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•   Introduction to semiconductor quantum dots.

•   Schematic description of the experiment.

•   Surface Acoustic Wave generation on-chip using microfabricated interdigital transducers.

•   Images of the cryogenic experimental apparatus that was designed, constructed, and implemented.

•   Experimental near-infrared spectroscopy of self-assembled quantum dots, with the quantum dot emission controllably modulated 
using surface acoustic waves generated on-chip.

•   Resolved sideband regime experimentally demonstrated using resonant spectroscopy.

•   Implications of the Resolved Sideband Regime:  Quantum-Limited Spectroscopy, Quantum Cooling, Quantum Information, and 
Potential Optoelectronic / Photonic Device Applications.

•   Summary.

•   Some history and background on the field from my perspective.

•   A personal perspective on the evolution of the field of quantum mesoscopic mechanical systems.

•   A description of the intriguing theoretical proposal that motivated my initial experimental work at NIST.

•   Slides describing my initial experimental work at NIST that was published as:

Resolved Sideband Emission of InAs/GaAs Quantum Dots Strained by Surface Acoustic Waves

Physical Review Letters 105, 037401 (2010)

•   Implications / Directions / Possibilities...

•   A brief description of my current work at Sandia.
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Erwin Schrödinger (1887–1961)

A Grand Challenge:  Experimentally Probe the Quantum-Classical Interface

W.H. Zurek, Physics Today, 44,36 (1991)

Consider a specific system:  

A Simple Harmonic Oscillator (SHO)
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Laser cooling of a nanomechanical oscillator into 
its quantum ground state,  Nature 478, 89 (2011).

cooling and readout lasers utilizes a high resolution wave
meter (10 MHz resolution) to set the absolute laser fre-
quency and a weak probe beam to determine the laser-
cavity detuning. Here the weak probe beam is generated
from the cooling or readout laser via electro-optic modu-
lation, similar to the electromagnetically induced trans-
parency (EIT) spectroscopy described in Ref. [22]. The
laser-cavity lock for both cooling and readout lasers is
performed every few minutes, multiplexed in time between
measurements of the phonon occupancy. With the readout
laser set to a detuning ! ¼ !m from the readout cavity, a
Lorentzian spectrum with linewidth !þ and integrated area
Iþ is measured in the readout laser photocurrent PSD, from
which a mode occupancy of hniþ is inferred from a careful
calibration of the optomechanical cavity and photodetec-
tion system parameters [13]. Similarly, by placing the
readout laser at ! ¼ #!m we obtain spectra with line-
width !# and integrated area I# / hni# þ 1, from which
we estimate hni#.

Figure 4(a) plots the readout cooperativityCr, calculated
from the measured !$, versus the mechanical damping
rate "! ¼ ð!þ þ !#Þ=2. The ratios " ' !#=!þ and
hniþ=hni# are plotted in Fig. 4(b). From hni$, the laser

cooled phonon occupation number, hnic, is calculated and
plotted in Fig. 4(c) versus "!. As expected, hnic drops
approximately linearly with "!, reaching a minimum value
of approximately 2:6$ 0:2 phonons. Further cooling be-
low a single phonon has been achieved in similar devices
[13]; however, in this case cooling is limited by the avail-
able power of the 1400 nm cooling laser. Also evident in
Fig. 4(c), at the higher cooling powers, is an increased
scatter and deviation of hnic from the ideal cooling curve
(dashed curve). This can be attributed to optical absorption
in the silicon nanobeam [13], which in this case produces a
power-dependent variation in nb and !i due to both the
readout and cooling laser beams.
In Fig. 4(d), the measured values of the expression#0 are

plotted versus the calibrated value of hnic. Also plotted are
the classical and quantum values of this expression, 0 and
1=hnic, respectively. A clear divergence from the classical
result of #0 ¼ 0 is apparent, agreeing with the deviation
due to zero-point fluctuations of the mechanical oscillator.
This deviation is directly apparent in the measured
spectra, shown for hnic ¼ 85, 6.3, and 3.2 phonons in
Fig. 4(e)–4(g), with the shaded region corresponding to
the noise power contribution due to zero-point motion. At

FIG. 4 (color). (a) Plot of the cooperativity of the readout beam as a function of damped mechanical linewidth. (b) Plot of the
measured ratios !#=!þ (blue () and hniþ=hni# (pink (). (c) Plot of the mechanical mode phonon occupancy, hnic, as a function of
the optically damped mechanical linewidth, "!. The dashed line is the predicted phonon number !inb= "! from an ideal backaction
cooling model. Vertical error bars in (b) and (c) indicate uncertainty in the calibrated phonon occupancy due to uncertainty in the
system parameters and a 95% confidence interval on the Lorentzian fits to spectra. (d) Plot of the asymmetry (#0) in the measured
Stokes and anti-Stokes sidebands of the readout laser for each calibrated measurement of hnic. The horizontal error bars arise from a
2% uncertainty in the transmitted readout laser beam power between detunings ! ¼ $!m, and a 95% confidence interval in the
Lorentzian fits to the measured spectra. The vertical error bars in hnic are the same as in (c). The classical (blue curve) and quantum
mechanical (pink curve) relations for the sideband asymmetry are also plotted. (e)–(g) Plot of the measured Stokes (red curve) and
anti-Stokes (blue curve) readout beam spectra for (from top to bottom) hnic ¼ 85, 6.3, and 3.2 phonons. For clarity, we have divided
out the readout backaction from each spectra by multiplying the measured spectra at detunings ! ¼ $!m by !$. Additionally, we
have plotted the horizontal axis in units of !, and rescaled the vertical axis for different hnic to keep the areas directly comparable. The
difference in the Stokes and anti-Stokes spectra, which arises due to the quantum zero-point fluctuation of the mechanical system, is
shown as a shaded region.
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We show that it is possible to cool a nanomechanical resonator mode to its ground state. The proposed
technique is based on resonant laser excitation of a phonon sideband of an embedded quantum dot. The
strength of the sideband coupling is determined directly by the difference between the electron-phonon
couplings of the initial and final states of the quantum dot optical transition. Possible applications of
this scheme include generation of nonclassical states of mechanical motion.

DOI: 10.1103/PhysRevLett.92.075507 PACS numbers: 63.22.+m, 03.65.Yz, 78.67.Hc

Nanoscale semiconductor structures can support sharp
mechanical resonances with very high quality factors and
frequencies approaching 1 GHz [1]. In quantum optics
the development of high-Q resonators for optical and
microwave photons, and trapping of atoms in conservative
harmonic trapping potentials, have sparked theoretical
proposals and fundamental experiments demonstrating
nonclassical states of photons and phonons [2]. This is
of interest not only for potential applications, e.g., in high
precision measurements beyond the standard quantum
limit, but also in view of the connection with controlled
generation of entangled states and the field of quantum
information. Given the experimental progress, one might
envision a similar development in nanomechanical sys-
tems (NMS) [3]. However, a necessary prerequisite for
quantum state engineering is the cooling of the harmonic
oscillator representing the NMS to its vibrational ground
state. At present, thermal occupancies of these mechani-
cal resonator modes are well above unity, even when they
are cooled to sub-Kelvin temperatures. Here we propose
and analyze a technique to realize laser cooling of a
nanomechanical resonator mode to its motional ground
state by coupling to a laser driven quantum dot (QD).

We consider a semiconductor beam structure (Fig. 1)
which supports a high-Q mode of frequency !0. Cooling
of the mode is achieved by coupling to a laser driven,
radiatively damped, self-assembled QD embedded in the
beam [4]. At low temperatures, and for near resonant ex-
citation the QD can be modeled as a two-level system,
consisting of the empty dot state jgi and the fundamental
exciton state jei. Spontaneous emission will allow the
excited QD to relax to the ground state with the rate !. For
a ‘‘red’’ detuning of the laser from the resonance, !!
!L"!eg#"!0, with !L and !eg denoting the laser and
the QD resonance frequencies, we ensure that the excita-
tion will be accompanied by absorption of a phonon in
addition to the laser photon. Denoting by jni the num-
ber states of the high-Q mode, this corresponds to the
process jgijni ! jeijn" 1i. On the other hand, the ensu-
ing spontaneous decay will be dominated by jeijn" 1i !

jgijn" 1i. Thus, cycling through a series of absorption-
emission events will cool the oscillator mode. Ground-
state cooling requires that the linewidth ! of the QD
optical transition [5] be much less than !0.

Cooling of trapped ions to their motional ground state
by resonant excitation of a ‘‘phonon sideband’’ has al-
ready been observed [2]. For ions, photon recoil is re-
sponsible for coupling of the laser absorption to the ion
motion, and determines the time scale of cooling. The
relevant coupling strength is given by the Lamb-Dicke
parameter, "LD #

!!!!!!!!!!!!

!R=#
p

, determined by the ratio of the
recoil frequency !R # "hk2=2M to the trap frequency #,
with k the wave vector of the optical transition and M
the ion mass. For a large object as our beam, this cou-
pling is negligible. Thus, unlike the case of trapped ions
[2] and in marked contrast to optomechanical cooling
schemes [7], the photon recoil plays no role in the laser

L

b

FIG. 1. Top: Schematic diagram of a GaAs bridge of length L,
width b and thickness d (see s), with an embedded InAs quan-
tum dot (D); W denotes the wetting layer. Bottom: Vertical cross
sections through the axis of the bridge illustrating the defor-
mations suffered by the QD, when the beam is bent slightly in
the vertical direction (x). r and t correspond, respectively, to
positive and negative deflection, and s shows the equilibrium
configuration. Each volume element parallel to the axis under-
goes a simple extension or compression.
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spectrum of the fluorescence is found to be proportional to
P½!", where

P½!" ¼
X1

n¼$1

J2nð!Þ
"2 þ ½!$ ð!0 $ n!sÞ"2

(2)

is a sum of Lorentzians with FWHM 2" weighted by
squares of Bessel functions, J2nð!Þ, with maxima at fre-
quencies !n ¼ !0 $ n!s, where n is an integer. In the
limit " ! 0 this is the well-known power spectrum of a
frequency-modulated rf signal.

The solid lines in Fig. 3(a) result from a fit to Eq. (2) in
which the linewidth 2", central frequency !0, and back-
ground are taken from the emission spectrum in the ab-
sence of SAW excitation, thus leaving ! as the only fitting
parameter. From a series of such curves, the height of each
sideband (normalized to the unmodulated peak) versus the
calibrated SAW-induced displacement juzj at the QD loca-
tion is shown in Fig. 3(c). Alternatively, Fig. 3(b) shows the
modulation index! as a function of juzj. The fit in Fig. 3(b)
reveals a displacement sensitivity of dð!#sÞ=djuzj ( 3)
1021 Hz=m, and the solid lines in Fig. 3(c) are the corre-
sponding theoretical curves. Similar studies on four other
QDs at this SAW frequency have found sensitivities in the
range 3) 1021 Hz=m* 1:5) 1021 Hz=m. We believe
this variation is largely due to the fact that the SAW
amplitude varies owing to its finite cross section and we
were unable to measure the SAW amplitude at the exact
QD position in situ in a cryogenic environment.

Sideband cooling a nanomechanical resonator with an
embedded QD [7] involves the quantized transfer of energy
from a mechanical mode of the resonator to an applied
optical field. To explore this matter we employ resonant
spectroscopy [Fig. 1(b)]. The coupling of the resonant laser
to the two-level system is described by adding to the
Hamiltonian (1) an interaction term

Hint ¼ $dE0 cosð!LtÞ$x; (3)

describing the dipole coupling of the QD to a laser field
E0 cosð!LtÞ. Calculating the time dependence of the
atomic dipole moment in steady state, for weak excitation,
the power spectrum of the fluorescence is found propor-
tional to

P½!" ¼
X1

n¼$1

!!!!!!!!
X1

k¼$1

Jnþkð!ÞJkð!Þ
"$ ið!L $!0 þ k!sÞ

!!!!!!!!
2
%ð!

$!L þ n!sÞ: (4)

This is of the form of a series of discrete lines at frequen-
cies !n ¼ !L $ n!s, spectrally separated from the exci-
tation frequency by multiples of the SAW frequency, that
are resonantly enhanced when the excitation frequency
matches the QD resonance or one of the SAW-induced
sidebands. Physically, the appearance of emission frequen-
cies differing from the excitation frequency corresponds to
the transfer of mechanical energy to the light field.

Figure 4(a) shows the results of weakly driving the QD
on resonance [19] for two different applied SAW powers.
This particular QD has a linewidth of 1 GHz when mea-
sured in PL. When resonantly driving weakly with narrow-
band laser light, however, the fluorescence lines are
quasimonochromatic [20], broadened only by our FP
analysis cavity. The spectrum is thus much better resolved
than in PL. The blue dashed curves correspond to low SAW
power and the spectra are dominated by reemission at the
pump frequency. High SAW powers are given by the red
solid curves. It is clear that more fluorescence power is
frequency shifted under the higher level of SAWexcitation.
As expected, the separation between each peak in the spec-
trum is given by the SAW frequency (1.05 GHz). Fitting a
series of spectra such as those shown in Fig. 4(a) to the
functional form given in Eq. (4), we extract a displacement
sensitivity agreeing closely with our previous value from
PL measurements. The fluorescence spectrum resulting
when the QD is driven at a frequency #s below resonance
(red sideband) is shown in Fig. 4(b). The asymmetry in the
spectrum at high SAW power reflects the fact that on
average the energy of a scattered photon is larger than
that of an incident photon, as mechanical energy is ex-
tracted from the SAW. This is the physical basis of red
sideband cooling. Similarly, when driving the QD at a
frequency #s above resonance, the mean photon emission
energy is lower than that of the incident photons (data not
shown). We have also studied QDs modulated at SAW
frequencies of 90 MHz, 527 MHz, and 1585 MHz. The
sideband separation is always equal to the SAW frequency
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FIG. 4 (color online). The blue dashed curves correspond to a
QD vertical displacement of juzj ¼ 0:4 pm, and the red solid
curves correspond to juzj ¼ 1:0 pm. The QD emission wave-
length is 924 nm. Each curve corresponds to 30 seconds of data.
(a) The QD is weakly driven on resonance and the spectrum of
the resulting QD fluorescence is resolved with the scanning FP
interferometer. (b) The QD is driven by a laser tuned 1.05 GHz
below the QD resonance (red sideband). The fluorescence spec-
trum becomes asymmetric, with average photon energy greater
than the energy of the laser photons.
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accounts for both the quantum noise of the
resonator and the linear amplifier.

In addition to issues of ultimate limits of
measurement, it has been recently appreciated
(7) that it should be possible to prepare micron-
scale, resonant mechanical systems in the quan-
tum ground state. The energy of this elementary
system should be quantized: EN ! "#0(N $
1/2), where N ! 0,1,2, . . . , with a minimum
possible energy of E0 ! "#0/2 corresponding
to an average position x! ! 0 and standard
deviation of %xSQL. Freeze-out to the quantum
ground state should occur when kBT/"#0 !
T/TQ ! 1. As a result of the high resonance
frequency of nanomechanics, now demonstrat-
ed as high as 1 GHz (8), freeze-out should be
possible at millikelvin temperatures. We dem-
onstrate the approach to the quantum limit of a
19.7-MHz nanomechanical resonator in both of
these ways: continuous position observation ap-
proaching the uncertainty principle limit and
observation of low quantum numbers by ther-
malization to millikelvin temperatures.

To approach these limits, we have engineered
a nanoelectromechanical system composed of a
microscopic mechanical resonator capacitively
coupled to a superconducting single-electron tran-
sistor (SSET) (Fig. 1). The mechanical resonator
is biased with a large dc potential, VNR, and
coupled to the SSET island through CG. In-plane
motion of the resonator linearly modulates this
capacitance and thus changes the potential of the
island, which, in turn, changes the impedance of
the SSET. Use of a microwave matching network
[radio frequency SSET (RF-SSET)] technique (4)
allows continuous readout of the SSET imped-
ance with very high sensitivity and bandwidth (9)
(fig. S1). This position-detection scheme and po-
tential for approaching quantum limits has been
considered by a number of authors (10–12) and
has very recently been demonstrated (13) with a
normal-state single-electron transistor (SET), al-
beit with very limited bandwidth and sensitivity
far from the quantum limit.

A SSET is thought to be a realization of a
near-ideal linear amplifier, ideal in the sense
that amplification can be accomplished with
back-action close to that which is required by
the uncertainty principle (4, 14). The back-
action is a result of the electrons stochastically
tunneling onto and off of the island, changing

its potential by &V !
e

C'
( 400 )V with each

tunneling event, where C' ( 400 aF is a typical
total island capacitance. Calculations of the
spectral power density of these fluctuations for
an SSET show a white power spectrum extend-
ing up to 1/R'C' ( 10 GHz, with an amplitude

of !SV !! e3

IDS C2
'

( 3nV/!Hz (14, 15). These

voltage fluctuations produce back-action forces
and stochastic displacements of the mechanical
resonator, ultimately limiting the position resolu-
tion of this scheme. Thus, careful attention must

be placed upon the engineering of the coupling
between the mechanical resonator and the SSET
(10, 11). As the coupling voltage, VNR, is in-
creased, the SSET becomes more sensitive to
displacements, with the resolution limited by the
shot-noise through the SSET. However, as VNR is
increased, coupling to the back-action voltage
fluctuations of the island becomes stronger, ulti-
mately overcoming the increase in position sensi-
tivity. Fig. 1 shows the predicted sensitivity versus
coupling voltage VNR (10, 11) using our demon-
strated device parameters. Optimal detection ap-
proaches the quantum limit at VNR ( 13 V,
although given the nonideality of our RF-SSET
readout, we do not expect to be limited by back-
action until VNR ( 27 V.

Figure 2 shows the sample layout and the
details of the RF-SSET coupled to the nano-
mechanical resonator. An on-chip LC resonator is
microfabricated for impedance matching the
SSET to an ultralow noise, 50 * microwave
amplifier with TN ! 2 K. The LC resonator is
formed by an interdigitated capacitor and a planar
Al coil (14 turns, 130 )m square, 1 )m pitch and
line width). Our circuit demonstrates a resonance
at 1.35 GHz with a Q ( 10, giving a detection
bandwidth of (70 MHz. The SSET characteris-
tics measured through the mapping of IDS versus
VDS versus VNR are C' ! 450 aF, CG ! 26 aF,
and R' ! 70 k* where R' is the series resistance
of the tunnel junctions; we achieve a charge sen-

sitivity of !SQ " 6 – 14 )e/!Hz. A feedback

scheme is used to sense and hold the SSET at
maximum charge sensitivity (9). This is essential
for achieving the best position sensitivity, because
the noise floor of our RF-SSET is determined by
the cryogenic microwave preamplifier. We
achieve gain stability sufficient for long-term av-
erages of the noise spectra.

