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Abstract

We show that fully self-assembled optically-active quantum dots (QDs) embedded in MBE-

grown GaAs/AlGaAs core-shell nanowires (NWs) are coupled to the NW mechanical motion.

Oscillations of the NW modulate the QD emission energy in a broad range exceeding 14 meV.

Furthermore, this opto-mechanical interaction enables the dynamical tuning of two neighbor-

ing QDs into resonance, possibly allowing for emitter-emitter coupling. Both the QDs and

the coupling mechanism – material strain – are intrinsic to the NW structure and do not de-

pend on any functionalization or external field. Such systems open up the prospect of using

QDs to probe and control the mechanical state of a NW, or conversely of making a quantum

non-demolition readout of a QD state through a position measurement.
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Experiments on micro- and nanomechanical oscillators are now addressing what were once

purely theoretical questions: the initialization, control, and read-out of the quantum state of a

mechanical oscillator. Researchers are able both to initialize the fundamental vibrational mode of

a mechanical resonator into its ground state1,2 and even to produce non-classical coherent states

of motion3. The prospects are bright for exploiting these achievements to produce mechanical

sensors whose sensitivity is limited only by quantum effects or to use a mechanical state to encode

quantum information. The ability to initialize and observe the quantization of mechanical motion

is particularly noteworthy not only from a fundamental point of view, but also because mechanical

oscillators are excellent transducers. By functionalizing a resonator with an electrode, magnet,

or mirror, mechanical motion can be transformed into the modulation of electric, magnetic, or

optical fields4. The ease of this process has inspired proposals to use mechanical resonators as

quantum transducers, mediating interactions between different quantum systems5–8. Furthermore,

such couplings have now been demonstrated in a variety of quantum systems including optical9

and microwave10 cavities, superconducting devices11, laser-cooled atoms12, quantum dots13 and

nitrogen vacancy centers in diamond14–16. In most cases, however, the functionalization of the

mechanical oscillator with a coupling element competes with the requirement of a small resonator

mass, required for achieving a high coupling strength4. Moreover, the functionalization process

often adds additional paths of dissipation and decoherence, reducing the lifetime of the coupled

quantum system, or “hybrid” system.

In this letter, we report on the coupling of a nanomechanical oscillator with controllable quan-

tum states, in which both the coupling interaction and the quantum states themselves are intrinsic to

the oscillator’s structure. Not only is the strength of this coupling unusually strong, but its “built-in”

nature produces a hybrid system whose inherent coherence is unspoiled by external functionaliza-

tion and whose fabrication is simpler than top-down techniques. The specific nanoresonator that

we study is a bottom-up GaAs/AlGaAs core-shell nanowire (NW) containing optically-active self-

assembled quantum dots (QDs)17. These QDs have been shown to emit narrow optical linewidth

(down to 29 µeV) single photons with high brightness (count rates in the MHz range)17. Here we
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show that their energy levels are coupled to the mechanical vibrations of the NW through intrin-

sic material strain. We demonstrate that mechanical motion allows a reversible tuning of the QD

optical frequency with no measurable influence on its photoluminescence intensity.

Our quantum-dot-in-nanowire structures are fully self-assembled by molecular beam epitaxy

(MBE). As shown in Fig. 1(a), the QDs form at the apex of the GaAs/AlGaAs interface, in Al-poor

regions embedded in the Al-rich corners of the NW hexagonal cross-section. By controlling the

overall diameter of core and shell during growth, it is possible to position the QDs within a few

nanometers of the NW surface. This proximity to the surface allows for the optimal coupling of the

QDs to the strain in the NW (Fig. 1(b)). Despite their position near the surface, these QDs retain

their high optical quality, making them ideal for sensing applications. The NWs studied here have

a predominantly Zinc-Blende crystalline structure and display a regular hexagonal cross-section.

