fy, and Fy,
successively). From the calibration of the induced displacement,
and previous knowledge of QD response to strain, it is possible to
determine the position of the QD. In the present situation, the use
of a series of modes, all driven by thermal noise, allows for a more
direct analysis with no need for an external calibration of the QD
sensitivity to strain. (Note that B,, in particular, produces a
constant strain for all QDs in a given cross section plane of the wire
and is very conveniently used as a reference point.) Furthermore,

18:76

our technique requires in principle no previous knowledge of the
location of the QD within the z axis and could thus be used for a
full three-dimensional mapping of the QD position.

Discussion
A quantum emitter in a nanowire has potential for various
quantum applications. On the one hand, dielectric nanowires are
used as waveguides to realize high-fidelity single-photon sources
in quantum optics'® 1> 3132 In this context, the strain coupling
represents an additional dephasing channel with potential impact
on the photon indistinguishability. Indeed, the coupling to
mechanical modes introduces noise which leads to a broadening
of the QD transitions for integration times longer than the
mechanical oscillation period, ie., the coupling reduces
the indistinguishability for photons separated by times larger than
the oscillation period. The amplitude of the energy shift induced
by the Brownian fluctuations of the nanowire is given by
SAg = 220 (4)
Uzpf
In the present situation, we find Ay f, /27 = 0.15 GHz and
S6Amp, /27 = 0.24 GHz for F,, and B,, respectively. For our
device, this represents a slow (w, <y,) and negligible
dephasing (84w < Iinn). The values, however, compare with the
minimum dephasing rate achievable (0.17 GHz), set by the
spontaneous decay rate. More generally, we stress that such a
coupling cannot be turned off and is present in the large majority
of QD devices involving micro-fabrication, unless a specific
engineering is used>®> 34, Recent results have shown that QDs in
micropillars could be used for the generation of close to indis-
tinguishable single photons with high collection efficiency'® 1% 3%,
Our simulations indicate that while the QD-mechanical coupling
is strongly suppressed for flexural modes, the vertical breathing
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Fig. 5 QD noise spectrum for two different QDs. The shot noise has been
subtracted: Syy = Sy — Eﬁﬁt. QD1 corresponds to the QD studied in the
main paper. QD2 belongs to the same nanowire and its noise spectrum is
recorded under similar conditions: Qp ~ Yopr A=T, integration time of 20 min

mode still leads to sizable dephasing (few tens of MHz for a 2 pm
high pillar with 1.5 pm diameter) on very short timescales (in this
example the resonance frequency for B, is 0.5 GHz). These results
reveal the importance of considering the mechanical properties of
any device designed for perfect single-photon emission.

On the other hand, the large strain couplings suggest further
applications using the nanowire as a quantum resonator. To this
end, B, stands out as a very interesting mode, with a cooperativity
c=2 /Ysp¥m = 0.6. In the present experiment, the number of
phonons in the mode is still high (rup2 ~ 2200). Cooling the
system down to 20 mK would result in g, ~ 11, corresponding to
a quantum cooperativity Cq = C/ng = 0.06. While this does not
yet allow for coherent exchange between the QD and the
mechanical resonator, the resonant excitation demonstrated here
also opens the possibility of using the embedded QD to further
cool the mechanical oscillator®, To that end, smaller structures
with larger mechanical frequencies leading to the resolved side-
band regime will facilitate operation. This does not represent a
technological obstacle, meaning that such experiments are within
reach. We emphasize that the present device could already be used
to generate coherent mechanical vibrations from the QD excita-
tion, as suggested by Auffeves and Richard® in a recent proposal. In
this case, only the mechanical damping is important: the number
of coherent phonons created through the optical driving of the
two-level system depends on (i/ym)z. For both F; and By, 4 > 7,,..
For F,, applying this scheme to the present device, we predict a
QD-induced r.m.s. displacement as large as 80 pm, while the ter-
mal motion at 4 K represents an r.m.s. displacement of 12 pm.

Finally, we speculate that the Heisenberg limit in displacement
sensitivity is achieved for an emitter driven close to but below
saturation provided that the emitter has a transform-limited
linewidth and that the photons are collected and detected with
perfect efficiency. Given the recent progress in QD micropillars'®,
this limit is within experimental reach.

Methods

Resonance fluorescence. The challenge with resonant spectroscopy is to
distinguish between the fluorescence signal and the back-scattered laser light. For
this we use a dark-field microscope based on cross-polarized excitation and
detection. This technique ensures extinction ratios as high as 10 upon reflection
on a flat surface?. The situation is however more complex when the QD envir-
onment is processed below the micrometre scale: a small object in the focus of the
incident laser causes depolarization of the reflected beam and prevents efficient
rejection. To reconcile the nanoscale engineering of the QD environment with the
need for a flat top facet, we use a tapered nanowire, the ‘photonic trumpet’. A layer
of QDs is embedded at the base of the structure where the lateral dimensions
(between 200 and 260 nm) force the emission into the fundamental photonic mode
propagating in the vertical direction®. The subsequent tapered section results in an
adiabatic deconfinement of the mode and limits diffraction losses at the top facet?2.
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For the photonic trumpet studied in this paper (bottom diameter 300 nm, top
diameter 1.62 pm), we achieve a laser suppression >40 dB over a 29 GHz frequency
span with fixed settings of the polarizers. This results in a signal to noise ratio
S:N'=125 at a driving amplitude £2=y,. To obtain a spectrum, we sweep the laser
frequency with a constant rate. The resulting resolution is 85 MHz, with an inte-
gration time of 0.2 s per point.