The nanomechanical resonances of the dou-
bly clamped beam are first identified using

magnetomotive readout (16); we find an out-
of-plane resonance of 17 MHz and an in-plane
resonance of 19.7 MHz. Fig. 3 shows the in-
plane mode detected with the RF-SSET. The
two displacement detection techniques give
identical resonator characteristics within mea-
surement uncertainty. From the temperature de-
pendence of the quality factor of the 19.7-MHz
mode (Fig. 4), it is interesting to note the linear
increase in quality factor as temperature de-
creases, a much stronger dependence than what
is uniformly observed in nanomechanical reso-
nators at higher temperatures (17).

Without driving the resonance and simply
recording the noise spectra from the RF-SSET,
we can detect the thermal motion of the beam at
very low temperatures (Fig. 3). The noise pow-
er fits a simple harmonic oscillator line shape,
sitting atop a white-noise background from the
cryogenic preamplifier, with frequency and Q
identical to that found by driving.

The integrated noise power is proportional
to +x2, and is plotted versus temperature (Fig.
4). Above 100 mK, it closely follows a linear
temperature dependence with intercept through
the origin. As our mechanical mode is essen-

tially classical for temperatures above TQ!
"#0

kB
!

l mK, this is the expected result, which follows
from the classical equipartition of energy:
+E, ! m#2

0+x
2, ! kBT. Analogous to Johnson

noise thermometry (18), this technique allows di-
rect measurement of the thermodynamic temper-
ature of the nanomechanical mode (9).

Below 100 mK, we observe that the
integrated noise power does not follow the
same linear dependence as we continue to cool
the sample holder to 35 mK (temperature mea-
sured by RuO-resistance thermometry mounted
on the Cu sample package.) A possible reason
for this excess mechanical noise temperature is

Fig. 1. (Bottom) The solid lines
show the expected position res-
olution due to shot-noise (black),
back-action noise (red), and the
uncorrelated sum (blue) as a
function of coupling voltage VNR,
assuming the device parameters
realized in this experiment. The
points are the observed sensitiv-
ity where the deviation from the
blue curve is due to nonidealities
in the RF-SSET readout circuit.
The dashed line is the expected
sensitivity calculated from the
measured charge sensitivity. Er-
ror bars are on the quantity
%X/%XQL. (Top) The simplified
schematic shows the RF-SSET ca-
pacitively coupled to a voltage-
biased Au/SiN nanomechanical
resonator with on-chip LC resona-
tor formed by the square spiral, LT,
and an interdigitated capacitor, CT.
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FIG. 4: Optical cooling results. a, Measured mechanical mode linewidth (�), EIT transparency bandwidth (◦), and predicted optomechanical
damping rate estimated using the zero-point optomechanical coupling rate g/2π = 910 kHz (red dashed line). The inset shows the measured
EIT transparency window at the highest cooling drive power. b, Measured (◦) average phonon number, n̄, in the breathing mechanical mode
at ωm/2π = 3.68 GHz versus cooling laser drive power (in units of intracavity photons, nc), as deduced from the calibrated area under the
Lorentzian lineshape of the mechanical noise power spectrum, Sb. The left and right inset spectra correspond to the measured noise power
spectrum in units of m2/Hz at low and high laser cooling power, respectively. The dashed blue line indicates the estimated mode phonon
number from the measured optical damping alone. Error bars indicate computed standard deviations as outlined in the SI. c, Estimated bath
temperature, Tb, versus cooling laser intracavity photon number, nc. d, Measured change in the intrinsic mechanical damping rate versus nc
(◦). A polynomial fit to the mechanical damping dependence on nc is shown as a dashed line. For more detail see the SI. e, The measured
(�) background noise PSD versus laser drive power (nc), in units of phonon quanta. Shown as a black dashed line is the theoretical shot-noise
limited noise PSD for an ideal single-sided cavity, a unit quantum efficiency detector, and no optical loss in the transmitted optical field.

oscillation of the mechanical resonator. Back-action cooling[24] from a given bath temperature to the quantum ground state
requires �κ � kBTb/Qm. Given the properties of the devices in this work, ground state cooling from room temperature with
measurable quantum dynamics (Nosc ≈ 10) seems feasible. This opens up the possibility for future experimentation with, and
utilization of, quantum nanomechanical objects in a room temperature environment.
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“Quantum Electromechanics”
“Cavity Optomechanics”

A brief and incomplete recent history of the cooling of a mesoscopic mechanical mode to the quantum ground state

What particular system to use to try to reach the quantum ground state?

How should the system be engineered toward this goal?

What are the key experimental and technical requirements?

the zero-point motion is xzp~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B= 2mVmð Þ

p
~4:1 fm.With a ratio of

Vm/k. 50, our system is deep within the resolved-sideband regime
andwell-suited for sidebandcooling to themechanical ground state22,23.
To measure the mechanical displacement, we apply a microwave

field, which is detuned below the cavity resonance frequency by
D52Vm, through heavily attenuated coaxial lines to the feed line
of our device. The upper sideband, now at vc, is amplified with a
custom-built Josephson parametric amplifier26,27 followed by a low-
noise cryogenic amplifier, demodulated at room temperature, and
finally monitored with a spectrum analyser. The thermal motion of
themembrane creates an easily resolvable peak in themicrowave noise
spectrum. As described previously27, this measurement scheme con-
stitutes a nearly shot-noise-limited microwave interferometer with
which we can measure mechanical displacement with minimum
added noise close to fundamental limits.
In order to calibrate the demodulated signal to the membrane’s

motion, wemeasure the thermal noise spectrumwhile varying the cryo-
stat temperature (Fig. 1c). Here a weakmicrowave drive (,3 photons in
the cavity) is used in order to ensure that radiation pressure damping
and cooling effects are negligible. WhenVm?k?Cm andD52Vm,
the displacement spectral density Sx is related to theobservedmicrowave
noise spectral density S by Sx5 2(kVm/Gkex)

2S/Po, where kex is the

coupling rate between the cavity and the feed line, and Po is the power
of the microwave drive at the output of the cavity. According to equi-
partition, the area under the resonance curve of displacement spectral
density Sx must be proportional to the effective temperature of the
mechanical mode. This calibration procedure allows us to convert the
sideband in the microwave power spectral density to a displacement
spectral density and to extract the thermal occupation of the mech-
anical mode. In Fig. 1c we show the number of thermal quanta in the
mechanical resonator as a function of T. The linear dependence of the
integrated power spectral density with temperature shows that the
mechanical mode equilibrates with the cryostat even for the lowest
achievable temperature of 15mK. This temperature corresponds to a
thermal occupancy nm5 30, where nm5 [exp(BVm/kBT)2 1]21. The
calibration determines the electromechanical coupling strength,
G/2p5 496 2MHznm21. With these device parameters, we can
investigate both the fundamental sensitivity of our measurement
and the effects of radiation pressure cooling.
The total measured displacement noise results from two sources: the

membrane’s actual mean-square motion, Sthx , and its apparent motion,
Simp
x , which is due to imprecisionof themeasurement. Figure 2a demon-
strates how the use of low-noise parametric amplification significantly
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Figure 1 | Schematic description of the experiment. a, False-colour scanning
electron micrograph showing the aluminium (grey) electromechanical circuit
fabricated on a sapphire (blue) substrate; a 15-mm-diameter membrane is
suspended 50 nm above a lower electrode. The membrane’s motion modulates
the capacitance, and hence, the resonance frequency of the superconducting
microwave circuit. b, A coherent microwave drive (left, vd, shown green in
frequency–amplitude plot below) inductively coupled to the circuit (top)
acquires modulation sidebands (red and blue in plot below) owing to the
thermal motion of the membrane. The upper sideband is amplified with a
nearly quantum-limited Josephson parametric amplifier (filled triangle, right)
within the cryostat. c, The microwave power in the upper sideband provides a
direct measurement of the thermal occupancy of the mechanical mode, which
may be calibrated in situ by varying the temperature of the cryostat (main
panel). The mechanical mode shows thermalization with the cryostat at all
temperatures, yielding aminimum thermal occupancy of 30mechanical quanta
without using sideband-cooling techniques. Error bars, s.d. Inset, illustration of
the concept of sideband cooling. When the circuit is excited with a detuned
microwave drive such that D52Vm, the narrow line shape of the electrical
resonance ensures that the rate to scatter photons to higher energy C1 (blue
dashed arrow, blue peak) exceeds the rate to scatter to lower energy C2 (red
dashed arrow, red peak). Thus, the net scattering rate C (blue solid arrow)
provides a cooling mechanism for the membrane.
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Figure 2 | Displacement sensitivity in the presence of dynamical back-
action. a, The displacement spectral density Sx measured with (red) and
without (blue) the Josephson parametric amplifier. As the parametric amplifier
greatly reduces the total noise of the microwave measurement, the time
required to resolve the thermal motion is reduced by a factor of 1,000. b, As the
microwave drive power is increased, the absolute displacement sensitivity, Simp

x
improves, reaching a minimum of 5.53 10234m2Hz21 at the highest power.
c, The parametric coupling rate g between the microwave cavity and the
mechanicalmode increases as

ffiffiffiffiffi
nd

p
. This coupling broadens the linewidth of the

mechanical mode C ’m from its intrinsic value of Cm5 2p3 32 Hz until it
exceeds the linewidth of the microwave cavity k. d, The relative measurement
imprecision, in units of mechanical quanta, depends on the product of Simp

x and
C ’m. Thus, once the power is large enough that dynamical back-action
overwhelms the intrinsic mechanical linewidth, nimp asymptotically
approaches a constant value (nimp5 1.9), which is a direct measure of the
overall efficiency of the photon measurement.
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lowers Simp
x , resulting in a reduction in the white-noise background by a

factor ofmore than 30. This greatly increases the signal-to-noise ratio of
themembrane’s thermal motion, thereby reducing the integration time
required to resolve the thermal peak by a factor of 1,000. To investigate
the measurement sensitivity in the presence of dynamical back-action,
we regulate the cryostat temperature at 20mK and increase the ampli-
tude of the detuned microwave drive while observing modifications in
the displacement spectral density.We quantify the strength of the drive
by the resulting number of photons nd in the microwave cavity. As
shown in Fig. 2b, the measurement imprecision Simp

x is inversely pro-
portional to nd. At the highest drive power (nd< 105), the absolute
displacement sensitivity is 5.53 10234m2Hz21.
Asexpected, the increaseddrivepoweralsodampsandcools themech-

anicaloscillator3,22,23.ThetotalmechanicaldissipationrateC ’m~CmzC
is the sum of the intrinsic dissipation, Cm, and the radiation-pressure-
induced damping resulting from scattering photons to the upper/lower
sideband,C5C12C2, whereC65 4g2k/[k21 4(D6Vm)

2]. Here g
is the coupling rate between the cavity and themechanicalmode, which
depends on the amplitude of the drive: g~Gxzp

ffiffiffiffiffi
nd

p
. Figure 2c shows

the measured values of k, g and C ’m as the drive increases. The radi-
ation-pressure damping of the mechanical oscillator becomes
pronounced above a cavity drive amplitude of approximately 75
photons, at which point C ’m~2Cm and the mechanical linewidth
has doubled. Note that the increased damping rate can be switched
off at any time by removing the cooling drive, returning themechanical
oscillator to its intrinsic quality factor, Qm.

Whereas the absolute value of the displacement imprecision
decreases with increasing power, the visibility of the thermal mech-
anical peak no longer improves once the radiation-pressure force
becomes the dominant dissipation mechanism for the membrane.
By expressing the imprecision as equivalent thermal quanta of the
oscillator, nimp~C ’mSimp

x =8x2zp, we see that the visibility of the thermal
noise above the imprecision no longer improves once the drive ismuch
greater than nd< 100 (Fig. 2d). This is because a linear decrease in Simp

x
is balanced by a linear increase inC ’m due to radiation-pressure damp-
ing. The asymptotic value ofnimp is a directmeasure of the efficiency of
themicrowave measurement. Ideally, for a lossless circuit, a quantum-
limitedmicrowavemeasurement would imply nimp5 1/4. The incorp-
oration of the low-noise Josephson parametric amplifier improves
nimp close to this ideal limit, reducing the asymptotic value of nimp

from 70 to 1.9 quanta. This level of sensitivity is crucial for resolving
any residual thermal motion when cooling into the quantum regime.
Beginning from a cryostat temperature of 20mK and a thermal

occupation of nTm~40 quanta, the fundamental mechanical mode of
the membrane is cooled by radiation-pressure forces. Figure 3a shows
the displacement spectral density of the motional sideband as nd is
increased from 18 to 4,500 photons, along with fits to a Lorentzian
lineshape (shaded areas). As described above, this increased drive
results in three effects on the spectra: lower noise floor, wider reso-
nances and smaller shaded area. Because the shaded area corresponds
to the mean-square membrane displacement, it directly measures the
effective temperature of the mode. At a drive intensity with 4,000
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Figure 3 | Sideband cooling themechanicalmode to the ground state. a, The
displacement noise spectra and Lorentzian fits (shaded regions) for five
different drive powers. With higher power, the mechanical mode is both
damped (larger linewidth) and cooled (smaller area) by the radiation pressure
forces. b, Over a broader frequency span, the normalized sidebandnoise spectra
clearly show both the narrowmechanical peak and a broader cavity peak due to
finite occupancy of the mechanical and electrical modes, respectively. A small,
but resolvable, thermal population of the cavity appears as the drive power
increases, setting the limit for the final occupancy of the coupled

optomechanical system. At the highest drive power, the coupling rate between
the mechanical oscillator and the microwave cavity exceeds the intrinsic
dissipation of either mode, and the system hybridizes into optomechanical
normal modes. c, Starting in thermal equilibrium with the cryostat at T5 20
mK, sideband cooling reduces the thermal occupancy of the mechanical mode
from nm5 40 into the quantum regime, reaching a minimum of
nm5 0.346 0.05. Error bars, s.d. These data demonstrate that the parametric
interaction between photons and phonons can initialize the strongly coupled,
electromechanical system in its quantum ground state.
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In the resolved-sideband limit, where vm/k. 1, driving the system
with a laser (frequency, vl) tuned to the red side of the optical cavity
(detuning, D;vo2vl5vm), creates an optically induced damp-
ing, cOM, of the mechanical resonance25. In the weak-coupling
regime (cOM=k), the optical back-action damping is given by
cOM5 4g2nc/k, where nc is the average number of drive-laser photons
stored in the cavity and g is the optomechanical coupling rate between
the mechanical and optical modes. This coupling rate, g, is quantified
as the shift in the optical resonance for an amplitude ofmotion equal to

the zero-point fluctuation amplitude (xzpf~(B=2mvm)
1=2, wherem is

the motional mass of the localized acoustic mode and B is Planck’s
constant divided by 2p). The optomechanical damping, which is a
result of the preferential scattering of drive photons into the upper-
frequency sideband, also cools the mechanical mode. For a quantum-
limited drive laser, the phonon occupancy of the mechanical oscillator
can be reduced from nb~kBTb=Bvm?1 to !n~nb= 1zCð Þznmin,
where kB is Boltzmann’s constant and C; cOM/ci is the cooperativity.
The residual scattering of drive photons into the lower-frequency
sideband limits the cooled phonon occupancy to nmin5 (k/4vm)

2,
which is determined by the level of sideband resolution25.
The drive laser, in addition to providing mechanical damping and

cooling, can be used to measure the mechanical and optical properties
of the system through a series of calibratedmeasurements. In a first set
of measurements, we use the noise power spectral density (PSD) of
the drive laser transmitted through the optomechanical cavity to
perform spectroscopy of the mechanical mode. As shown in Sup-
plementary Information, the noise PSD of the photocurrent generated
by the transmitted field of the drive laser with red-sideband detun-
ing (D5vm) yields a Lorentzian component of the single-sided
PSD proportional to Sb vð Þ~!nc

!
v{vmð Þ2z c=2ð Þ2

" #
, where

c5 ci1 cOM5 ci(11C) is the total mechanical damping rate. For a
blue laser detuning of D52vm, the optically induced damping is
negative (cOM524g2nc/k) and the photocurrent noise PSD is pro-
portional to Sb{ vð Þ~ !nz1ð Þc

!
v{vmð Þ2z c=2ð Þ2

" #
. Typical mea-

sured noise power spectra under low-power laser drive (nc5 1.4,
C5 0.27), for both red detuning and blue detuning, are shown in
Fig. 3a. Even at these small drive powers, the effects of back-action
on the measured spectra are evident, with the red-detuned drive
broadening the mechanical line and the blue-detuned drive narrowing
the line. The noise floor in Fig. 3a (shaded in grey) corresponds to the
noise generated by the EDFA used to pre-amplify the transmitted
drive-laser signal before photodetection, and is several orders of mag-
nitude greater than the electronic noise of the photoreceiver and the
real-time spectrum analyser.
Calibration of the EDFA gain, along with the photoreceiver and

real-time spectrum analyser photodetection gain, makes it possible
to convert the measured area under the photocurrent noise PSD into
a mechanical mode phonon occupancy. As described in detail in
Supplementary Information, we perform these calibrations, alongwith
measurements of low-drive-power (C= 1), radio-frequency spectra of
both detunings (D56vm), to provide accurate, local thermometry of
the optomechanical cavity. An example of this formof calibratedmode
thermometry is shown in Fig. 3b, where we plot the opticallymeasured
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Figure 2 | Experimental set-up. A single, tunable, 1,550-nm diode laser is
used as the cooling andmechanical transduction beam sent into the nanobeam
optomechanical resonator cavity held in a continuous-flow helium cryostat. A
wavemetre (WM) is used to track and lock the laser frequency, and a variable
optical attenuator (VOA) is used to set the laser power. The transmitted signal
is amplified by an erbium-doped fibre amplifier (EDFA) and detected on a
high-speed photodetector (D2) connected to a real-time spectrum analyser
(RSA), where the mechanical noise power spectrum is measured. A slowly
modulated probe signal used for optical spectroscopy and calibration is
generated from the cooling laser beam using an amplitude electro-optic
modulator (EOM) driven by a microwave source (RFSG). The reflected
component of this signal is separated from the input by an optical circulator
(CIRC), sent to a photodetector (D1) and then demodulated using a lock-in
amplifier (LIA). Paddle-wheel fibre polarization controllers (FPCs) are used to
set the laser polarization at the input to the EOM and the input to the
optomechanical cavity. For more detail, see Supplementary Information.
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Figure 1 | Optomechanical resonator with phononic shield. a, Scanning
electron microscope (SEM) image of the patterned silicon nanobeam and the
external phononic bandgap shield. b, Enlarged SEM image of the central cavity
region of the nanobeam. c, Top: normalized electric field (colour scale) of the
localized optical resonance of the nanobeam cavity, simulated using the finite-
element method (FEM). Bottom: FEM simulation of the normalized
displacement field of the acoustic resonance (breathing mode), which is
coupled by radiation pressure to the co-localized optical resonance. The

displacement field is indicated by the exaggerated deformation of the structure,
with the relative magnitude of the local displacement (strain) indicated by the
colour. d, SEM image of the interface between the nanobeam and the phononic
bandgap shield. e, FEM simulation of the normalized squared displacement
field amplitude of the localized acoustic resonance at the nanobeam–shield
interface, indicating the strong suppression of acoustic radiation provided by
the phononic bandgap shield. The colour scale represents log[x2/max(x2)],
where x is the displacement field amplitude.
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potential with a small number of states in the left-hand well, the two
lowest being the qubit states jgæ and jeæ, separated from the right-
hand well by a barrier whose height changes with flux bias. When the
mechanical resonator is driven on resonance at higher excitation
powers, there is sufficient energy to excite the qubit over the barrier
and into the right-hand well, yielding a large value for Pe even when
the qubit energy-level spacing is not resonant with the resonator. This
effect is pronounced at higher positive flux bias, for which the left-
hand well is shallower, and generates the distinct horizontal line in
the right-hand panel of Fig. 3b. From this line, we obtain a precise
determination of the resonator frequency, fr5 6.175GHz. We note
further that the resonator frequency seen in this higher-power mea-
surement agrees with that revealed in the lower-powermeasurement,
as expected for a harmonic response.