The synthesis starts with a 290-nm thick NW core, grown along [11̄1] on a Si substrate by the Ga-

assisted method detailed in Uccelli et al. and Russo-Averchi et al.18,19. Once the NWs are about

25 µm long, the axial growth is stopped by temporarily blocking the Ga flux and reducing the

substrate temperature from 630 down to 465◦C. Then a 50-nm thick Al0.51Ga0.49As shell capped

by a 5-nm GaAs layer is grown as detailed in Heigoldt et al.20.

In order to study the opto-mechanical coupling, individual NWs are detached from their growth

substrate with micro-manipulators and glued (using an ultra-violet curing adhesive) in a cantilever

configuration to the edge of a Si chip, which has been patterned with lithographically defined

alignment markers (Ti/Au, 10/30 nm thick). The suspended length of the NWs typically amounts

to 20 µm. The chip is then rigidly fixed to a piezoelectric transducer (PZT), which is used to excite

mechanical oscillations of the NW, as shown in Fig. 1(c). The chip and PZT are mounted to a

three-dimensional positioning stage which has nanometer precision and stability (Attocube AG),

in a low-pressure 4He chamber (p = 0.35 mbar) at the bottom of a 4He cryostat (T = 4.2 K). The

positioning stage allows precise alignment of individual QDs within each NW with the 400-nm

collection spot of a confocal optical microscope21 with high numerical aperture (NA = 0.82). As

shown schematically in Fig. 1(c), the microscope consists of a low-power, non-resonant HeNe ex-
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Figure 1: Experimental setup. (a) Sketch of the NW cross-section, showing the composition of
the core/shell structure and the close proximity of the QDs to the surface of the NW. The purple
regions are rich in Al content and surround an Al-poor region (yellow), defining a QD. (b) Finite
element model of the displacement-dependent strain in the NW. The color scale is proportional to
the εzz component of the strain tensor ε , computed for the prominent flexural vibration along x̂.
(c) Schematic diagram of the experimental setup.
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citation laser at 632.8 nm, a camera for imaging the sample, and a high-resolution spectrometer

for analyzing the emitted photoluminescence (PL). The mechanical oscillation of each NW is de-

tected via laser interferometry22. 80 µW of laser light from a wavelength-tunable, highly coherent

780-nm laser diode are focused onto the NW free end and the reflected light is collected by a fast

photodetector. A low-finesse Fabry-Pérot cavity, with a length of 118± 5 cm, forms between the

NW and a low-reflective window at the entrance of the 4He chamber, as confirmed by a measure-

ment of its free spectral range. Measurements of the NW displacement by the interferometer are

calibrated by an accurate determination of the laser wavelength (for more details, see supporting

information).

Using the PZT, we excite the fundamental mechanical mode of a NW and detect the resulting

oscillations with the interferometer. Fig. 2(a) shows the spectral response of the free-end displace-

ment x of the NW. A main resonance and a smaller peak at lower frequency are clearly observable,

separated by 350 Hz. The asymmetric clamping of the NW to the Si chip, realized by gluing the

NW with one hexagonal facet in contact with the Si surface (see Fig. 1(c)), splits the fundamental

mode into a doublet of flexural modes, oriented either perpendicular or parallel to the Si surface.

This interpretation is confirmed by a finite element model (FEM) of the experimental system (see

supporting information). The mode oscillating perpendicular to the surface is preferentially driven

by the PZT, because its oscillation direction coincides with the axis along which the PZT moves.