Photon collection efficiency. At saturation, we detect a maximum RF count-rate of
0.83 MHz. Together with the measured y, = 1.1 GHz, this yields € =0.16% for the
overall efficiency. Taking the response of the detectors (21%), the transmission of
our setup (7%) and blinking phenomena (QD ‘on’ time 10%) into account, we
calculate the photon collection efficiency at the first lens (NA = 0.8) which amounts
to 36%. This is about a factor two below previously reported measurement on similar
structures®?. We attribute the difference to the larger diameter of the nanowire at the
QD position and to the position of the QD away from the axis (a necessary condition
to observe the response from the first order flexural mode, see also section II 3): all
these factors reduce the coupling to the fundamental guided mode.

Normalized noise power spectral density. In the first protocol, we record a time
trace Ny (t) of the detected count-rate and compute the normalized noise spectrum

R
sNN(fwzFT[md(t»} . %)

where #,;, is a post-selected binning time, T is the total integration time and
<Nd(t)> is the average number of counts per bin. In the second protocol, we record
(Na(t)Ng(t+2))

Na(t)
transform directly gives the normalized noise spectrum. Both protocols are con-
nected by the Wiener-Khinchin theorem, but their bandwidths differ. In the first
case, the spectrum is limited by the dead-time of the detector (100 ns). In the
second case, the bandwidth cutoff frequency is pushed further and determined by
the jitter of the detectors (40 ps).

the auto-correlation function g (z) = of the signal whose Fourier

Evaluation of the coupling strength. We determine the strength of the strain
coupling from the assumption that the oscillator is fully thermalized with the
surrounding He bath. Using the equipartition theorem,

kT

2\ —
<u > - me“wi = Uy (6>

In addition, we have from equation (2)

2

() = 2% (a1, @)

with @ the derivative of the QD spectrum. We introduce the normalized photon
noise spectrum Sy,

(%) = () [Swe( 1), (®)

where [Syy(f)df = A is the photon noise power. We obtain A for each mode
from the area below the corresponding peak in the power noise spectrum (Fig. 2a).
This yields the equation to describe the experimental data in Fig. 2b

A(d) = (a g _a(4) ) 9)

Uzpf <Nd (4))

which only depends on A. We point out that the approximation is not only realistic
(our sample is located in He exchange gas) but also verified using the QD itself,
which represents a sensitive thermometer. In particular, we observe no shift of the
resonance as we crank up the power of resonant and non-resonant lasers up to
saturation.

Numerical analysis. To confirm the origin of the resonances in our noise spec-
trum, we calculate the mechanical eigen-frequencies of the resonator using a
commercial finite-element analysis software (Comsol). We simulate a 12 pm long
GaAs wire, with a bottom diameter of approximately 300 nm and a tapering angle
of @ =3°. In order to adjust the mechanical frequencies to the experimental values,
we allow a 5% variation in the length of the wire (arising from flux inhomogeneities
over the wafer surface in the molecular beam epitaxy chambre). To account for the
observed splitting of the first flexural mode, we also introduce a small asymmetry in
the QD plane. In practice, the nanowire has a round top diameter but an elliptic
base, the consequence of a slightly anisotropic etching process (A0 =6, - 6,).
Figure 4 shows the results for a 11.4-pm-long wire, with a top diameter of 1.62 m
and a bottom section with minor axis d, =260 nm and major axis d, =320 nm
(A@=0.15°, corresponding to the estimation of the anisotropy in the etching
process>%).
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Measurement on a second QD. We present results from the noise spectroscopy on
a second QD in the same nanowire (QD2). The result is shown in Fig. 5, where we
have removed the contribution from shot noise?’. The different spectral signature is
attributed to a different location of QD2 in the nanowire. In particular, the absence
of a resonance at 607 kHz means that QD2 is located on the neutral (zero-strain)
axis of F;,. We point out that amplitude of the peak is not a direct measurement of
the relative coupling strength, since the QD linewidths may be different. In the
present case, QD2 has a larger full-width at half-maximum (not shown) which
lowers its sensitivity. The reduced noise floor is associated to this lower sensitivity,
possibly combined with a less noisy charge environment around QD2.

Quantum dot strain and optical frequency. We finally evaluate the expected QD
frequency shift from the calculated strain. Neglecting confinement effects, this
reads 16 = aey, + %esh, where &, = £ + &) + €, and e = 2¢,; — £ — &, COI-
respond to the hydrostatic and shear strains respectively, and a and b are material-
dependent deformation potentials?. Including the effect of both tensile and
compressive strain, this result in a mechanically induced dephasing A, = 26. (Note
that in equation (4) this factor 2 is included in the definition of A.) Assuming the
QD is mainly composed of GaAs”’, a=-8.33 eV and b= -2.0 eV??, we find

AR /27 = 0.16 GHz and AS? /27 = 0.20 GHz, in excellent agreement with the
results from Section III.

Data availability. Data available on request from the authors.
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