These spectroscopic measurements are useful in probing the res-
onant modes of our circuit. However, although the qubit is a
quantum device, the measurement is essentially classical, revealing
little about the quantum behaviour of the mechanical resonator. We
therefore performed an additional experiment, using the qubit to
probe the energy state of the resonator when no microwave signal
was applied—essentially using the qubit as a quantum thermometer.
This allowed us to verify with high precision that the resonator is
actually in its ground state.

We initially prepared the qubit in its ground state, jgæ, with a
jgæ« jeæ transition frequency of 5.44GHz, which is well out of res-
onance with the resonator and effectively turns off the qubit–
resonator interaction. We then applied a flux-bias pulse to bring
the qubit to within D5 fq2 fr of the resonator frequency, and kept
the qubit at this frequency for 1 ms. After returning the qubit to its
original frequency, we measured the excited-state probability, Pe, as
shown in Fig. 4. The qubit remains in its ground state for all values of
D, with no detectable increase in Pe from its baseline value of 4%,

even at resonance (D5 0). In Fig. 4, we also display numerical pre-
dictions for the expected qubit Pe for a range of resonator phonon
occupations, Ænæ. The expected response has a peak near zero detun-
ing and exceeds the measured response by a substantial amount even
for small Ænæ. We obtain a very conservative upper limit for the
thermal occupation, Ænæmax, 0.07 (Supplementary Information).

As a check, we performed the same experiment but, just before
measuring the qubit, applied a microwave pulse to swap the popula-
tions of the qubit states jgæ and jeæ. After this swap, the probability Pe
is about 92%, independent of D, again demonstrating negligible
additional excitation of the qubit; a little additional excitation would
cause Pe to decrease near D5 0.

This null result demonstrates that the resonator phonon occu-
pation, Ænæ, is much less than one; that is, the resonator is with high
probability in its quantum ground state.

Quantum excitations

We next used our time-domain control of the qubit to create and
measure individual quantum excitations in the resonator, allowing
us then tomeasure the resonator’s single-excitation energy relaxation
time and phase coherence time. We first characterized the qubit’s
energy relaxation time, T1q, using the standard Rabi decay tech-
nique23, described in detail in Supplementary Information. From this
measurement, we find that T1q< 17 ns. This is significantly less than
the time for our typical qubits31, T1q< 500 ns, which we attribute
here to dielectric dissipation in the aluminium nitride and the device
substrate34.

Despite the relatively small T1q, the qubit coherence time was
sufficient for us to perform quantum operations on the resonator.
The coupling strength between the qubit and the resonator was fixed
atV5 2g/h< 124MHz, as discussed above. When the qubit and the
resonator are tuned on-resonance, energy will be exchanged
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Figure 2 | Coupled qubit–resonator. a, Optical micrograph of the
mechanical resonator coupled to the qubit (blemishes removed for clarity);
fabrication details are in Supplementary Information. b, Circuit
representation. The Josephson junction is represented by a cross, with
parallel loop inductance Lq and capacitance Cq, the latter including the
parallel combination of a 1-pF interdigitated shunting capacitor and the
junction capacitance (not shown). The resonator has C05 0.2 pF scaling
from the geometry and the AlN thickness of 300 nm, with coupling
capacitance Cc< 0.5 pF. The capacitor with Cx5 0.5 fF is used to couple
external microwave signals to the resonator. The junction is modulated by
magnetic flux applied through the flux-bias wire (FB), which controls the
qubit |gæ« |eæ transition frequency. Microwave excitation of the qubit is
also through FB. The shunting capacitor and the coupling capacitor Cc

include a number of crossover shorting straps to eliminate potential
electrical resonances. c, Qubit spectroscopy pulse sequence. The qubit (blue)
is tuned to within D5 fq2 fr of the resonator (red) and a 1-ms microwave
tone is applied to the qubit; the qubit state is then measured (Meas.) in a
single-shot manner using a flux-bias pulse, from which the excited-state
probability, Pe, is evaluated. d, Qubit spectroscopy, showing Pe as a function
of qubit frequency (expressed in terms of flux bias) and microwave
frequency. The qubit frequency behaves as expected, with a prominent
splitting as the qubit is tuned through the resonator frequency,
fr5 6.17GHz. a.u., arbitrary units. e, Enlarged view of the dashed box in
d. The horizontal dash–dot line shows the resonator frequency, fr, and the
dashed lines show the fit to the coupled mode frequencies, with fitted
coupling frequency V5 2g/h< 124MHz.
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appropriately described as an optomechanical polariton whose deco-
herence time exceeds the period of the Rabi oscillations between light
and mechanics. Although the ground state has recently been reported
with optical cooling10, in that work Vc was much smaller than k. In
contrast, the present system achieves a coupling rate exceeding both
the optical and mechanical decoherence rates, thereby satisfying the
necessary conditions for full control of the quantum state of a mech-
anical oscillator with optical fields9,12–14,21,22. The experimental setting
is a micro-optomechanical system in the form of a spoke-anchored
toroidal optical microcavity24. Such devices exhibit whispering gallery
mode resonances of high quality factor (with a typical cavity decay rate
k/2p, 10MHz) coupled to mechanical radial breathing modes via
radiation pressure25. The vacuum optomechanical coupling rate
g05 (vc/R)xZPM can be increased by reducing the radius R of the
cavity (here vc is the optical cavity resonance frequency and xZPM is
the zero point motion). However, the larger per photon force Bvc/R is
then usually partially compensated by the increase in the mechanical
resonance frequency Vm—and correspondingly smaller zero point
motion, given by xZPM~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B= 2meffVmð Þ

p
(where meff is the effective

oscillator mass). Moreover, small structures also generally feature lar-
ger dissipation through clamping losses. To compensate these oppos-
ing effects, we use an optimized spoke-anchor design (see Fig. 1 and
Supplementary Information) thatmaintains low clamping losses and a
moderate mechanical resonance frequency while reducing the dimen-
sions of the structure. Devices fabricated in this manner (with
R5 15mm) exhibited coupling rates as high as g05 2p3 3.4 kHz for
a resonance frequency of 78MHz and a critically coupled sideband
factor Vm/k5 11.
To reduce the mechanical decoherence rate c<Cm!nm, the micro-

cavity is embedded in a 3He cryostat (minimum temperature
Tmin5 650mK)26. A continuous-wave Ti:sapphire laser beam, whose
phase and amplitude quadrature noises are quantum-limited for the
Fourier frequencies of interest, is coupled to the microcavity using a
tapered optical fibre. The weak mechanical displacement fluctuations
are recorded by measuring the phase fluctuations imprinted on the
field emerging from the cryostat using balanced homodyne detec-
tion. Whereas the coherent coupling rate Vc can be determined un-
ambiguously by probing the coherent response of the system27, the
mechanical decoherence rate is affected in a non-trivial way by the
light-absorption-dependent sample temperature and the mechanical
mode’s coupling to its environment, which is dominated by two-level
fluctuators at cryogenic temperatures23,26. In order to systematically
assess the aforementioned effects on the decoherence rate, the coupling
laser’s frequency vl5vc1D (where D denotes the laser detuning) is
varied in the vicinity of the lower mechanical sideband, while keeping

the launched power constant. This allows the displaced cavity mode â
(of frequency jDj) to be brought in and out of resonance with the
mechanical mode b̂ (of frequency Vm). For each detuning point, we
acquire the coherent response of the system to an optical excitation of
swept frequency vl1Vmod in a first step (Vmod is the frequency dif-
ference from the coupling laser). These spectra (Fig. 2a) allow us to
determine all parameters of the model characterizing the optomecha-
nical interaction (Supplementary Information). For large detunings
jDj.Vm, they essentially feature a Lorentzian response of width k
and centre frequency jDj. The sharp dip atVmod<Vm originates from
optomechanically induced transparency27 (OMIT), and forVm5 –D,
its width is approximatelyV2

c

"
k. The coupling rate, as derived from a

fit of the coherent response for a laser power of 0.56mW, is
Vc5 2p3 (3.76 0.05)MHz (corresponding to an intracavity photon
number of !nc~3|105).
Additionally, for each value of the detuning, the noise spectrum of

the homodyne signal is recorded in the absence of any external excita-
tion (Fig. 2b). The observed peak represents the phase fluctuations
imprinted on the transmitted light by the mechanical mode’s thermal
motion. The constant noise background on these spectra is the shot-
noise level for the (constant) laser power used throughout the laser
sweep (see Supplementary Information for details). Importantly, the
amplitude of the peak is determined by the coupling to and the tem-
perature of the environment, and therefore allows us to extract the
mechanical decoherence rate.All parametersnowhavingbeenmeasured,
it is moreover possible to retrieve the mechanical displacement spec-
trum (Fig. 2c inset). As can be seen, for detunings close to the sideband,
when the (displaced) optical andmechanicalmodes are degenerate, the
fluctuations are strongly reduced. This effect of optomechanical
resolved sideband cooling28 can be understood in a simple picture: in
the regime Vc=k, the optical decay is faster than the swapping
between the vacuum in the displaced optical field and the thermal state
in the mechanical oscillator. In this case, the mechanical oscillator is
coupled to an effective optical bath at near-zero thermal occupancy
!nmin with the rate Ccool~V2

c

"
k. Ideally, !nmin~k2

"
16V2

m=1 is
governed by non-resonant Stokes terms â{b̂{zâb̂ neglected in the
Hamiltonian (equation (1))18,19.
Evaluating themechanical decoherence rate forD5–Vmat a cryostat

set point of 0.65K, we find c5 2p3 (2.26 0.2)MHz—significantly
smaller than Vc. Simultaneously, the average occupancy of the mech-
anical mode is reduced to !n~1:7+0:1 (corresponding to 376 4%
ground state occupation),which is limited by theonset of normalmode
splitting. Indeed, asVc approaches k, the thermal fluctuations are only
partially dissipated into the optical bath, and are partially written back
onto the mechanics after one Rabi cycle.
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Figure 1 | Optomechanical microresonators. a, False-colour scanning
electronmicrograph of a spoke-anchored toroidal resonator 31mm in diameter
used for the optomechanical experiments reported in this work. b, Sketch of an
optical whispering gallerymode in themicroresonator (colours indicate optical
phase). c, Simulated displacement (exaggerated for clarity) of the fundamental
radial breathing mode of the structure. d, Equivalent optomechanical Fabry–

Pérot cavity: quantum-coherent coupling is achieved when the enhanced
coupling rate Vc is comparable to or exceeds the optical and mechanical
decoherence rates k,Cm!nmð Þ. Owing to the large asymmetry between
mechanical and optical frequencies, the occupancies of the two environments
are widely different.
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through electrostatic fluctuations from the
SSET back-action or on nearby gates. This does
not appear to be the case, because the behavior
is independent of coupling voltage, as shown in
Fig. 4. Excess noise temperatures due to elec-
trostatic fluctuations from any source should
produce a quadratic dependence with VNR,
which is clearly not observed (12, 19).
We also rule out a long thermal relaxation
time, because the refrigerator is run contin-
uously at base temperature for 72 hours and
we see no sign of continued cooling. None-
theless, we observe a mechanical mode
with noise temperature of T NR

N ! 56 mK,
and a corresponding quantum occupation
factor of N ! T NR

N /TQ ! 58.
The most likely cause of the excess noise

temperature below 100 mK is the "2 pW
dissipated in the SSET, which locally heats
the SiN membrane around the nanomechani-
cal resonator. A simple thermal model using
the measured thermal conductance of a SiN
membrane (20) shows that the dissipated
power is expected to increase the local tem-
perature around the resonator by "50 mK.
This might be remedied by placing the SSET
on the Si substrate and coupling to the nano-
mechanical resonator through a coupling ca-
pacitor. This would allow the hot phonons

Fig. 2. Colorized scanning electron micrographs of the sample. (A)
Metallizations (170 nmAl / 20 nmTi / 20 nmAu) atop a [100] silicon
wafer coatedwith 100 nmof SiN, which has been back-etched using
KOH to form a 55-#m by 55-#m SiN membrane (shown as the
black square in the center.) The Al/Ti/Au film is in contact with the
silicon, which both provides electronic protection for the delicate
device at room temperature and superconducts below 0.8 K. The
inset on the left shows the 130-#m by 130-#m square coil used for
the 1.35 GHz LC resonator. (B) SiN membrane (dark square), the Al
leads to the SSET, and the Au leads to the nanomechanical resonator
and electrostatic gates. (C) Details of the 19.7-MHz nanomechanical
resonator (200 nm wide, 8 #m long, coated with 20 nm of Au atop
100 nm SiN), defined by the regions in black where the SiN has been
etched through. The SSET island (5 #m long and 50 nm wide) is
positioned 600 nm away from the resonator. Tunnel junctions,
marked “J,” are located at corners. A 70-nm-thick gold gate is
positioned to the right of the resonator and is used both to drive the
resonator and to control the bias point of the SSET.

Fig. 3. Charge noise power around the mechanical resonance with VNR ! 15 V. Right peak is
taken at 100 mK and is fit with a Lorentzian, shown as a red line. This noise power is used to
scale the left peak taken with the refrigerator at 35 mK and corresponds to a resonator noise
temperature of TNRN ! 73 mK. This then scales the white-noise floor, which corresponds to a
system-noise temperature of TSSETN ! 16 mK ! 18 TQL. Using the equipartition relation, the
displacement resolution is 3.8 fm/!Hz. The inset shows the driven response, approximately
800 pm on resonance, with the data as circles and a Lorentzian fit as the solid lines. All SSET
measurements are taken with the SSET biased near the double Josephson quasiparticle
resonance peak.
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resonator (200 nm wide, 8 #m long, coated with 20 nm of Au atop
100 nm SiN), defined by the regions in black where the SiN has been
etched through. The SSET island (5 #m long and 50 nm wide) is
positioned 600 nm away from the resonator. Tunnel junctions,
marked “J,” are located at corners. A 70-nm-thick gold gate is
positioned to the right of the resonator and is used both to drive the
resonator and to control the bias point of the SSET.

Fig. 3. Charge noise power around the mechanical resonance with VNR ! 15 V. Right peak is
taken at 100 mK and is fit with a Lorentzian, shown as a red line. This noise power is used to
scale the left peak taken with the refrigerator at 35 mK and corresponds to a resonator noise
temperature of TNRN ! 73 mK. This then scales the white-noise floor, which corresponds to a
system-noise temperature of TSSETN ! 16 mK ! 18 TQL. Using the equipartition relation, the
displacement resolution is 3.8 fm/!Hz. The inset shows the driven response, approximately
800 pm on resonance, with the data as circles and a Lorentzian fit as the solid lines. All SSET
measurements are taken with the SSET biased near the double Josephson quasiparticle
resonance peak.
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The dynamic response of InAs=GaAs self-assembled quantum dots (QDs) to strain is studied

experimentally by periodically modulating the QDs with a surface acoustic wave and measuring the

QD fluorescence with photoluminescence and resonant spectroscopy. When the acoustic frequency is

larger than the QD linewidth, we resolve phonon sidebands in the QD fluorescence spectrum. Using a

resonant pump laser, we have demonstrated optical frequency conversion via the dynamically modulated

QD, which is the physical mechanism underlying laser sideband cooling a nanomechanical resonator by

means of an embedded QD.

DOI: 10.1103/PhysRevLett.105.037401 PACS numbers: 78.67.Hc, 42.50.Wk, 77.65.Dq, 78.55.Cr

Self-assembled InAs=GaAs quantum dots (QDs) are
sensitive optical probes of changes in their local environ-
ment. In particular, their discrete energy levels are sensitive
to applied electric fields [1,2] and to uniaxial [3], hydro-
static [4,5], and biaxial stresses [6]. Much of the focus to
date has concerned probing the response of QDs to static
perturbations; however, when perturbed dynamically at a
rate exceeding the intrinsic QD linewidth, exciting new
possibilities arise. In the nanomechanical domain, for ex-
ample, conventional optical probes become less effective
as the device size becomes smaller than the wavelength of
light. By employing a QD embedded in a nanomechanical
beam as a microscopic sensor of strain, laser sideband
cooling a mechanical resonator to its quantum ground
state has been predicted to be possible in principle [7].
Alternatively, it should be possible to dynamically alter the
fluorescence spectrum of a QD so as to generate entangled
photon pairs [8].

In this Letter, we characterize the dynamic response of
embedded InAs=GaAs QDs by applying a periodic strain
via a surface acoustic wave (SAW) [9]. A SAW induces
well-characterized, tunable strain components near a semi-
conductor surface at high frequencies. We resolve strain-
induced sidebands in QD fluorescence and demonstrate the
physical basis of laser sideband cooling. We compare our
experimental results to calculations based on static theory
in which the response of QD level structure to strain is
attributed to deformation potentials. While there is a rich
history of using SAWs to modulate photonic structures
[10–12], the work described here resides in a previously
unexplored limit where the acoustic modulation frequency
exceeds the resolvable optical linewidth (‘‘resolved side-
band limit’’).