This mode is also more easily detected by the interferometer, since its direction of oscillation co-

incides with the interferometer optical axis. For these reasons, we interpret the main resonance

in Fig. 2(a) as corresponding to the perpendicular mode. The asymmetry visible in this resonance

is due to the onset of a weak mechanical non-linearity of the NW23. When excited in the linear

regime, each of these mechanical resonances can be modeled as a driven, dissipative, harmonic

oscillator24. Fitting the NW response using this model, we extract for the perpendicular mode a

resonant frequency Ω0/2π = 795.4 kHz and a mechanical quality factor Q⊥ = 5800 and for the

parallel mode Q‖ = 7600. Furthermore, by driving the main resonance as a function of the exci-

tation amplitude VPZT, we explore the linear regime of the NW’s free-end displacement, as shown
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in Fig. 2(b). With a linear fit, we extract a conversion factor, ∂x/∂VPZT = 0.53± 0.01 nm/mV,

between the PZT drive amplitude and the amplitude of the free-end displacement.
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Figure 2: NW mechanical characterization. (a) Spectrum of the NW free-end oscillation amplitude
xosc corresponding to its lowest order flexural vibrations at T = 4.2 K, driven by the PZT at VPZT =
40 mVpk. The red line is a model fit (see main text), highlighting two resonances split by 350 Hz,
corresponding to polarized, non-degenerate vibrational modes. The green curve represents the
vibration parallel to the NW substrate, while the blue curve represents the perpendicular one (both
are shifted for clarity). The mechanical quality factors of the two modes, extracted from the fit,
are Q‖ = 7600 and Q⊥ = 5800. (b) NW free-end oscillation amplitude xosc as a function of the
amplitude of the PZT excitation voltage VPZT. The error bars correspond to the peak-to-peak
amplitude of the interferometric noise. The red line is a linear fit, from which we extract the
conversion factor ∂x/∂VPZT = 0.53±0.01 nm/mV.

We study the opto-mechanical coupling by collecting PL from individual QDs within a single

NW. QDs in proximity of the clamped end of the NW have the largest energy modulation, since the

oscillation-induced material strain is highest in this area (Fig. 1(b)). Using the scanning confocal

microscope, a number of suitable QDs are identified near the clamped NW end, having bright,
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narrow, and spectrally isolated exciton emission lines. Fig. 3 shows a spatial map of the PL at

1.867 eV (664 nm) under non-resonant laser excitation of the sample. The plot also includes a

weak component of reflected light at the filtered energy, which reveals the position of the NW

and the Si substrate with its alignment markers. The map highlights a conveniently located QD,

which we label QD 1, whose PL spectral signature includes an exciton emission peak, shown in

the inset. In the next step, the laser beam is maintained in alignment with QD 1’s position and

its PL spectrum is recorded as a function of the PZT excitation frequency Ω/(2π), while holding

the amplitude VPZT constant. As shown in Fig. 4(a), several emission peaks are detected within

the same laser detection spot. As Ω is swept through the NW resonance Ω0, the exciton emission

peaks are broadened and deformed as a consequence of the time-integrated sinusoidal motion of

the NW13. The envelope of the PL spectra as a function of Ω resembles the NW displacement

spectrum shown in Fig. 2(a). In particular, the low-frequency shoulder of the broadened envelope

corresponds to the oscillation mode parallel to the Si surface.
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Figure 3: Spectrally filtered scanning confocal micrograph. As a function of the excitation laser
position, we plot the light intensity detected from the sample (logarithmic color scale), spectrally
filtered at the peak PL energy E0

ex = 1.867 eV, corresponding to exciton emission of QD 1. The
inset shows the corresponding PL spectrum (white dots), together with a Lorentzian fit (red line).
The linewidth (FWHM) is 140 µeV.

We explore the range of the exciton energy modulation by recording PL spectra as a function

of the excitation amplitude VPZT, while driving the NW on resonance with the dominant perpen-
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Figure 4: Effect of the NW excitation on the QD photoluminescence. PL spectra of some neigh-
boring QDs (labeled QD 1 and QD 2) acquired while sweeping (a) the frequency of the PZT
excitation, with VPZT = 1 Vpk, and (b) the amplitude of the excitation, with the frequency set to the
resonance of the NW’s perpendicular flexural oscillation (Ω = Ω0 = 2π×795.4 kHz).
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dicular mode (Ω = Ω0). As shown in Fig. 4(b), each spectral line exhibits a different broadening,

as a consequence of its specific sensitivity to the local strain. For high excitation voltages, we

observe an asymmetric energy broadening, due to the different response of the QD band structure

under compressive or tensile stress in the NW25,26. Note that a further increase of the excitation

amplitude leads to a saturation of the peak-to-peak exciton modulation width just beyond 14 meV.