Our samples consist of InAs QDs embedded in a planar
AlAs=GaAs distributed Bragg reflector (DBR) cavity on
which interdigitated transducers (IDTs) are fabricated for
SAW generation (Fig. 1). The cavity has 15 DBR pairs

below and 10 pairs above the QD layer with a spacer
optical thickness of 925 nm. The resulting cavity has a
linewidth of !350 GHz. This cavity enhances our collec-
tion efficiency by over an order of magnitude [13] and also
enables us to perform resonant spectroscopy of our QDs
[Fig. 1(b)]. The IDTs are aligned so as to excite a SAW
with a cross section of 30 !m propagating in the [110]
direction. The IDTelectrode period is 2:9 !m, correspond-
ing to the wavelength "s of a SAW with a frequency #s of
1.05 GHz.
In order to quantify our experimental results and relate

them to theoretical predictions, we relate the displacement
and strain fields [14,15] induced by the SAW to the mea-
surable surface displacement [10,16]. We adopt a coordi-
nate system in which the SAW propagates along the x̂
direction, and the ẑ direction is perpendicular to the surface
and downwards (Fig. 1). The vertical amplitude at the

GaAsInAs QDs

Al IDTs

Photo-
luminescence

Excitation
& collection

RF

Fiber

  Scanning
Fabry-Perot

 Single photon
counting module

     Pump
      laser

a)

   Laser
~ 920nm

s

Dot Measurement
 Area

b)

} DBR λ
cavity InAs dot

   layer

Resonant setup

AlAs

x
y

z

Resonant fiber
excitation

Collection

GaAs

   Grating
spectrometer

FIG. 1 (color online). (a) Schematic of the experimental setup.
(b) Resonant fiber-waveguide coupling (not to scale).
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cooling and readout lasers utilizes a high resolution wave
meter (10 MHz resolution) to set the absolute laser fre-
quency and a weak probe beam to determine the laser-
cavity detuning. Here the weak probe beam is generated
from the cooling or readout laser via electro-optic modu-
lation, similar to the electromagnetically induced trans-
parency (EIT) spectroscopy described in Ref. [22]. The
laser-cavity lock for both cooling and readout lasers is
performed every few minutes, multiplexed in time between
measurements of the phonon occupancy. With the readout
laser set to a detuning ! ¼ !m from the readout cavity, a
Lorentzian spectrum with linewidth !þ and integrated area
Iþ is measured in the readout laser photocurrent PSD, from
which a mode occupancy of hniþ is inferred from a careful
calibration of the optomechanical cavity and photodetec-
tion system parameters [13]. Similarly, by placing the
readout laser at ! ¼ #!m we obtain spectra with line-
width !# and integrated area I# / hni# þ 1, from which
we estimate hni#.

Figure 4(a) plots the readout cooperativityCr, calculated
from the measured !$, versus the mechanical damping
rate "! ¼ ð!þ þ !#Þ=2. The ratios " ' !#=!þ and
hniþ=hni# are plotted in Fig. 4(b). From hni$, the laser

cooled phonon occupation number, hnic, is calculated and
plotted in Fig. 4(c) versus "!. As expected, hnic drops
approximately linearly with "!, reaching a minimum value
of approximately 2:6$ 0:2 phonons. Further cooling be-
low a single phonon has been achieved in similar devices
[13]; however, in this case cooling is limited by the avail-
able power of the 1400 nm cooling laser. Also evident in
Fig. 4(c), at the higher cooling powers, is an increased
scatter and deviation of hnic from the ideal cooling curve
(dashed curve). This can be attributed to optical absorption
in the silicon nanobeam [13], which in this case produces a
power-dependent variation in nb and !i due to both the
readout and cooling laser beams.
In Fig. 4(d), the measured values of the expression#0 are

plotted versus the calibrated value of hnic. Also plotted are
the classical and quantum values of this expression, 0 and
1=hnic, respectively. A clear divergence from the classical
result of #0 ¼ 0 is apparent, agreeing with the deviation
due to zero-point fluctuations of the mechanical oscillator.
This deviation is directly apparent in the measured
spectra, shown for hnic ¼ 85, 6.3, and 3.2 phonons in
Fig. 4(e)–4(g), with the shaded region corresponding to
the noise power contribution due to zero-point motion. At

FIG. 4 (color). (a) Plot of the cooperativity of the readout beam as a function of damped mechanical linewidth. (b) Plot of the
measured ratios !#=!þ (blue () and hniþ=hni# (pink (). (c) Plot of the mechanical mode phonon occupancy, hnic, as a function of
the optically damped mechanical linewidth, "!. The dashed line is the predicted phonon number !inb= "! from an ideal backaction
cooling model. Vertical error bars in (b) and (c) indicate uncertainty in the calibrated phonon occupancy due to uncertainty in the
system parameters and a 95% confidence interval on the Lorentzian fits to spectra. (d) Plot of the asymmetry (#0) in the measured
Stokes and anti-Stokes sidebands of the readout laser for each calibrated measurement of hnic. The horizontal error bars arise from a
2% uncertainty in the transmitted readout laser beam power between detunings ! ¼ $!m, and a 95% confidence interval in the
Lorentzian fits to the measured spectra. The vertical error bars in hnic are the same as in (c). The classical (blue curve) and quantum
mechanical (pink curve) relations for the sideband asymmetry are also plotted. (e)–(g) Plot of the measured Stokes (red curve) and
anti-Stokes (blue curve) readout beam spectra for (from top to bottom) hnic ¼ 85, 6.3, and 3.2 phonons. For clarity, we have divided
out the readout backaction from each spectra by multiplying the measured spectra at detunings ! ¼ $!m by !$. Additionally, we
have plotted the horizontal axis in units of !, and rescaled the vertical axis for different hnic to keep the areas directly comparable. The
difference in the Stokes and anti-Stokes spectra, which arises due to the quantum zero-point fluctuation of the mechanical system, is
shown as a shaded region.
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In the resolved-sideband limit, where vm/k. 1, driving the system
with a laser (frequency, vl) tuned to the red side of the optical cavity
(detuning, D;vo2vl5vm), creates an optically induced damp-
ing, cOM, of the mechanical resonance25. In the weak-coupling
regime (cOM=k), the optical back-action damping is given by
cOM5 4g2nc/k, where nc is the average number of drive-laser photons
stored in the cavity and g is the optomechanical coupling rate between
the mechanical and optical modes. This coupling rate, g, is quantified
as the shift in the optical resonance for an amplitude ofmotion equal to

the zero-point fluctuation amplitude (xzpf~(B=2mvm)
1=2, wherem is

the motional mass of the localized acoustic mode and B is Planck’s
constant divided by 2p). The optomechanical damping, which is a
result of the preferential scattering of drive photons into the upper-
frequency sideband, also cools the mechanical mode. For a quantum-
limited drive laser, the phonon occupancy of the mechanical oscillator
can be reduced from nb~kBTb=Bvm?1 to !n~nb= 1zCð Þznmin,
where kB is Boltzmann’s constant and C; cOM/ci is the cooperativity.
The residual scattering of drive photons into the lower-frequency
sideband limits the cooled phonon occupancy to nmin5 (k/4vm)

2,
which is determined by the level of sideband resolution25.
The drive laser, in addition to providing mechanical damping and

cooling, can be used to measure the mechanical and optical properties
of the system through a series of calibratedmeasurements. In a first set
of measurements, we use the noise power spectral density (PSD) of
the drive laser transmitted through the optomechanical cavity to
perform spectroscopy of the mechanical mode. As shown in Sup-
plementary Information, the noise PSD of the photocurrent generated
by the transmitted field of the drive laser with red-sideband detun-
ing (D5vm) yields a Lorentzian component of the single-sided
PSD proportional to Sb vð Þ~!nc

!
v{vmð Þ2z c=2ð Þ2

" #
, where

c5 ci1 cOM5 ci(11C) is the total mechanical damping rate. For a
blue laser detuning of D52vm, the optically induced damping is
negative (cOM524g2nc/k) and the photocurrent noise PSD is pro-
portional to Sb{ vð Þ~ !nz1ð Þc

!
v{vmð Þ2z c=2ð Þ2

" #
. Typical mea-

sured noise power spectra under low-power laser drive (nc5 1.4,
C5 0.27), for both red detuning and blue detuning, are shown in
Fig. 3a. Even at these small drive powers, the effects of back-action
on the measured spectra are evident, with the red-detuned drive
broadening the mechanical line and the blue-detuned drive narrowing
the line. The noise floor in Fig. 3a (shaded in grey) corresponds to the
noise generated by the EDFA used to pre-amplify the transmitted
drive-laser signal before photodetection, and is several orders of mag-
nitude greater than the electronic noise of the photoreceiver and the
real-time spectrum analyser.
Calibration of the EDFA gain, along with the photoreceiver and

real-time spectrum analyser photodetection gain, makes it possible
to convert the measured area under the photocurrent noise PSD into
a mechanical mode phonon occupancy. As described in detail in
Supplementary Information, we perform these calibrations, alongwith
measurements of low-drive-power (C= 1), radio-frequency spectra of
both detunings (D56vm), to provide accurate, local thermometry of
the optomechanical cavity. An example of this formof calibratedmode
thermometry is shown in Fig. 3b, where we plot the opticallymeasured
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Figure 2 | Experimental set-up. A single, tunable, 1,550-nm diode laser is
used as the cooling andmechanical transduction beam sent into the nanobeam
optomechanical resonator cavity held in a continuous-flow helium cryostat. A
wavemetre (WM) is used to track and lock the laser frequency, and a variable
optical attenuator (VOA) is used to set the laser power. The transmitted signal
is amplified by an erbium-doped fibre amplifier (EDFA) and detected on a
high-speed photodetector (D2) connected to a real-time spectrum analyser
(RSA), where the mechanical noise power spectrum is measured. A slowly
modulated probe signal used for optical spectroscopy and calibration is
generated from the cooling laser beam using an amplitude electro-optic
modulator (EOM) driven by a microwave source (RFSG). The reflected
component of this signal is separated from the input by an optical circulator
(CIRC), sent to a photodetector (D1) and then demodulated using a lock-in
amplifier (LIA). Paddle-wheel fibre polarization controllers (FPCs) are used to
set the laser polarization at the input to the EOM and the input to the
optomechanical cavity. For more detail, see Supplementary Information.
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Figure 1 | Optomechanical resonator with phononic shield. a, Scanning
electron microscope (SEM) image of the patterned silicon nanobeam and the
external phononic bandgap shield. b, Enlarged SEM image of the central cavity
region of the nanobeam. c, Top: normalized electric field (colour scale) of the
localized optical resonance of the nanobeam cavity, simulated using the finite-
element method (FEM). Bottom: FEM simulation of the normalized
displacement field of the acoustic resonance (breathing mode), which is
coupled by radiation pressure to the co-localized optical resonance. The

displacement field is indicated by the exaggerated deformation of the structure,
with the relative magnitude of the local displacement (strain) indicated by the
colour. d, SEM image of the interface between the nanobeam and the phononic
bandgap shield. e, FEM simulation of the normalized squared displacement
field amplitude of the localized acoustic resonance at the nanobeam–shield
interface, indicating the strong suppression of acoustic radiation provided by
the phononic bandgap shield. The colour scale represents log[x2/max(x2)],
where x is the displacement field amplitude.
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3Institute for Quantum Optics and Quantum Information of the Austrian Academy of Sciences, Innsbruck, Austria
4Institut für Theoretische Physik, Universität Innsbruck, A-6020 Innsbruck, Austria

(Received 29 June 2003; published 20 February 2004)
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technique is based on resonant laser excitation of a phonon sideband of an embedded quantum dot. The
strength of the sideband coupling is determined directly by the difference between the electron-phonon
couplings of the initial and final states of the quantum dot optical transition. Possible applications of
this scheme include generation of nonclassical states of mechanical motion.
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Nanoscale semiconductor structures can support sharp
mechanical resonances with very high quality factors and
frequencies approaching 1 GHz [1]. In quantum optics
the development of high-Q resonators for optical and
microwave photons, and trapping of atoms in conservative
harmonic trapping potentials, have sparked theoretical
proposals and fundamental experiments demonstrating
nonclassical states of photons and phonons [2]. This is
of interest not only for potential applications, e.g., in high
precision measurements beyond the standard quantum
limit, but also in view of the connection with controlled
generation of entangled states and the field of quantum
information. Given the experimental progress, one might
envision a similar development in nanomechanical sys-
tems (NMS) [3]. However, a necessary prerequisite for
quantum state engineering is the cooling of the harmonic
oscillator representing the NMS to its vibrational ground
state. At present, thermal occupancies of these mechani-
cal resonator modes are well above unity, even when they
are cooled to sub-Kelvin temperatures. Here we propose
and analyze a technique to realize laser cooling of a
nanomechanical resonator mode to its motional ground
state by coupling to a laser driven quantum dot (QD).

We consider a semiconductor beam structure (Fig. 1)
which supports a high-Q mode of frequency !0. Cooling
of the mode is achieved by coupling to a laser driven,
radiatively damped, self-assembled QD embedded in the
beam [4]. At low temperatures, and for near resonant ex-
citation the QD can be modeled as a two-level system,
consisting of the empty dot state jgi and the fundamental
exciton state jei. Spontaneous emission will allow the
excited QD to relax to the ground state with the rate !. For
a ‘‘red’’ detuning of the laser from the resonance, !!
!L"!eg#"!0, with !L and !eg denoting the laser and
the QD resonance frequencies, we ensure that the excita-
tion will be accompanied by absorption of a phonon in
addition to the laser photon. Denoting by jni the num-
ber states of the high-Q mode, this corresponds to the
process jgijni ! jeijn" 1i. On the other hand, the ensu-
ing spontaneous decay will be dominated by jeijn" 1i !

jgijn" 1i. Thus, cycling through a series of absorption-
emission events will cool the oscillator mode. Ground-
state cooling requires that the linewidth ! of the QD
optical transition [5] be much less than !0.

Cooling of trapped ions to their motional ground state
by resonant excitation of a ‘‘phonon sideband’’ has al-
ready been observed [2]. For ions, photon recoil is re-
sponsible for coupling of the laser absorption to the ion
motion, and determines the time scale of cooling. The
relevant coupling strength is given by the Lamb-Dicke
parameter, "LD #

!!!!!!!!!!!!

!R=#
p

, determined by the ratio of the
recoil frequency !R # "hk2=2M to the trap frequency #,
with k the wave vector of the optical transition and M
the ion mass. For a large object as our beam, this cou-
pling is negligible. Thus, unlike the case of trapped ions
[2] and in marked contrast to optomechanical cooling
schemes [7], the photon recoil plays no role in the laser

L

b

FIG. 1. Top: Schematic diagram of a GaAs bridge of length L,
width b and thickness d (see s), with an embedded InAs quan-
tum dot (D); W denotes the wetting layer. Bottom: Vertical cross
sections through the axis of the bridge illustrating the defor-
mations suffered by the QD, when the beam is bent slightly in
the vertical direction (x). r and t correspond, respectively, to
positive and negative deflection, and s shows the equilibrium
configuration. Each volume element parallel to the axis under-
goes a simple extension or compression.
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of the mode is achieved by coupling to a laser driven,
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!L"!eg#"!0, with !L and !eg denoting the laser and
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tion will be accompanied by absorption of a phonon in
addition to the laser photon. Denoting by jni the num-
ber states of the high-Q mode, this corresponds to the
process jgijni ! jeijn" 1i. On the other hand, the ensu-
ing spontaneous decay will be dominated by jeijn" 1i !

jgijn" 1i. Thus, cycling through a series of absorption-
emission events will cool the oscillator mode. Ground-
state cooling requires that the linewidth ! of the QD
optical transition [5] be much less than !0.

Cooling of trapped ions to their motional ground state
by resonant excitation of a ‘‘phonon sideband’’ has al-
ready been observed [2]. For ions, photon recoil is re-
sponsible for coupling of the laser absorption to the ion
motion, and determines the time scale of cooling. The
relevant coupling strength is given by the Lamb-Dicke
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An intriguing idea:  Coupling of a mesoscopic mechanical mode to an embedded quantum dot

Hsys ! !h!0b
y
0b0 " !h

!
2
"z # !h

"
2
$"#By # H:c:%; (4)

where B ! exp#$b0 " by0 %, " is the Rabi frequency of the
laser, and we have used Pauli matrix notation jeihej !
1=2$1# "z%, jeihgj ! "#. On the other hand, we collect
both the background modes and the radiation field re-
sponsible for spontaneous emission in the bath Hamil-
tonian — i.e., HB ! P

q !h!qb
y
qbq #

P

k !h$!k "!L%ayk ak.
Finally, the system bath interaction is

Hint !
X

k

gk"#Byak #
X

q

$qb
y
0bq # H:c:; (5)

where ak are the annihilation operators of the radiation
field modes and gk their couplings to the QD. To derive
Eq. (5) we have applied the rotating-wave approximation
to the interaction term in Hph, which is justified given that
1=Q & 1 implies the couplings $q are weak [11].

Applying the Born-Markov approximation to elimi-
nate the bath we derive a master equation for the resona-
tor mode-QD system

_%%!" i
!h
'Hsys;%(#

#
2
$2""B%By"#"%"#""""#""%%

#!0
n$!0%
2Q

$2by0%b0"b0b
y
0%"%b0b

y
0 %

#!0
n$!0%#1

2Q
$2b0%by0 "by0b0%"%by0b0% : (6)

In the first term of Eq. (6) we have redefined !0 to include
a background induced frequency shift. The third and
fourth terms result from the heating and cooling of the
resonator mode with quality factor Q, by the heat bath of
background modes at temperature T — i.e., n$!0% ! 1=
$e !h!0=kBT " 1%. Finally, the second term in Eq. (6) de-
scribes the spontaneous emission of the QD in the pres-
ence of the QD-resonator mode interaction. In marked
contrast to the momentum shift operator that plays the
analogous role for a trapped ion (TI) [19], B does not
depend on the electromagnetic modes. This will give rise
to interference effects in the heating and cooling induced
by the scattering of laser light (see below).

Though the underlying physics is different, the role of
# is similar to the one played by the Lamb-Dicke (LD)
parameter in the laser cooling of TIs [2,19]. When #2

eff )
#2$hby0b0i# 1% & 1 the time scale for cooling of the
resonator is much slower than the QD dynamics and
thus the QD degrees of freedom can be adiabatically
eliminated to derive a rate equation for the resonator.
We focus on this LD regime since it is the one of interest
for ground-state cooling and is satisfied for realistic
structures at low enough T. In this regime, both cooling
and heating can take place via two paths, where the
modification of the motional state of the phonon mode
takes place in the laser absorption and spontaneous emis-
sion process, respectively (Fig. 2). In contrast to the TI

case, these two paths are indistinguishable for our struc-
ture and exhibit quantum interference.