It is currently not known whether this modulation is limited merely by how hard we are able to

drive the NW motion, or whether a more fundamental saturation eventually limits the range.

While the mechanical motion of the NW in this experiment is best described in classical terms,

individual PL peaks from an embedded QD can be approximated as resulting from a quantum two-

level system with an exciton transition energy Eex(x) between ground and excited states |g〉 and

|e〉17. The coupling between the NW motion and the QD can then be introduced as a shift in the

exciton energy that depends on the displacement x of the NW’s free end. Considering only the

prominent perpendicular flexural vibration and neglecting non-linear terms in x (as in Ref. 4), the

time-dependent Hamiltonian of our hybrid system can be written as:

Ĥ(t) =
1
2

mẋ2 +
1
2

mΩ
2
0x2 +E0

ex
σ̂z

2
+

∂Eex

∂x

∣∣∣∣
x=0

x
σ̂z

2
, (1)

where the first two terms describe the mechanical energy of the unperturbed NW, the third term de-

scribes the emission energy of the unperturbed QD, and the last one describes the opto-mechanical

interaction. In the equation, m is the NW motional mass, E0
ex is the transition energy of a QD

exciton for the NW at its rest position, σ̂z = |e〉〈e|− |g〉〈g| is the Pauli operator of the two-level

system, and ∂Eex
∂x

∣∣∣
x=0

is the opto-mechanical coupling parameter at the NW rest position. The NW

motion produces a time-varying deformation of the NW’s crystalline structure, in turn altering the

energy levels of the embedded QD via a deformation potential, and resulting in a time-varying

shift in the QD exciton emission energies. The sign and magnitude of this shift under compressive

or tensile strain depend on the localization of the QD within the NW cross section and possibly on

intrinsic properties of each QD27.
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To evaluate the strength of the opto-mechanical coupling, we extract the PL profiles of the

exciton lines for various values of the drive VPZT, e.g. Fig. 5(a). The profiles are then fit with

a Lorentzian whose central energy E0
ex is modulated by a sinusoid of amplitude δEex

14. Using

our interferometer measurements (Fig. 2(b)), we then relate the displacement amplitude xosc of

the NW free end with the amplitude δEex. The result, displayed in Fig. 5(b) for QD 2 (which

resides in the same optical spot as QD 1), shows that in the linear regime of mechanical excitation,

δEex is also linear in xosc. A fit to this data provides an opto-mechanical coupling parameter

∂Eex
∂x

∣∣∣
x=0

= 9.9±0.7 µeV/nm, which is one of the largest observed in our measurements.

The energy shift of a QD exciton can be modeled by considering the strain-dependent band

structure of a semiconductor28,29. The deformation potentials and Poisson ratio have been recently

measured in an experiment on Zinc-Blende GaAs/AlGaAs core/shell NWs grown along 〈111〉26.

These parameters and a FEM of the NW strain tensor at the position of the QD in question have

been used to estimate the displacement-dependent energy shift. The result of 13±2 µeV/nm is in

agreement with our measurement and corroborates the strain-dependence of the band structure as

the dominant coupling mechanism (see supporting information).

We study the time evolution of the QD exciton energy shift by acquiring stroboscopic PL

spectra. Two synchronized and isochronous signals drive the NW on resonance through the PZT

and, using an acousto-optic modulator (AOM), chop the laser excitation with a 5% duty-cycle.

The QDs are therefore excited only for 5% of the mechanical oscillation period of the NW. By

recording PL spectra as a function of the phase between the two modulation signals, as shown in

Fig. 6, we explore the temporal evolution of the QD exciton lines during a NW oscillation period.