We proceed to expand the exponentials B up to second
order in # and adiabatically eliminate the QD [19].
The damping of the resonator can be included using a
‘‘LD-large Q’’ approach in which 1=Q is treated on the
same footing as #2. The resulting rate equation is

_PPn !
!

#2A# #!0
n$!0%
Q

"!

nPn"1 " $n# 1%Pn

"

#
!

#2A" #!0
n$!0% # 1

Q

"!

$n# 1%Pn#1 " nPn

"

:

The first term corresponds to heating and the second one
to cooling. For both of these processes, there are contribu-
tions which involve the scattering of laser light given by

A* ! 2
X

&
Re

#
#

2
C#

$
"

2
Ry " #C

%

+ $,i!0I"L%"1

+
$
"
2

Ry " #C
%&

0&
h"&iSS:

We have used for the state space of the QD a basis
consisting of the Pauli matrices ("& with & > 0) and the
identity ("0), and defined: Ry

'&! 1
2TrQD$"&"y"'%, C'&!

1
2TrQD$"'"""&"#%, and L'&! 1

2TrQD$"'LQD"&%. Here
LQD and h"&iSS are the Liouvillian and steady state
expectation values corresponding to the optical Bloch
equations for the QD [19]. We focus on !< 0 for which
there is a net cooling rate #2W ) #2$A" " A#% > 0.

As we start from thermal equilibrium, initially the
number of phonons is given by ni ! n$!0%. When steady
state is reached, the final phonon number nf will be given
by nf ! $ni # #2QA#=!0%=$1# #2QW=!0%. Therefore
there is a threshold value of ni ! minfA#=Wgj";! below
which laser cooling does not work, and #2Q - 1 is
required to obtain appreciable cooling (Fig. 3). There
are two contributions to nf: the first one is proportional
to ni and the second one to A#. This leads to two regimes

FIG. 2. Level diagram of the QD coupled to the resonator for
perturbative ". The cooling (heating) cycle consists of the
excitation of the QD and subsequent spontaneous photon emis-
sion, and is denoted by solid (dashed) lines. The black (gray)
path corresponds to the case where phonon number is changed
during the laser absorption (spontaneous emission).
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depending on which contribution dominates the behavior
of nf. In the first ‘‘large ni-small !2Q’’ regime the domi-
nant heating mechanism is the finite Q value. In the
second ‘‘small ni-large !2Q’’ regime heating is domi-
nated by the scattering of laser light and the optimal
value of nf (~nnf) is given by ~nnf ’ !!=4!0"2. We find that
in both regimes !=!0 < 1 is a necessary condition for
ground-state cooling and ~nnf & ni=!2Q# !!=4!0"2.
Typical parameters we envisage are L $ 950 nm, d $
30 nm (which correspond to !0 % 1:2& 109 s'1 and ! %
0:06), b $ 85nm, xD $ d=4, zD $ 0, Q $ 3& 104, and
! $ 3& 108 s'1 [9]. These lead to ~nnf $ 0:1 for a sample
held at T $ 0:1 K.

We note that it is possible to realize an all optical
measurement of nf. The basic idea is to take two lasers,
a first one for cooling with the desired parameters, and a
second one for measuring with zero detuning (frequency
!M) and perturbative Rabi frequency (e.g., "M $ !=10).
While this second ‘‘probe’’ laser is always on, the first
‘‘cooling’’ laser interacts with the QD only during time
windows of duration tc (cooling) that alternate with mea-
surement windows of duration tm ( tc. As for realistic
parameters optimal cooling occurs at ")!0, when ana-
lyzing the cooling windows the probe laser can be
neglected. The experimentally measured quantities are
the photocounts N' (blue photons) and N# (red photons)
around frequencies !M #!0 and !M '!0, respectively,
during the time intervals when the cooling laser is off.
The cooling and heating rates satisfy A*!"" $ A+!'"".
Hence if we assume that there are no background photons,
it follows that hby0b0i $ N'=!N# ' N'".

In conclusion, we have shown the feasibility of ground-
state cooling of a resonator mode by coupling to a QD,
guided and motivated by the analogy between the meso-
scopic condensed-matter system of Fig. 1 and a trapped
ion [2,19]. The underlying interactions will also enable
quantum state engineering of nonclassical states of

motion, including generation and detection of a Fock
state and squeezed states of motion [20]. Our results
could apply to other systems with sharp vibrational reso-
nances and other two-level emitters such as localized
defects [21].
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FIG. 3. Optimal final number of phonons ~nnf vs initial number
ni (solid line) for !=!0 $ 1=4, !2Q $ 100. The optimum
results from searching for the laser parameters ("opt, "opt)
that minimize nf. There are three regimes (dotted lines):
(I) for ni - !!=4!0"2 laser addressing of the structure is not
useful (i.e., nf . ni), (II) for small ni [ni ( !2Q!!=4!0"2],
~nnf is constant and "opt % !0, "2

opt ( !2
0, (III) for large ni

[ni / !2Q!!=4!0"2] the optimum is proportional to ni with
the ratio ~nnf=ni bounded by 1=!2Q and "opt )!0, "opt )!0.
The dashed line corresponds to ni=!2Q# !!=4!0"2.
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•   “Photon recoil plays no role........Instead, here the coupling of the laser to the mechanical degrees of freedom is provided by the 
difference between the electron-phonon couplings of the ground state (g) and the excited state (e).”

•   Message to the experimentalists:  “We find that the resolved-sideband regime is a necessary condition for ground-state cooling.”

•   Experimental implementation:  Realization will be hard.  How to achieve the first steps in an experimental demonstration?
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Experimental Schematic (not to scale)
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Fig. 1. (a) SEM micrograph of the sample design: On both sides
of the structure one IDT is placed allowing SAW transmission
experiments. The mechanical resonator is placed in the center,
consisting of a GaAs beam of 4 !m length, width of 500 nm,
and height of 200 nm, covered by a 50 nm-thick Au layer. The
magnetic !eld is oriented perpendicular to the sample surface.
(b) SAW generation by IDTs: The applied AC voltage produces
stresses due to the inverse piezoe"ect, which generate an acoustic
beam at the resonance frequency f = vSAW!.

GaAs. Wavelengths ! of several !m are common, so
that via

f =
vSAW
!

(1)

frequencies in the MHz range are achieved. As both
the NEMS resonator and the SAW frequency are gov-
erned by the same elastic properties of the substrate,
the coincidence of their eigenfrequencies for given
length scales is not surprising. Moreover, on piezo-
electric materials, SAWs are easily excited by sim-
ple planar structures, the so-called interdigital trans-
ducers (IDT) (see Fig. 1). Hence, coupling of SAWs
to mechanical oscillations of our NEMS resonators
opens a possibility of excitation and detection of GHz
resonances.
Our beam resonators are prepared out of GaAs

heterostructures [4–6,3]. By subsequent steps of

electron-beam lithography, anisotropic dry-etching,
and selective wet under-etching a freely suspended
beam covered by a 50 nm-thick Au layer is created
as shown in Fig. 1(a). On each side of the resonator a
comb-like IDT is placed, generating a SAW by con-
verting an AC voltage of the right frequency into a
strain and stress !eld close to the crystal surface. The
resonance condition for the coherent generation of a
SAW is given by Eq. (1). The SAW wavelength ! is
only determined by the !nger separation of the IDT,
as shown in Fig. 1(b).
To characterize the beam resonators in the !rst

place, they are driven by Lorentz force (magneto-
motive excitation) as mentioned above. It has to be
noted that in all experiments, the magnetic !eld was
oriented parallel to the sample surface yet perpendic-
ular to the beam, so that modes with an out of plane
displacement are excited.
The resonances of the beam can be observed in two

di"erent ways. Conventionally, the displacement of
the oscillating motion is observed by monitoring the
amplitude-dependent impedance of the resonator. For
this purpose, a specially equipped network analyzer is
used which scans the re#ected power over the range of
interest (see Fig. 2(a)). The shift of the resonance fre-
quency with increasing magnetic !eld is assigned to
nonlinear elastic e"ects due to a stronger driving force.
Due to the shape of the excited mode, a double-peak
structure of the resonance can be observed. In another
set of experiments, the beam displacement can directly
be detected via the aforementioned side gates. A dis-
placement of the beam results in a change of the ca-
pacitance between the side gate and the beam itself.
We have shown that this detection method is more
sensitive compared to the !rst one [7]. The form of
the resonance peak is in both cases Lorentzian:

A(!) =
1

√

(!20 − !2)2 + 4"2!2
; (2)

where A is the amplitude of the oscillation, " the damp-
ing constant, !0 the eigenfrequency of the beam, and
! the frequency. When evaluating the induced voltage
in the conducting layer due to motion in a magnetic
!eld, it is found that Vind " A(!). In order to derive an
analog dependence for the capacitive detection it is ad-
vantageous to use an expansion to the second order of
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Surface Acoustic Waves:  On-Chip Generation using Microfabricated Transducers

Device Schematic

Device Equivalent Circuit

•   Devices are lithographically-defined on the surface of the GaAs capping layer using 
electron-beam lithography and metal deposition.

•   Device is capacitive at low frequencies.  At radio frequencies, electromechanical resonance is possible 
such that electrical energy input can be converted to a propagating acoustic wave in the substrate.

•           wavelength of surface acoustic wave is determined by the period of the patterned device.

•   Frequency and wavelength are simply related through the sound velocity of GaAs:  
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Figure 1. (a) Acoustic dispersion of bulk longitudinal modes (LA, - - - -), bulk transversal modes
(TA, · · · · · ·) and surface modes (SAW, ——) for wave vectors along the [100] and [110] directions
of a (001) GaAs crystal. x̂, ŷ and ẑ are defined in a way that x̂ is parallel to the propagation direction
of the wave and ẑ is normal to the surface. (b) Depth dependence of the vertical displacement (uz)
along x̂‖[110] calculated for a Rayleigh surface acoustic wave propagating on a (001) GaAs crystal.
The calculations were carried out for a surface acoustic wave with wavelength λSAW = 5.6 µm
and an acoustic linear power density P" = 200 W m−1.

and transverse (TA) acoustic modes. The dispersion of the modes for #q along the [100] and
[110] crystallographic directions of a GaAs (001) surface are indicated in figure 1. Throughout
this paper, we will use a reference coordinate system defined by the unit vectors x̂, ŷ and ẑ,
where x̂ is parallel to the propagation direction of the acoustic wave and ẑ is perpendicular to
the surface. The medium supporting the acoustic wave will be assumed to fill the half-space
z < zsurf .

If a surface acoustic wave propagates in a medium composed of layers parallel to the
surface, the continuity of the strain and electrical displacement fields impose the following
boundary conditions on the field component across the interface (assumed to be at z = zint)

σiz(z
+
int) = σiz(z

−
int), i = x, y, z,

Dz(z
+
int) = Dz(z

−
int).

(3)

These equations also apply for the surface (i.e. for the case where the upper layer corresponds
to the vacuum) if one takes into account that σiz(zsurf)

− = 0.
Surface elastic modes correspond to solutions of equations (1) and (2) that are localized

near the surface (i.e. with amplitude decaying to zero as |z| → ∞) and, simultaneously, fulfill
the previous boundary conditions (3). These solutions are usually obtained by combining two
or three bulk modes with an amplitude decaying towards the bulk. There are different kinds
of surface modes, which have been discussed in an extensive literature [29–32]. Of particular
importance are the Rayleigh surface acoustic waves, which consist of the superposition of an
longitudinal acoustic mode with the TAz polarized perpendicular to the surface, leading to a
displacement field #u with components #u = (ux, 0, uz)

T. The dispersion of Rayleigh surface
acoustic waves along the [100] and [110] directions of the (001) GaAs surface (solid lines)
is compared with the one for bulk modes in figure 1(a). The Rayleigh surface acoustic wave
propagating along the [100] direction is the lowest energy acoustic excitation for any given
wave vector #q. This mode does not carry a piezoelectric component and, as will be discussed
in detail later, cannot be generated electrically using interdigital transducers. The Rayleigh
mode along [110], in contrast, is piezoelectric and lies energetically above the transverse bulk
mode TAy . Due to the different symmetries, the Rayleigh surface acoustic wave and the TAy

SAW Dispersion Relation

•   For the device used in this work                               corresponding to 

•   Characteristic decay length (penetration depth) is given approximately by (λs / π)

λs ≡

νsλs = ωs/ks = VGaAs

λs = 2.9 (µm) νs = 1.05 (GHz)



 05 / 10 / 2012 Center for Quantum Information and Control (CQuIC) Seminar

Experimental Apparatus:  4K Pulse-Tube Cryostat
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Experimental Apparatus:  Views of Cryostat, Microscope Housing, and Sample Package
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Non-Resonant Photoluminescence Spectroscopy

optical fiber

cryostat

surface is proportional to the square root of the applied rf
power and is measured using a Michelson interferometer at
room temperature. The displacement, ~u, and strain, "ij ¼
ð@iuj þ @juiÞ=2, i, j 2 fx; y; zg, can then be calculated at
any depth within the sample. As an example, the ampli-
tudes of the inferred strains are plotted in Fig. 2 as a
function of depth z for a surface displacement of 1 pm
and a frequency of 1 GHz.

The sample is incorporated inside a homemade cryo-
genic microscope designed to allow for both photolumi-
nescence (PL) and resonant excitation spectroscopy at a
sample temperature of 3 K. QD fluorescence is collected
by means of a fiber-coupled objective that can be scanned
over the sample surface. For PL, light from a laser with
photon energy greater than the GaAs band gap is injected
into the collection optics in order to nonresonantly excite
the QDs. Alternatively, resonant excitation is performed by
means of an optical fiber aligned to the edge of the cleaved
chip [Fig. 1(b)], injecting quasimonochromatic laser
(cavity-stabilized Ti:sapphire, linewidth <1 MHz) light
into a waveguide mode of the DBR cavity [17]. This
guided mode inhibits the scattering of laser light into our
collection optics. The resonant QD transition is driven by
light in this mode, but its emission couples to a transverse
Fabry-Perot (FP) mode of the planar cavity [13]. This light
is then collected very efficiently perpendicular to the
sample, without scattered resonant pump light. The fluo-
rescence is analyzed by a homemade FP cavity (linewidth
250 MHz), whose length is scanned at a rate of 16 Hz. This
is followed by a grating spectrometer to suppress trans-
mission of all FP orders but one [18]. The spectrally
filtered fluorescence is detected by means of a single-
photon counting module, and photon arrival events are
correlated to the FP scan.

Initially, individual QDs are located and studied by
means of photoluminescence (Fig. 3). Once a QD with a

bright and narrow (linewidth approximately 1 GHz) emis-
sion spectrum is located, the IDTs are driven at a frequency
of !s=2! ¼ "s ¼ 1:05 GHz, and the Lorentzian emission
spectrum acquires sidebands spaced at the SAW frequency,
"s, as shown in Fig. 3(a). As the rf power is increased, the
central feature in the emission spectrum is depleted, and
sidebands of higher order are generated.
To understand this behavior, we model the QD as a two-

level system with electric dipole operator d̂ ¼ d#x, and
dynamics governed by the Hamiltonian

H ¼ @
2
½!0 þ $!s sinð!stÞ&#z; (1)

and relaxation terms that cause the off-diagonal elements
of the density matrix % to decay at a rate &. Here the #i are
Pauli spin matrices, and the modulation index $ is a
dimensionless parameter expressing the frequency shift
induced by the SAW on the two-level system resonance
frequency !0 in units of !s. The fluorescence is propor-

tional to the expectation value h ^dðtÞi ¼ Tr½%ðtÞd̂&. Solving
for the time evolution of the density matrix for weak
incoherent excitation in the limit !s ' 2&, the power
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FIG. 2 (color online). Amplitude of the SAW nonvanishing
strains vs depth for a surface displacement of 1 pm at a
frequency of 1 GHz. "xx (solid red line) and "zz (dash-dotted
green line) are proportional to sinðkx(!stÞ, while "xz (dashed
blue line) is proportional to cosðkx(!stÞ. Here k ¼ 2!='s and
!s ¼ 2!"s. The black arrow corresponds to the sample parame-
ters described in this Letter: a SAWwavelength of 's ¼ 2!=k ¼
2:9 (m and a QD depth of z ¼ 1:5 (m.
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FIG. 3 (color online). (a) QD fluorescence spectra at 921.5 nm
with no SAW excitation (blue circles), and SAW excitation
characterized by QD displacements juzj ¼ 1:2 pm (green
squares), and juzj ¼ 2:0 pm (red triangles). Lines are fits to
Eq. (2) to extract the modulation index $. Each FP spectrum
is measured in 300 seconds. (b) Modulation index vs juzj;
d$=djuzj ) 3* 1012 m(1. (c) Peak intensities of the central
QD peak (blue circles) and first- and second-order sidebands
(green squares, red triangles) vs QD displacement juzj. Lines are
prediction of Eq. (2).

PRL 105, 037401 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
16 JULY 2010

037401-2

λ0 = 921.5 (nm)

ω0/2π = ν0 = 325.6 (THz)

FWHM = 1 (GHz)

2

-1.5x10
-6

-1.0

-0.5

0.0

0.5

S
tr
a
in

6420
kz

FIG. 2: (Color online) Amplitude of the SAW nonvanishing

strains vs depth for a surface displacement of 1 pm at a fre-

quency of 1 GHz. εxx (solid red) and εzz (dot-dash green) are

proportional to sin(kx−ωst), while εxz (dash blue) is propor-

tional to cos(kx− ωst). Here k = 2π/λs and ωs = 2πνs. The

black arrow corresponds to the sample parameters described

in this paper: a SAW wavelength of λs = 2π/k = 2.9 µm and

a QD depth of z = 1.5 µm.

an example, the amplitudes of the inferred strains are
plotted in Fig. 2 as a function of depth z for a surface
displacement of 1 pm and a frequency of 1 GHz.