This experiment reveals exciton lines, such as those of QD 1 and QD 2 in Fig. 6, that respond to

the mechanical oscillation of the NW with opposite shifts in emission energy. The shifts in energy

induced by strain are a consequence of the change in the fundamental bands resulting from the

compression or extension of the lattice constant. Therefore, for a given strain, exciton transitions

from the same QD should show energy shifts of the same sign and similar magnitude. Conversely,

emission lines showing drastically different shift amplitudes or even shifts with different signs
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Figure 5: Strength of the opto-mechanical coupling. (a) PL spectrum of QD 1 (black dots) under
NW excitation on resonance with the perpendicular flexural mode (Ω = Ω0, VPZT = 250 mVpk).
The red line is a model fit (see main text), from which the exciton energy shift amplitude δEex
is extracted. (b) δEex of QD 2 versus the NW free-end displacement amplitude xosc. The red
line is a linear fit, from which we extract the opto-mechanical coupling parameter ∂Eex
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=

9.9±0.7 µeV/nm. The error bars on xosc are the same as mentioned in Fig. 2(b); those on δEex are
the standard deviations extracted from the fits of the mechanically excited PL spectra, as in (a).
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correspond to QDs located at different positions within the NW cross-section. In particular, two

identical QDs within the same optical collection spot, located on opposite sides of the NW neutral

axis, result in opposing strains produced for the same cantilever free-end displacement. On the

other hand, differences in the extension and composition of each QD may also account for the

varying responses to NW motion27. In either case, when two spatially and spectrally close QD

excitons display strong opto-mechanical couplings of opposite sign, their energies may become

degenerate for a particular time in the oscillation period (or equivalently for a particular position

of the NW free end), as for the spectral lines outlined by the dashed circle in Fig. 6. In the future,

exploiting this mechanically mediated tuning may allow us to couple two nearby QDs within a

single NW. In addition, the sinusoidal time evolution of the PL spectral lines emerging from the

measurement provides a confirmation of the mechanical origin of the QD emission broadening.

Note that the modulation of the QD energy has no measurable influence on the corresponding PL

intensity.
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Figure 6: Time-resolved PL evolution. Stroboscopic PL spectra of several neighboring QDs
as a function of the phase (left axis) and the time delay (right axis) between the excitation-laser
modulation and the PZT drive (Ω = Ω0, VPZT = 250 mVpk). The dashed circle highlights two
exciton spectral lines dynamically tuned to the same energy.

In order to compare our results with other hybrid quantum systems4,13, the opto-mechanical
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interaction described in Eq. ?? can also be expressed in terms of the coupling rate

λ ≡ 1
2h̄

∂Eex

∂x

∣∣∣∣
x=0

xZPF, (2)

which is the exciton frequency shift per vibrational quantum. Here, xZPF =
√

h̄
2mΩ0

is the NW’s zero-

point motion at its free end and h̄ is Planck’s constant. Using the FEM of the NW, we calculate

its motional mass m, which – combined with knowledge of Ω0 – allows us to calculate xZPF =

(5.5± 0.6)× 10−14 m. Therefore, for QD 2, the coupling rate λ/2π = 66± 12 kHz. This opto-

mechanical coupling rate is similar to that recently measured by Yeo et al.13 for etched nano-pillars

containing self-assembled QDs, where λ/2π = 230±50 kHz (note that in Ref. 13 g0 = 2λ ).

Both here and in Yeo et al., the ratio λ/Ω0 is not far from unity, which makes these kinds

of systems particularly promising for the quantum non-demolition (QND) readout of a QD state

through a precise measurement of the NW displacement13. In particular, using Eqs. ?? and ??, we

find that the displacement between the rest positions of the NW free end in the QD states |g〉 and

|e〉 is 4xZPFλ/Ω0. This displacement, in order to be observable, must be larger than xZPF; in fact, at a

finite temperature T , the displacement must be larger than the NW’s thermal fluctuations xth. This

implies that a determination of the QD state can be made through a displacement measurement, if

λ/Ω0 >
1
4

√
1+2N, where N is the average phonon occupation number of the NW’s fundamental

mode. In the high temperature limit kBT � h̄Ω0, the requirement is that λ/Ω0 >
√

kBT
8h̄Ω0

, where

kB is the Boltzmann constant. However, for our experimental parameters, the ratio λ/Ω0 is still

103 times too small for such effects to be observed.

Auffeves and Richard30 have recently proposed an alternative approach to such a non-demoli-

tion measurement, which takes advantage of the high Q of the NW oscillator. In their scheme, the

QD is optically excited by a continuous-wave laser modulated at the NW resonance frequency. This

process builds up, through constructive interference, a large coherent mechanical excitation of the

NW. On resonance with a QD transition, the amplitude of the excitation is roughly Q times larger

than the displacement difference calculated in the aforementioned static case. For our experimental

13



parameters, this amplitude would be 6 times larger than the NW thermal fluctuations, making it

detectable by a high-sensitivity interferometer31. It should be noted that a QND measurement

also requires the time necessary to build up such a coherent phonon field (Tr) to be smaller than

the quantum transition lifetime (τex), which is not the case here (Tr ≈ 18 ms, while τex ≈ 1 ns)

nor in the experiment of Yeo et al.13. The use of a longer-lived QD state such as a dark exciton

(1 µs32) or a spin state (0.5 s33) could bring the system closer to the required lifetime. In addition,

given a detection of the NW displacement with a large enough signal-to-noise ratio, Tr could

be reduced using feedback damping, which can modify a mechanical oscillator’s response time

without affecting its intrinsic properties34.

We note that prospects of quantum control over a mechanical resonator, or proposals for using a

mechanical resonator as a transducer for quantum information, require the hybrid interaction to be

large compared to the rates at which the coupled systems decohere into their local environments35.

Some proposals require the condition of “large cooperativity”36,37: λ/
√

γexΓth > 1, where γex is the

decoherence rate of the quantum transition, in our case associated to a QD exciton (> 1 GHz17)

and Γth =
kBT
h̄Q is the mechanical heating rate. The cooperativity in this experiment is 10−3. Never-

theless, the QD-in-NW system is particularly promising given that λ could be improved by a factor

2 (or bigger) by driving the NW at its second order (or higher) flexural mode (see supporting infor-

mation). Assuming that the experiment can be carried out in a dilution refrigerator at T = 10 mK

and that the mechanical Q can be improved to a few times 106 – perhaps by surface treatment, as

was demonstrated in Si cantilevers with similar aspect ratios38– the large cooperativity limit would

then become accessible.

In summary, we demonstrate an “as-grown” opto-mechanical system produced entirely by

bottom-up self-assembly. The structure’s intrinsic properties couple multiple QDs to the same

NW mechanical oscillator. This interaction enables the tuning of QD energies over a broad range

exceeing 14 meV, opening the way for mechanically induced coupling between different QDs in

the NW. The sensitivity of the QDs in our system to the resonant vibration of the NW could also

be used to reveal variations in the mechanical resonance frequency due to the application of elec-
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trical or magnetic forces or to a change of the mass of the NW. This fact opens the perspective of

using our QD-in-NW system as an integrated force probe or as a nanomechanical mass sensor. By

measuring the QD PL, one could monitor the NW motion in a technically simpler way than optical

interferometry31,39–41 or other schemes42–44.

Supporting Information Available

The mechanical properties of the NW, the effect of strain on the QD-in-NW exciton energy, and

the interferometer calibration are discussed in detail. This material is available free of charge via

the Internet at http://poggiolab.unibas.ch/full/NWQDSuppInfo.pdf.
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