The sample is incorporated inside a homemade cryo-
genic microscope designed to allow for both photolumi-
nescence (PL) and resonant excitation spectroscopy at a
sample temperature of 3 K. QD fluorescence is collected
by means of a fiber-coupled objective that can be scanned
over the sample surface. For PL, light from a laser with
photon energy greater than the GaAs band gap is in-
jected into the collection optics in order to nonresonantly
excite the QDs. Alternatively, resonant excitation is per-
formed by means of an optical fiber aligned to the edge
of the cleaved chip (Fig. 1b), injecting quasimonochro-
matic laser (cavity-stabilized Ti:Sa, linewidth < 1 MHz)
light into a waveguide mode of the DBR cavity [17]. This
guided mode inhibits the scattering of laser light into our
collection optics. The resonant QD transition is driven
by light in this mode, but its emission couples to a trans-
verse FP mode of the planar cavity [13]. This light is
then collected very efficiently perpendicular to the sam-
ple, without scattered resonant pump light. The fluo-
rescence is analyzed by a homemade Fabry-Perot (FP)
cavity (linewidth 250 MHz), whose length is scanned at
a rate of 16 Hz. This is followed by a grating spectrome-
ter to suppress transmission of all FP orders but one [18].
The spectrally filtered fluorescence is detected by means
of a single-photon counting module, and photon arrival
events are correlated to the FP scan.

Initially, individual QDs are located and studied by
means of photoluminescence (Fig. 3). Once a QD with
a bright and narrow (linewidth approximately 1 GHz)
emission spectrum is located, the IDTs are driven at a
frequency of ωs/2π = νs = 1.05 GHz, and the Lorentzian
emission spectrum acquires sidebands spaced at the SAW
frequency, νs, as shown in Fig. 3a. As the rf power is
increased, the central feature in the emission spectrum is
depleted, and sidebands of higher order are generated.

To understand this behavior, we model the QD as a
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FIG. 3: (Color online) (a) QD fluorescence spectra at

921.5 nm with no SAW excitation (blue circles), and SAW

excitation characterized by QD displacements |uz| = 1.2 pm

(green squares), and |uz| = 2.0 pm (red triangles). Lines are

fits to equation (2) to extract the modulation index χ. Each

FP spectrum is measured in 300 seconds. (b) Modulation in-

dex vs |uz|; dχ/d|uz| ≈ 3× 10
12

m
−1

. (c) Peak intensities of

the central QD peak (blue circles) and first- and second-order

sidebands (green squares, red triangles) vs QD displacement

|uz|. Lines are prediction of equation (2).

two-level system (TLS) with electric dipole operator d̂ =
dσx, and dynamics governed by the Hamiltonian

H =
�
2

(ω0 + χωs sin(ωst))σz (1)

and relaxation terms that cause the off-diagonal elements
of the density matrix ρ to decay at a rate γ. Here the σi

are Pauli spin matrices, and the modulation index χ is
a dimensionless parameter expressing the frequency shift
induced by the SAW on the TLS resonance frequency ω0

in units of ωs. The fluorescence is proportional to the
expectation value � ˆd(t)� = Tr

�
ρ(t) d̂

�
. Solving for the

time evolution of the density matrix for weak incoherent
excitation in the limit ωs >> 2γ, the power spectrum
of the fluorescence is found to be proportional to P [ω],
where

P [ω] =
∞�

n=−∞

J
2
n(χ)

γ2 + (ω − (ω0 − nωs))2
(2)

is a sum of Lorentzians with FWHM 2γ weighted by
squares of Bessel functions, J

2
n(χ), with maxima at fre-

quencies ωn = ω0 − nωs, where n is an integer. In the
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FIG. 2: (Color online) Amplitude of the SAW nonvanishing

strains vs depth for a surface displacement of 1 pm at a fre-

quency of 1 GHz. εxx (solid red) and εzz (dot-dash green) are

proportional to sin(kx−ωst), while εxz (dash blue) is propor-

tional to cos(kx− ωst). Here k = 2π/λs and ωs = 2πνs. The

black arrow corresponds to the sample parameters described

in this paper: a SAW wavelength of λs = 2π/k = 2.9 µm and

a QD depth of z = 1.5 µm.

an example, the amplitudes of the inferred strains are
plotted in Fig. 2 as a function of depth z for a surface
displacement of 1 pm and a frequency of 1 GHz.

The sample is incorporated inside a homemade cryo-
genic microscope designed to allow for both photolumi-
nescence (PL) and resonant excitation spectroscopy at a
sample temperature of 3 K. QD fluorescence is collected
by means of a fiber-coupled objective that can be scanned
over the sample surface. For PL, light from a laser with
photon energy greater than the GaAs band gap is in-
jected into the collection optics in order to nonresonantly
excite the QDs. Alternatively, resonant excitation is per-
formed by means of an optical fiber aligned to the edge
of the cleaved chip (Fig. 1b), injecting quasimonochro-
matic laser (cavity-stabilized Ti:Sa, linewidth < 1 MHz)
light into a waveguide mode of the DBR cavity [17]. This
guided mode inhibits the scattering of laser light into our
collection optics. The resonant QD transition is driven
by light in this mode, but its emission couples to a trans-
verse FP mode of the planar cavity [13]. This light is
then collected very efficiently perpendicular to the sam-
ple, without scattered resonant pump light. The fluo-
rescence is analyzed by a homemade Fabry-Perot (FP)
cavity (linewidth 250 MHz), whose length is scanned at
a rate of 16 Hz. This is followed by a grating spectrome-
ter to suppress transmission of all FP orders but one [18].
The spectrally filtered fluorescence is detected by means
of a single-photon counting module, and photon arrival
events are correlated to the FP scan.

Initially, individual QDs are located and studied by
means of photoluminescence (Fig. 3). Once a QD with
a bright and narrow (linewidth approximately 1 GHz)
emission spectrum is located, the IDTs are driven at a
frequency of ωs/2π = νs = 1.05 GHz, and the Lorentzian
emission spectrum acquires sidebands spaced at the SAW
frequency, νs, as shown in Fig. 3a. As the rf power is
increased, the central feature in the emission spectrum is
depleted, and sidebands of higher order are generated.

To understand this behavior, we model the QD as a
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FIG. 3: (Color online) (a) QD fluorescence spectra at

921.5 nm with no SAW excitation (blue circles), and SAW

excitation characterized by QD displacements |uz| = 1.2 pm

(green squares), and |uz| = 2.0 pm (red triangles). Lines are

fits to equation (2) to extract the modulation index χ. Each

FP spectrum is measured in 300 seconds. (b) Modulation in-

dex vs |uz|; dχ/d|uz| ≈ 3× 10
12

m
−1

. (c) Peak intensities of

the central QD peak (blue circles) and first- and second-order

sidebands (green squares, red triangles) vs QD displacement

|uz|. Lines are prediction of equation (2).

two-level system (TLS) with electric dipole operator d̂ =
dσx, and dynamics governed by the Hamiltonian

H =
�
2

(ω0 + χωs sin(ωst))σz (1)

and relaxation terms that cause the off-diagonal elements
of the density matrix ρ to decay at a rate γ. Here the σi

are Pauli spin matrices, and the modulation index χ is
a dimensionless parameter expressing the frequency shift
induced by the SAW on the TLS resonance frequency ω0

in units of ωs. The fluorescence is proportional to the
expectation value � ˆd(t)� = Tr

�
ρ(t) d̂

�
. Solving for the

time evolution of the density matrix for weak incoherent
excitation in the limit ωs >> 2γ, the power spectrum
of the fluorescence is found to be proportional to P [ω],
where

P [ω] =
∞�

n=−∞

J
2
n(χ)

γ2 + (ω − (ω0 − nωs))2
(2)

is a sum of Lorentzians with FWHM 2γ weighted by
squares of Bessel functions, J

2
n(χ), with maxima at fre-

quencies ωn = ω0 − nωs, where n is an integer. In the

QD as Two-Level System with Hamiltonian

leading to fluorescence Power Spectrum

(νs ≡ νsaw)

ωs/2π = νs = 1.05 (GHz)

pump laser
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Resonant Spectroscopy:  Resolved Sideband Regime
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FIG. 2: (Color online) Amplitude of the SAW nonvanishing

strains vs depth for a surface displacement of 1 pm at a fre-

quency of 1 GHz. εxx (solid red) and εzz (dot-dash green) are

proportional to sin(kx−ωst), while εxz (dash blue) is propor-

tional to cos(kx− ωst). Here k = 2π/λs and ωs = 2πνs. The

black arrow corresponds to the sample parameters described

in this paper: a SAW wavelength of λs = 2π/k = 2.9 µm and

a QD depth of z = 1.5 µm.

an example, the amplitudes of the inferred strains are
plotted in Fig. 2 as a function of depth z for a surface
displacement of 1 pm and a frequency of 1 GHz.

The sample is incorporated inside a homemade cryo-
genic microscope designed to allow for both photolumi-
nescence (PL) and resonant excitation spectroscopy at a
sample temperature of 3 K. QD fluorescence is collected
by means of a fiber-coupled objective that can be scanned
over the sample surface. For PL, light from a laser with
photon energy greater than the GaAs band gap is in-
jected into the collection optics in order to nonresonantly
excite the QDs. Alternatively, resonant excitation is per-
formed by means of an optical fiber aligned to the edge
of the cleaved chip (Fig. 1b), injecting quasimonochro-
matic laser (cavity-stabilized Ti:Sa, linewidth < 1 MHz)
light into a waveguide mode of the DBR cavity [17]. This
guided mode inhibits the scattering of laser light into our
collection optics. The resonant QD transition is driven
by light in this mode, but its emission couples to a trans-
verse FP mode of the planar cavity [13]. This light is
then collected very efficiently perpendicular to the sam-
ple, without scattered resonant pump light. The fluo-
rescence is analyzed by a homemade Fabry-Perot (FP)
cavity (linewidth 250 MHz), whose length is scanned at
a rate of 16 Hz. This is followed by a grating spectrome-
ter to suppress transmission of all FP orders but one [18].
The spectrally filtered fluorescence is detected by means
of a single-photon counting module, and photon arrival
events are correlated to the FP scan.

Initially, individual QDs are located and studied by
means of photoluminescence (Fig. 3). Once a QD with
a bright and narrow (linewidth approximately 1 GHz)
emission spectrum is located, the IDTs are driven at a
frequency of ωs/2π = νs = 1.05 GHz, and the Lorentzian
emission spectrum acquires sidebands spaced at the SAW
frequency, νs, as shown in Fig. 3a. As the rf power is
increased, the central feature in the emission spectrum is
depleted, and sidebands of higher order are generated.

To understand this behavior, we model the QD as a
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FIG. 3: (Color online) (a) QD fluorescence spectra at

921.5 nm with no SAW excitation (blue circles), and SAW

excitation characterized by QD displacements |uz| = 1.2 pm

(green squares), and |uz| = 2.0 pm (red triangles). Lines are

fits to equation (2) to extract the modulation index χ. Each

FP spectrum is measured in 300 seconds. (b) Modulation in-

dex vs |uz|; dχ/d|uz| ≈ 3× 10
12

m
−1

. (c) Peak intensities of

the central QD peak (blue circles) and first- and second-order

sidebands (green squares, red triangles) vs QD displacement

|uz|. Lines are prediction of equation (2).

two-level system (TLS) with electric dipole operator d̂ =
dσx, and dynamics governed by the Hamiltonian

H =
�
2

(ω0 + χωs sin(ωst))σz (1)

and relaxation terms that cause the off-diagonal elements
of the density matrix ρ to decay at a rate γ. Here the σi

are Pauli spin matrices, and the modulation index χ is
a dimensionless parameter expressing the frequency shift
induced by the SAW on the TLS resonance frequency ω0

in units of ωs. The fluorescence is proportional to the
expectation value � ˆd(t)� = Tr

�
ρ(t) d̂

�
. Solving for the

time evolution of the density matrix for weak incoherent
excitation in the limit ωs >> 2γ, the power spectrum
of the fluorescence is found to be proportional to P [ω],
where

P [ω] =
∞�

n=−∞

J
2
n(χ)

γ2 + (ω − (ω0 − nωs))2
(2)

is a sum of Lorentzians with FWHM 2γ weighted by
squares of Bessel functions, J

2
n(χ), with maxima at fre-

quencies ωn = ω0 − nωs, where n is an integer. In the

QD as Two-Level System with total 
Hamiltonian

leading to fluorescence power spectrum

(νs ≡ νsaw)

ωs/2π = νs = 1.05 (GHz)

λ0 = 924.0 (nm)

ω0/2π = ν0 = 324.7 (THz)

FWHM = 350 (MHz)

spectrum of the fluorescence is found to be proportional to
P½!", where

P½!" ¼
X1

n¼$1

J2nð!Þ
"2 þ ½!$ ð!0 $ n!sÞ"2

(2)

is a sum of Lorentzians with FWHM 2" weighted by
squares of Bessel functions, J2nð!Þ, with maxima at fre-
quencies !n ¼ !0 $ n!s, where n is an integer. In the
limit " ! 0 this is the well-known power spectrum of a
frequency-modulated rf signal.

The solid lines in Fig. 3(a) result from a fit to Eq. (2) in
which the linewidth 2", central frequency !0, and back-
ground are taken from the emission spectrum in the ab-
sence of SAW excitation, thus leaving ! as the only fitting
parameter. From a series of such curves, the height of each
sideband (normalized to the unmodulated peak) versus the
calibrated SAW-induced displacement juzj at the QD loca-
tion is shown in Fig. 3(c). Alternatively, Fig. 3(b) shows the
modulation index! as a function of juzj. The fit in Fig. 3(b)
reveals a displacement sensitivity of dð!#sÞ=djuzj ( 3)
1021 Hz=m, and the solid lines in Fig. 3(c) are the corre-
sponding theoretical curves. Similar studies on four other
QDs at this SAW frequency have found sensitivities in the
range 3) 1021 Hz=m* 1:5) 1021 Hz=m. We believe
this variation is largely due to the fact that the SAW
amplitude varies owing to its finite cross section and we
were unable to measure the SAW amplitude at the exact
QD position in situ in a cryogenic environment.

Sideband cooling a nanomechanical resonator with an
embedded QD [7] involves the quantized transfer of energy
from a mechanical mode of the resonator to an applied
optical field. To explore this matter we employ resonant
spectroscopy [Fig. 1(b)]. The coupling of the resonant laser
to the two-level system is described by adding to the
Hamiltonian (1) an interaction term

Hint ¼ $dE0 cosð!LtÞ$x; (3)

describing the dipole coupling of the QD to a laser field
E0 cosð!LtÞ. Calculating the time dependence of the
atomic dipole moment in steady state, for weak excitation,
the power spectrum of the fluorescence is found propor-
tional to

P½!" ¼
X1

n¼$1

!!!!!!!!
X1

k¼$1

Jnþkð!ÞJkð!Þ
"$ ið!L $!0 þ k!sÞ

!!!!!!!!
2
%ð!

$!L þ n!sÞ: (4)

This is of the form of a series of discrete lines at frequen-
cies !n ¼ !L $ n!s, spectrally separated from the exci-
tation frequency by multiples of the SAW frequency, that
are resonantly enhanced when the excitation frequency
matches the QD resonance or one of the SAW-induced
sidebands. Physically, the appearance of emission frequen-
cies differing from the excitation frequency corresponds to
the transfer of mechanical energy to the light field.

Figure 4(a) shows the results of weakly driving the QD
on resonance [19] for two different applied SAW powers.
This particular QD has a linewidth of 1 GHz when mea-
sured in PL. When resonantly driving weakly with narrow-
band laser light, however, the fluorescence lines are
quasimonochromatic [20], broadened only by our FP
analysis cavity. The spectrum is thus much better resolved
than in PL. The blue dashed curves correspond to low SAW
power and the spectra are dominated by reemission at the
pump frequency. High SAW powers are given by the red
solid curves. It is clear that more fluorescence power is
frequency shifted under the higher level of SAWexcitation.
As expected, the separation between each peak in the spec-
trum is given by the SAW frequency (1.05 GHz). Fitting a
series of spectra such as those shown in Fig. 4(a) to the
functional form given in Eq. (4), we extract a displacement
sensitivity agreeing closely with our previous value from
PL measurements. The fluorescence spectrum resulting
when the QD is driven at a frequency #s below resonance
(red sideband) is shown in Fig. 4(b). The asymmetry in the
spectrum at high SAW power reflects the fact that on
average the energy of a scattered photon is larger than
that of an incident photon, as mechanical energy is ex-
tracted from the SAW. This is the physical basis of red
sideband cooling. Similarly, when driving the QD at a
frequency #s above resonance, the mean photon emission
energy is lower than that of the incident photons (data not
shown). We have also studied QDs modulated at SAW
frequencies of 90 MHz, 527 MHz, and 1585 MHz. The
sideband separation is always equal to the SAW frequency
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FIG. 4 (color online). The blue dashed curves correspond to a
QD vertical displacement of juzj ¼ 0:4 pm, and the red solid
curves correspond to juzj ¼ 1:0 pm. The QD emission wave-
length is 924 nm. Each curve corresponds to 30 seconds of data.
(a) The QD is weakly driven on resonance and the spectrum of
the resulting QD fluorescence is resolved with the scanning FP
interferometer. (b) The QD is driven by a laser tuned 1.05 GHz
below the QD resonance (red sideband). The fluorescence spec-
trum becomes asymmetric, with average photon energy greater
than the energy of the laser photons.
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where

3

limit γ → 0 this is the well-known power spectrum of a

frequency-modulated rf signal.

The solid lines in Fig. 3a result from a fit to equa-

tion (2) in which the linewidth 2γ, central frequency ω0

and background are taken from the emission spectrum in

the absence of SAW excitation, thus leaving χ as the

only fitting parameter. From a series of such curves,

the height of each sideband, (normalized to the unmodu-

lated peak), versus the calibrated SAW-induced displace-

ment |uz| at the QD location, is shown in Fig. 3c. Al-

ternatively, Fig. 3b shows the modulation index χ as a

function of |uz|. The fit in Fig. 3b reveals a displace-

ment sensitivity of d(χνs)/d|uz| ≈ 3 × 10
21

Hz/m, and

the solid lines in Fig. 3c are the corresponding theo-

retical curves. Similar studies on four other QDs at

this SAW frequency have found sensitivities in the range

3× 10
21

Hz/m ± 1.5× 10
21

Hz/m. We believe this vari-

ation is largely due to the fact that the SAW amplitude

varies owing to its finite cross-section and we were unable

to measure the SAW amplitude at the exact QD position

in situ in a cryogenic environment.

Sideband cooling a nanomechanical resonator with an

embedded QD [7] involves the quantized transfer of en-

ergy from a mechanical mode of the resonator to an ap-

plied optical field. To explore this matter we employ

resonant spectroscopy (Fig. 1b). The coupling of the res-

onant laser to the TLS is described by adding to the

Hamiltonian (1) an interaction term

Hint = −dE0 cos(ωLt)σx, (3)

describing the dipole coupling of the QD to a laser field

E0 cos(ωLt). Calculating the time dependence of the

atomic dipole moment in steady state, for weak exci-

tation, the power spectrum of the fluorescence is found

proportional to

P [ω] =

∞�

n=−∞

�����

∞�

k=−∞

Jn+k(χ)Jk(χ)

γ − i(ωL − ω0 + kωs)

�����

2

δ(ω−ωL+nωs)

(4)

This is of the form of a series of discrete lines at frequen-

cies ωn = ωL−nωs, spectrally separated from the excita-

tion frequency by multiples of the SAW frequency, that

are resonantly enhanced when the excitation frequency

matches the QD resonance or one of the SAW-induced

sidebands. Physically, the appearance of emission fre-

quencies differing from the excitation frequency corre-

sponds to the transfer of mechanical energy to the light

field.

Figure 4a shows the results of weakly driving the QD

on resonance [19] for two different applied SAW pow-

ers. This particular QD has a linewidth of 1 GHz when

measured in PL. When resonantly driving weakly with

narrowband laser light, however, the fluorescence lines

are quasimonochromatic [20], broadened only by our FP

analysis cavity. The spectrum is thus much better re-

solved than in PL. The blue curves correspond to low

SAW power and the spectra are dominated by re-emission
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FIG. 4: (Color online) The blue dashed curves correspond

to a QD vertical displacement of |uz| = 0.4 pm, and the red

solid curves correspond to |uz| = 1.0 pm. The QD emission

wavelength is 924 nm. Each curve corresponds to 30 seconds

of data. (a) The QD is weakly driven on resonance and the

spectrum of the resulting QD fluorescence is resolved with

the scanning FP interferometer. (b) The QD is driven by a

laser tuned 1.05 GHz below the QD resonance (red sideband).

The fluorescence spectrum becomes asymmetric, with average

photon energy greater than the energy of the laser photons.

at the pump frequency. High SAW powers are given by

the red curves. It is clear that more fluorescence power is

frequency-shifted under the higher level of SAW excita-

tion. As expected, the separation between each peak in

the spectrum is given by the SAW frequency (1.05 GHz).

Fitting a series of spectra such as those shown in Fig. 4a

to the functional form given in equation (4), we extract

a displacement sensitivity agreeing closely with our pre-

vious value from PL measurements. The fluorescence

spectrum resulting when the QD is driven at a frequency

νs below resonance (red sideband) is shown in Fig. 4b.

The asymmetry in the spectrum at high SAW power re-

flects the fact that on average the energy of a scattered

photon is larger than that of an incident photon, as me-

chanical energy is extracted from the SAW. This is the

physical basis of red sideband cooling. Similarly, when

driving the QD at a frequency νs above resonance, the

mean photon emission energy is lower than that of the

incident photons (data not shown). We have also studied

QDs modulated at SAW frequencies of 90 MHz, 527 MHz

and 1585 MHz. The sideband separation is always equal

to the SAW frequency and the sidebands disappear when

we spectrally or spatially detune away from the QD.

To verify our interpretation of the experimental re-

sults, we neglect confinement effects [3, 5] and compare

them to Pikus-Bir theory [21], which describes the de-

pendence of the conduction and valence bands on ap-

plied static strain. Neglecting terms quadratic in strain,

and using our SAW properties εyy = εxy = εyz = 0,

we estimate the valence band energy level shift to be

∆Ev ≈ 2π�(εxx(av +
1
2b) + εzz(av − b)), where av =

(H + Hint)

3

limit γ → 0 this is the well-known power spectrum of a

frequency-modulated rf signal.

The solid lines in Fig. 3a result from a fit to equa-

tion (2) in which the linewidth 2γ, central frequency ω0

and background are taken from the emission spectrum in

the absence of SAW excitation, thus leaving χ as the

only fitting parameter. From a series of such curves,

the height of each sideband, (normalized to the unmodu-

lated peak), versus the calibrated SAW-induced displace-

ment |uz| at the QD location, is shown in Fig. 3c. Al-

ternatively, Fig. 3b shows the modulation index χ as a

function of |uz|. The fit in Fig. 3b reveals a displace-

ment sensitivity of d(χνs)/d|uz| ≈ 3 × 10
21

Hz/m, and

the solid lines in Fig. 3c are the corresponding theo-

retical curves. Similar studies on four other QDs at

this SAW frequency have found sensitivities in the range

3× 10
21

Hz/m ± 1.5× 10
21

Hz/m. We believe this vari-

ation is largely due to the fact that the SAW amplitude

varies owing to its finite cross-section and we were unable

to measure the SAW amplitude at the exact QD position

in situ in a cryogenic environment.

Sideband cooling a nanomechanical resonator with an

embedded QD [7] involves the quantized transfer of en-

ergy from a mechanical mode of the resonator to an ap-

plied optical field. To explore this matter we employ

resonant spectroscopy (Fig. 1b). The coupling of the res-

onant laser to the TLS is described by adding to the

Hamiltonian (1) an interaction term

Hint = −dE0 cos(ωLt)σx, (3)

describing the dipole coupling of the QD to a laser field

E0 cos(ωLt). Calculating the time dependence of the

atomic dipole moment in steady state, for weak exci-

tation, the power spectrum of the fluorescence is found

proportional to

P [ω] =

∞�

n=−∞

�����

∞�

k=−∞

Jn+k(χ)Jk(χ)

γ − i(ωL − ω0 + kωs)

�����

2

δ(ω−ωL+nωs)

(4)

This is of the form of a series of discrete lines at frequen-

cies ωn = ωL−nωs, spectrally separated from the excita-

tion frequency by multiples of the SAW frequency, that

are resonantly enhanced when the excitation frequency

matches the QD resonance or one of the SAW-induced

sidebands. Physically, the appearance of emission fre-

quencies differing from the excitation frequency corre-

sponds to the transfer of mechanical energy to the light

field.

Figure 4a shows the results of weakly driving the QD

on resonance [19] for two different applied SAW pow-

ers. This particular QD has a linewidth of 1 GHz when

measured in PL. When resonantly driving weakly with

narrowband laser light, however, the fluorescence lines

are quasimonochromatic [20], broadened only by our FP

analysis cavity. The spectrum is thus much better re-

solved than in PL. The blue curves correspond to low

SAW power and the spectra are dominated by re-emission
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FIG. 4: (Color online) The blue dashed curves correspond

to a QD vertical displacement of |uz| = 0.4 pm, and the red

solid curves correspond to |uz| = 1.0 pm. The QD emission

wavelength is 924 nm. Each curve corresponds to 30 seconds

of data. (a) The QD is weakly driven on resonance and the

spectrum of the resulting QD fluorescence is resolved with

the scanning FP interferometer. (b) The QD is driven by a

laser tuned 1.05 GHz below the QD resonance (red sideband).

The fluorescence spectrum becomes asymmetric, with average

photon energy greater than the energy of the laser photons.

at the pump frequency. High SAW powers are given by

the red curves. It is clear that more fluorescence power is

frequency-shifted under the higher level of SAW excita-

tion. As expected, the separation between each peak in

the spectrum is given by the SAW frequency (1.05 GHz).

Fitting a series of spectra such as those shown in Fig. 4a

to the functional form given in equation (4), we extract

a displacement sensitivity agreeing closely with our pre-

vious value from PL measurements. The fluorescence

spectrum resulting when the QD is driven at a frequency

νs below resonance (red sideband) is shown in Fig. 4b.

The asymmetry in the spectrum at high SAW power re-

flects the fact that on average the energy of a scattered

photon is larger than that of an incident photon, as me-

chanical energy is extracted from the SAW. This is the

physical basis of red sideband cooling. Similarly, when

driving the QD at a frequency νs above resonance, the

mean photon emission energy is lower than that of the

incident photons (data not shown). We have also studied

QDs modulated at SAW frequencies of 90 MHz, 527 MHz

and 1585 MHz. The sideband separation is always equal

to the SAW frequency and the sidebands disappear when

we spectrally or spatially detune away from the QD.

To verify our interpretation of the experimental re-

sults, we neglect confinement effects [3, 5] and compare

them to Pikus-Bir theory [21], which describes the de-

pendence of the conduction and valence bands on ap-

plied static strain. Neglecting terms quadratic in strain,

and using our SAW properties εyy = εxy = εyz = 0,

we estimate the valence band energy level shift to be

∆Ev ≈ 2π�(εxx(av +
1
2b) + εzz(av − b)), where av =

3

limit γ → 0 this is the well-known power spectrum of a

frequency-modulated rf signal.

The solid lines in Fig. 3a result from a fit to equa-

tion (2) in which the linewidth 2γ, central frequency ω0

and background are taken from the emission spectrum in

the absence of SAW excitation, thus leaving χ as the

only fitting parameter. From a series of such curves,

the height of each sideband, (normalized to the unmodu-

lated peak), versus the calibrated SAW-induced displace-

ment |uz| at the QD location, is shown in Fig. 3c. Al-

ternatively, Fig. 3b shows the modulation index χ as a

function of |uz|. The fit in Fig. 3b reveals a displace-

ment sensitivity of d(χνs)/d|uz| ≈ 3 × 10
21

Hz/m, and

the solid lines in Fig. 3c are the corresponding theo-

retical curves. Similar studies on four other QDs at

this SAW frequency have found sensitivities in the range

3× 10
21

Hz/m ± 1.5× 10
21

Hz/m. We believe this vari-

ation is largely due to the fact that the SAW amplitude

varies owing to its finite cross-section and we were unable

to measure the SAW amplitude at the exact QD position

in situ in a cryogenic environment.

Sideband cooling a nanomechanical resonator with an

embedded QD [7] involves the quantized transfer of en-

ergy from a mechanical mode of the resonator to an ap-

plied optical field. To explore this matter we employ

resonant spectroscopy (Fig. 1b). The coupling of the res-

onant laser to the TLS is described by adding to the

Hamiltonian (1) an interaction term

Hint = −dE0 cos(ωLt)σx, (3)

describing the dipole coupling of the QD to a laser field

E0 cos(ωLt). Calculating the time dependence of the

atomic dipole moment in steady state, for weak exci-

tation, the power spectrum of the fluorescence is found

proportional to

P [ω] =

∞�

n=−∞

�����

∞�

k=−∞

Jn+k(χ)Jk(χ)

γ − i(ωL − ω0 + kωs)

�����

2

δ(ω−ωL+nωs)

(4)

This is of the form of a series of discrete lines at frequen-

cies ωn = ωL−nωs, spectrally separated from the excita-

tion frequency by multiples of the SAW frequency, that

are resonantly enhanced when the excitation frequency

matches the QD resonance or one of the SAW-induced

sidebands. Physically, the appearance of emission fre-

quencies differing from the excitation frequency corre-

sponds to the transfer of mechanical energy to the light

field.

Figure 4a shows the results of weakly driving the QD

on resonance [19] for two different applied SAW pow-

ers. This particular QD has a linewidth of 1 GHz when

measured in PL. When resonantly driving weakly with

narrowband laser light, however, the fluorescence lines

are quasimonochromatic [20], broadened only by our FP

analysis cavity. The spectrum is thus much better re-

solved than in PL. The blue curves correspond to low

SAW power and the spectra are dominated by re-emission
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FIG. 4: (Color online) The blue dashed curves correspond

to a QD vertical displacement of |uz| = 0.4 pm, and the red

solid curves correspond to |uz| = 1.0 pm. The QD emission

wavelength is 924 nm. Each curve corresponds to 30 seconds

of data. (a) The QD is weakly driven on resonance and the

spectrum of the resulting QD fluorescence is resolved with

the scanning FP interferometer. (b) The QD is driven by a

laser tuned 1.05 GHz below the QD resonance (red sideband).

The fluorescence spectrum becomes asymmetric, with average

photon energy greater than the energy of the laser photons.

at the pump frequency. High SAW powers are given by

the red curves. It is clear that more fluorescence power is

frequency-shifted under the higher level of SAW excita-

tion. As expected, the separation between each peak in

the spectrum is given by the SAW frequency (1.05 GHz).

Fitting a series of spectra such as those shown in Fig. 4a

to the functional form given in equation (4), we extract

a displacement sensitivity agreeing closely with our pre-

vious value from PL measurements. The fluorescence

spectrum resulting when the QD is driven at a frequency

νs below resonance (red sideband) is shown in Fig. 4b.

The asymmetry in the spectrum at high SAW power re-

flects the fact that on average the energy of a scattered

photon is larger than that of an incident photon, as me-

chanical energy is extracted from the SAW. This is the

physical basis of red sideband cooling. Similarly, when

driving the QD at a frequency νs above resonance, the

mean photon emission energy is lower than that of the

incident photons (data not shown). We have also studied

QDs modulated at SAW frequencies of 90 MHz, 527 MHz

and 1585 MHz. The sideband separation is always equal

to the SAW frequency and the sidebands disappear when

we spectrally or spatially detune away from the QD.

To verify our interpretation of the experimental re-

sults, we neglect confinement effects [3, 5] and compare

them to Pikus-Bir theory [21], which describes the de-

pendence of the conduction and valence bands on ap-

plied static strain. Neglecting terms quadratic in strain,

and using our SAW properties εyy = εxy = εyz = 0,

we estimate the valence band energy level shift to be

∆Ev ≈ 2π�(εxx(av +
1
2b) + εzz(av − b)), where av =

X
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Resolved Sideband Emission of InAs=GaAsQuantum Dots Strained by Surface Acoustic Waves
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The dynamic response of InAs=GaAs self-assembled quantum dots (QDs) to strain is studied

experimentally by periodically modulating the QDs with a surface acoustic wave and measuring the

QD fluorescence with photoluminescence and resonant spectroscopy. When the acoustic frequency is

larger than the QD linewidth, we resolve phonon sidebands in the QD fluorescence spectrum. Using a

resonant pump laser, we have demonstrated optical frequency conversion via the dynamically modulated

QD, which is the physical mechanism underlying laser sideband cooling a nanomechanical resonator by

means of an embedded QD.

DOI: 10.1103/PhysRevLett.105.037401 PACS numbers: 78.67.Hc, 42.50.Wk, 77.65.Dq, 78.55.Cr

Self-assembled InAs=GaAs quantum dots (QDs) are
sensitive optical probes of changes in their local environ-
ment. In particular, their discrete energy levels are sensitive
to applied electric fields [1,2] and to uniaxial [3], hydro-
static [4,5], and biaxial stresses [6]. Much of the focus to
date has concerned probing the response of QDs to static
perturbations; however, when perturbed dynamically at a
rate exceeding the intrinsic QD linewidth, exciting new
possibilities arise. In the nanomechanical domain, for ex-
ample, conventional optical probes become less effective
as the device size becomes smaller than the wavelength of
light. By employing a QD embedded in a nanomechanical
beam as a microscopic sensor of strain, laser sideband
cooling a mechanical resonator to its quantum ground
state has been predicted to be possible in principle [7].
Alternatively, it should be possible to dynamically alter the
fluorescence spectrum of a QD so as to generate entangled
photon pairs [8].

In this Letter, we characterize the dynamic response of
embedded InAs=GaAs QDs by applying a periodic strain
via a surface acoustic wave (SAW) [9]. A SAW induces
well-characterized, tunable strain components near a semi-
conductor surface at high frequencies. We resolve strain-
induced sidebands in QD fluorescence and demonstrate the
physical basis of laser sideband cooling. We compare our
experimental results to calculations based on static theory
in which the response of QD level structure to strain is
attributed to deformation potentials. While there is a rich
history of using SAWs to modulate photonic structures
[10–12], the work described here resides in a previously
unexplored limit where the acoustic modulation frequency
exceeds the resolvable optical linewidth (‘‘resolved side-
band limit’’).

Our samples consist of InAs QDs embedded in a planar
AlAs=GaAs distributed Bragg reflector (DBR) cavity on
which interdigitated transducers (IDTs) are fabricated for
SAW generation (Fig. 1). The cavity has 15 DBR pairs

below and 10 pairs above the QD layer with a spacer
optical thickness of 925 nm. The resulting cavity has a
linewidth of !350 GHz. This cavity enhances our collec-
tion efficiency by over an order of magnitude [13] and also
enables us to perform resonant spectroscopy of our QDs
[Fig. 1(b)]. The IDTs are aligned so as to excite a SAW
with a cross section of 30 !m propagating in the [110]
direction. The IDTelectrode period is 2:9 !m, correspond-
ing to the wavelength "s of a SAW with a frequency #s of
1.05 GHz.
In order to quantify our experimental results and relate

them to theoretical predictions, we relate the displacement
and strain fields [14,15] induced by the SAW to the mea-
surable surface displacement [10,16]. We adopt a coordi-
nate system in which the SAW propagates along the x̂
direction, and the ẑ direction is perpendicular to the surface
and downwards (Fig. 1). The vertical amplitude at the
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FIG. 1 (color online). (a) Schematic of the experimental setup.
(b) Resonant fiber-waveguide coupling (not to scale).
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Resolved-Sideband Raman Cooling of a Bound Atom to the 3D Zero-Point Energy
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Time and Frequency Division, National Institute of Standards and Technology, Boulder, Colorado 80303
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Department of Physics, University of Connecticut, Storrs, Connecticut 06269
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We report laser cooling of a single 9Be1 ion held in a rf (Paul) ion trap to where it occupies the
quantum-mechanical ground state of motion. With the use of resolved-sideband stimulated Raman
cooling, the zero point of motion is achieved 98% of the time in 1D and 92% of the time in 3D.
Cooling to the zero-point energy appears to be a crucial prerequisite for future experiments such as the
realization of simple quantum logic gates applicable to quantum computation.

PACS numbers: 32.80.Pj, 42.50.Vk, 42.65.Dr

Dramatic progress in the field of atomic laser cooling
has provided cooling of free or weakly bound atoms
to temperatures near the Doppler cooling limit [1], near
the photon recoil limit [2], and, more recently, below
the photon recoil limit [3,4]. For a tightly bound atom,
a more natural energy scale is given by the quantized

vibrational level n, where the energy is E � h̄vy�n 1
1
2 �

for an atom confined in a harmonic potential of frequency
vy . In this case, the fundamental cooling limit is the
n � 0 zero-point energy of the binding potential. In this
Letter, we demonstrate a new technique for laser cooling
a trapped atom to the 3D zero-point energy.
Attainment of the 3D ground state is significant for two

primary reasons: (i) it appears to be a goal of intrinsic
interest as it is the fundamental limit of cooling for
a bound atom and approaches the ideal of an isolated
particle at rest and (ii) it will be important in future
planned experiments. For example, once the ion is cooled
to the n � 0 state, it should be possible to realize the
Jaynes-Cummings interaction [5] in the regime of strong
coupling and generate other nonclassical states of motion
such as squeezed states [6–8]. If the collective motion
of two or more trapped ions can be cooled to the zero
point, it may be possible to transfer correlation from the
external motional state to the internal spin state of the
ions. Generating “EPR”-like atomic spin states would not
only be interesting from the point of view of quantum
measurements [9], but may also allow a reduction of
quantum noise in spectroscopy [6,7]. Zero-point cooling
combined with long coherence times may make it possible
to construct a quantum computer [10]. Cirac and Zoller
have proposed a quantum computer based on a system of
trapped ions, in which information is stored in the spin
and motional states of the ions [11]. The fundamental
switching action in this implementation of a quantum
computer is a coherent exchange between the spin state of
an individual ion and a collective vibrational state of all
the ions. Cooling to the zero-point energy and realizing
the Jaynes-Cummings coupling is critical to this scheme.

We cool a single beryllium ion bound in a rf (Paul) ion
trap to near the zero-point energy using resolved-sideband
laser cooling with stimulated Raman transitions along
the lines suggested in Ref. [6]. The idea of resolved-
sideband laser cooling with a single-photon transition is as
follows [12]. Consider a two-level atom characterized by
resonant transition frequency v0 and radiative linewidth
g. We assume the atom is confined by a 1D harmonic
well of vibration frequency vy ¿ g. If a laser beam
(frequency vL) is incident along the direction of the
atomic motion, the absorption spectrum is composed
of a “carrier” at frequency v0 and resolved frequency-
modulation sidebands spaced by vy , which are generated
from the Doppler effect. Cooling occurs if the laser is
tuned to a lower sideband, for example, at vL � v0 2
vy . In this case, photons of energy h̄�v0 2 vy� are
absorbed and spontaneously emitted photons of average
energy h̄v0 return the atom to its initial internal state
thereby reducing the atom’s kinetic energy by h̄vy per
scattering even (assuming h̄vy is much greater than the
photon recoil energy). Cooling proceeds until the atom’s
mean vibrational quantum number in the harmonic well is
given by �n�min � �g�2vy�2 ø 1 [1,13]. The interaction
with the laser is significantly reduced once in the n � 0
state; thus the zero-point state satisfies the operational
definition of a dark state [14] for g�vy sufficiently small.
Resolved-sideband cooling in 2D was previously achieved
on a 198Hg1 ion using a narrow single-photon optical
quadrupole transition [15].
For laser cooling with stimulated Raman transitions

[4,6,16,17], the single-photon transition is replaced by
a stimulated Raman transition between metastable levels
(e.g., hyperfine or Zeeman electronic ground state), and
spontaneous Raman transitions irreversibly recycle the in-
ternal state of the atom. Stimulated Raman cooling of-
fers the important practical advantages that the cooling
linewidth can be varied experimentally, and the effective
laser linewidth can be made very narrow by the use of
optical frequency modulators. These features of stimu-
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•  Experimental realization of the resolved-sideband regime for a single trapped ion (published 1995):

•  This work:  Experimental realization of the resolved-sideband regime for a single solid-state self-assembled quantum dot (published 2010):

•  Optoelectronic / Photonic Device Application (I):  Quantum-Dot  Acoust-Optical Modulator (QDAOM) or Quantum-Dot Mixer

•  Approaching the regime of Quantum-Limited Spectroscopy of Solid-State Self-Assembled Quantum Dots:

Measured Linewidth from Resonant Spectroscopy: FWHM ≡ ∆ν = 350 (MHz). Planck’s Constant: h = 6.63 x 10
−34

(J s) ≡ 4.14 (µeV/GHz).

Thus the Measured Linewidth corresponds to an Energy Resolution of: ∆E = h ∆ν = 1.4 (µeV).

Alternatively, this can be expressed in terms of lifetime or quality factor: ∆E · ∆t = � ⇒ ∆t ≈ 0.5 (ns). ≡ Q = (ν0/∆ν) =
�

325 (THz)

350 (MHz)

�
≈ 106.Quality Factor

•  Optoelectronic / Photonic Device Application (II):  Experimentally Tune the Exciton-Biexciton Degeneracy-Splitting to realize source of Entangled Photons:

Entangled photons on demand: Erasing which-path information with sidebands

W. A. Coish and J. M. Gambetta
Institute for Quantum Computing and Department of Physics and Astronomy, University of Waterloo,

Waterloo, Ontario, Canada N2L 3G1
!Received 13 November 2009; published 8 December 2009"

The biexciton cascade in a quantum dot can be used to generate entangled-photon pairs rapidly and deter-
ministically !on demand". However, due to a large fine-structure splitting between intermediate exciton energy
levels, which-path information encoded in the frequencies of emitted photon pairs leads to a small degree of
entanglement. Here we show that this information can be efficiently erased by modulating the exciton and
biexciton energy levels, giving rise to additional decay paths through sidebands. The resulting degree of
entanglement is substantial and can be made maximal through spectral filtering, with only a nominal reduction
in collection efficiency.

DOI: 10.1103/PhysRevB.80.241303 PACS number!s": 78.67.Hc, 03.67.Bg, 42.50.Ex, 71.35.!y

A fast and deterministic source of highly entangled pho-
ton pairs is a central requirement in schemes for
measurement-based quantum computing1 and long-ranged
quantum communication.2 One of the most promising meth-
ods for entangled-photon pair generation makes use of a
biexciton cascade in semiconductor quantum dots.3 These
systems offer the possibility of rapid and deterministic gen-
eration of entangled photon pairs, in contrast to current
schemes based on parametric down conversion, which are
inherently stochastic and have pair-generation rates limited
by the creation of multiple pairs at high pump power.

Significant progress has been made in recent years toward
the realization of an efficient source of on-demand
entangled-photon pairs.4–6 However, the achievable degree
of entanglement !or efficiency of pair collection" is severely
limited by the electron-hole exchange interaction, giving rise
to an intrinsic fine-structure splitting !FSS" separating the
intermediate exciton states.4,5,7–9 Several methods have been
proposed and used to eliminate the FSS, including applied dc
electric10–12 and magnetic fields,4 strain,13 the ac Stark
effect,14,15 and strong coupling to a cavity.8,16 Additional
schemes have been proposed and demonstrated that give en-
tangled pairs in spite of the FSS, including postselection
based on frequency,5,17 as well as schemes involving “time
reordering” of emitted photons.9,18,20 A further possibility is
to anneal self-assembled dots after growth to reduce the
FSS.21 There has been some success in creating highly en-
tangled photon pairs using dots that are specially selected for
their small FSS,6 although this method requires the selection
of one out of many dots in an ensemble. While each of these
methods shows promise or a measured degree of success,
various complications have made it difficult to generically
create entangled photon pairs with both a high degree of
entanglement, and a high efficiency of photon pair genera-
tion for typical quantum dots, where the FSS is large com-
pared to the radiative linewidth.

Here, we introduce an alternative scheme for erasing
“which-path” information in a biexciton cascade. This
scheme is conceptually and technologically simple, avoids
pitfalls associated with methods using large dc electric fields,
and works for typical quantum dots, with large associated
FSS. In this scheme, sidebands can be generated through
modulation of the biexciton and exciton energy levels. By

choosing the modulation frequency to coincide with the FSS,
and by appropriately tuning the modulation amplitude, it is
possible to recover a significant degree of entanglement for
emitted photon pairs.

The canonical biexciton cascade is shown schematically
in Fig. 1. The two intermediate bright exciton states couple
to two orthogonal linear polarizations. Within the rotating-
wave approximation, the dot-light coupled system is then
described by the Hamiltonian !we set "=1",

H = H0 + #
k#

gk#$X#,2Xak#
† + fk#$0,X#

ak#
† + H.c., !1"

where $i,j = $i%&j$ describes an excitation on the dot, the
noninteracting Hamiltonian is H0=# jEj$j%&j$+#k#%kak#

† ak#,
j= 'g ,Xh ,Xv ,2X(, and &ij =Ei−Ej. Here, ak#

† creates a photon
with wavevector k and linear polarization #= 'v,h( having
frequency %k. The state $g% describes the empty dot !without
excitons", $2X% describes the !nondegenerate" biexciton
ground state, and $Xh,v% denote the two bright exciton states,
separated in energy by the FSS: EXv

−EXh
='&.

The dot is initialized to the biexciton state with the state
of the photon field given by vacuum !$(!0"%= $2X% ! $0%".
This state evolves coherently under the action of the Hamil-
tonian )Eq. !1"*, giving rise to the sequential spontaneous
emission of two photons. The state of the coupled dot-photon
system can be calculated within a Wigner-Weisskopf

FIG. 1. !Color online" Energy levels and decay rates for the
biexciton cascade. The exciton states $Xh% !$Xv%" couple only to
horizontally !vertically" polarized light. Decay from the biexciton
state $2X% to the ground state $g% results in the emission of two
photons, which may be entangled in polarization.
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Summary

•  A cryogenic experimental apparatus was designed, constructed, and implemented to enable precision optical 
measurements and radio-frequency electrical transmission to a semiconductor chip at low temperature.

•  Self-assembled InAs/GaAs single quantum dots were investigated optically in the near-infrared.  Surface acoustic 
waves in the GHz range were generated on-chip using microfabricated interdigital transducers.  These transducers 
controllably induced phonon sidebands in the quantum dot emission spectrum, which were observed using          
non-resonant photoluminescence spectroscopy and resonant spectroscopy.

•  The resolved sideband regime and optical frequency conversion were demonstrated using resonant spectroscopy.  
With the laser red-detuned by one phonon sideband, the observed asymmetric fluorescence spectrum reflects the fact 
that on average the energy of a scattered photon was greater than that of an incident photon, corresponding to the 
transfer of strain energy to the optical field.  This is the physical basis of red-sideband cooling.

•  The results of the work presented here are published as:  Physical Review Letters 105, 037401 (2010).

•  Experimentally demonstrated spectral resolution is nearly quantum-limited: ∆E = h ∆ν = 1.4 (µeV).

•  Potential optoelectronic / photonic device applications:  
(I)   Quantum-Dot Acousto-Optical Modulator (QDAOM) or Quantum-Dot Acousto-Optical Mixer; 
(II)  Dynamical tuning of the Biexciton-Exciton Degeneracy-Splitting to generate Entangled Photon Pairs.
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A brief description of my current work at Sandia

QCAD Solver finished! (00h 10m 41s)

Model: mos_std-bd_s485_OttawaFlat_60

Download Exodus output file (use Paraview to view)

Electrostatic Potential (reset view) Electron density (reset view)

Parameters

AG 2
TP -0.175
CP 0
LP 0
RP 0
L 0
R 0
LQPC 0
RQPC 0
ldo (contact) 0
lcsto (contact) 0
lcsbo (contact) 0
rdo (contact) 0
rcsto (contact) 0
rcsbo (contact) 0
ground 0

Mask

Responses

0 Field
Integral value = 26.3264
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QCAD Solver Finished http://s937425.srn.sandia.gov/cgi-bin/iQCAD.py?key=process

1 of 2 1/28/12 5:14 PM

The 2D background conductance oscillations are attributed to disorder resonances.  The closer 
inspection above reveals the desired CB.

20 CB Oscillations
Average Spacing = 25 (mV)

41 CB Oscillations
Average Spacing = 15 (mV)•  The experimental apparatus for the cryogenic measurement of the devices is a dilution refrigerator 

(a) with a base temperature of 15 (mK).  This ensures, for example, that the charging energy is 
significantly greater than the thermal energy.
•  The cryogenic sample package (b) consisting of the device die [10 (mm) x 11 (mm)] on a    
printed-circuit-board housed in a metal enclosure.  Low-frequency and RF/microwave electrical 
signals are integrated into the sample package.
•  A Scanning Electron Micrograph of the MOS Device 485 investigated in this work, where the grey  
microfabricated structures are depletion gates used to electrostatically define a quantum dot.  A 
simulated iQCAD image of a DQD is superimposed on the micrograph.

•  For a quantum mechanical evolution, the separation of external and internal time scales characterizing an adiabatic process may be written as:

Te � Ti where Ti ≡
�

∆E
and ∆E ≡ |Em − En| ≡ energy gap.

•  AQUARIUS is a Grand Challenge Laboratory Directed Research and Development 
project at Sandia National Laboratory.  The objectives of AQUARIUS include the 
demonstration of special-purpose two-qubit AQC optimization algorithms in:

•  Neutral atoms trapped by a nanofabricated optical array
•  Semiconductor electrons trapped by nanofabricated structures

We are investigating the adiabatic evolution of a charge-qubit formed from the L and R states of a MOS DQD.
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Introduction to Semiconductor Quantum Dots
•   Definition:  Quantum dots are systems where the elementary excitations are confined in three dimensions (3D) within a region comparable 

to or smaller than their de Broglie wavelength.

•   Artificial Atoms:  3D confinement produces discrete energy spectrum, thus quantum dots are often described as solid-state “artificial atoms”.  
However, unlike electrons in an isolated atom, carriers in semiconductor quantum dots can interact strongly with the solid-state environment, 
including phonons.  Practical realization of the “particle(s)-in-a-box” problem from elementary quantum mechanics.

•   SAQD Growth:  SAQDs are 3D islands that form spontaneously during growth of lattice-mismatched materials using Molecular Beam Epitaxy (MBE).  
Typically 10-100 nm diameter, 2-5 nm epilayer thickness, containing a few thousand to tens of thousands of atoms arranged in a 3D crystal lattice.

•   Motivations:  SAQDs can probed by optical spectroscopy (wavelength range:  850-1000 nm).  For emerging applications in areas such as quantum 
information and potential integration of QDs with other mesoscopic systems, new experimental controls and techniques are desired.

•   Goal:  Experimental investigation of the previously unexplored resolved sideband regime for self-assembled quantum dots using controllable modulation.

Cross-Sectional Schematic of SAQDs using GaAs substrate

GaAs

GaAs

AFM Image (1 µm x 1 µm) of 
Uncapped InAs QDs on GaAs

•   Experimental Realization:  Two distinct types of semiconductor quantum dots are electrostatically-defined and self-assembled:

Because a quantum dot is such a general kind of sys-
tem, there exist quantum dots of many different sizes
and materials: for instance, single molecules trapped be-
tween electrodes !Park et al., 2002", normal metal !Petta
and Ralph, 2001", superconducting !Ralph et al., 1995;
von Delft and Ralph, 2001", or ferromagnetic nanopar-
ticles !Guéron et al., 1999", self-assembled quantum dots
!Klein et al., 1996", semiconductor lateral !Kouwen-
hoven et al., 1997" or vertical dots !Kouwenhoven et al.,
2001", and also semiconducting nanowires or carbon
nanotubes !Dekker, 1999; McEuen, 2000; Björk et al.,
2004".

The electronic properties of quantum dots are domi-
nated by two effects. First, the Coulomb repulsion be-
tween electrons on the dot leads to an energy cost for
adding an extra electron to the dot. Due to this charging
energy tunneling of electrons to or from the reservoirs
can be suppressed at low temperatures; this phenom-
enon is called Coulomb blockade !van Houten et al.,
1992". Second, the confinement in all three directions
leads to quantum effects that influence the electron dy-
namics. Due to the resulting discrete energy spectrum,
quantum dots behave in many ways as artificial atoms
!Kouwenhoven et al., 2001".

The physics of dots containing more than two elec-
trons has been previously reviewed !Kouwenhoven et
al., 1997; Reimann and Manninen, 2002". Therefore we
focus on single and coupled quantum dots containing
only one or two electrons. These systems are particularly
important as they constitute the building blocks of pro-
posed electron spin-based quantum information proces-
sors !Loss and DiVincenzo, 1998; DiVincenzo et al.,
2000; Byrd and Lidar, 2002; Levy, 2002; Wu and Lidar,
2002a, 2002b; Meier et al., 2003; Kyriakidis and Penney,
2005; Taylor et al., 2005; Hanson and Burkard, 2007".

B. Fabrication of gated quantum dots

The bulk of the experiments discussed in this review
was performed on electrostatically defined quantum
dots in GaAs. These devices are sometimes referred to
as lateral dots because of the lateral gate geometry.

Lateral GaAs quantum dots are fabricated from het-
erostructures of GaAs and AlGaAs grown by molecular-

beam epitaxy !see Fig. 2". By doping the AlGaAs layer
with Si, free electrons are introduced. These accumulate
at the GaAs/AlGaAs interface, typically 50–100 nm be-
low the surface, forming a two-dimensional electron gas
!2DEG"—a thin !#10 nm" sheet of electrons that can
only move along the interface. The 2DEG can have high
mobility and relatively low electron density $typically
105−107 cm2/V s and #!1−5"!1015 m−2, respectively%.
The low electron-density results in a large Fermi wave-
length !#40 nm" and a large screening length, which al-
lows us to locally deplete the 2DEG with an electric
field. This electric field is created by applying negative
voltages to metal gate electrodes on top of the hetero-
structure $see Fig. 2!a"%.

Electron-beam lithography enables fabrication of gate
structures with dimensions down to a few tens of na-
nometers !Fig. 2", yielding local control over the deple-
tion of the 2DEG with roughly the same spatial resolu-
tion. Small islands of electrons can be isolated from the
rest of the 2DEG by choosing a suitable design of the
gate structure, thus creating quantum dots. Finally, low-

FIG. 1. Schematic picture of a quantum dot in !a" a lateral
geometry and !b" in a vertical geometry. The quantum dot
!represented by a disk" is connected to source and drain reser-
voirs via tunnel barriers, allowing the current through the de-
vice I to be measured in response to a bias voltage VSD and a
gate voltage VG.

FIG. 2. Lateral quantum dot device defined by metal surface
electrodes. !a" Schematic view. Negative voltages applied to
metal gate electrodes !dark gray" lead to depleted regions
!white" in the 2DEG !light gray". Ohmic contacts !light gray
columns" enable bonding wires !not shown" to make electrical
contact to the 2DEG reservoirs. !b", !c" Scanning electron mi-
crographs of !b" a few-electron single-dot device and !c" a
double dot device, showing the gate electrodes !light gray" on
top of the surface !dark gray". White dots indicate the location
of the quantum dots. Ohmic contacts are shown in the corners.
White arrows outline the path of current IDOT from one reser-
voir through the dot!s" to the other reservoir. For the device in
!c", the two gates on the side can be used to create two quan-
tum point contacts, which can serve as electrometers by pass-
ing a current IQPC. Note that this device can also be used to
define a single dot. Image in !b" courtesy of A. Sachrajda.
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!↑,0↔S = E↑,0 + "EZ + EC,

!↑,0↔T+
= E↑,0 + EST + EC,

!↑,0↔T0
= E↑,0 + EST + "EZ + EC,

!↓,0↔S = E↑,0 + EC,

!↓,0↔T0
= E↑,0 + EST + EC,

!↓,0↔T−
= E↑,0 + EST + "EZ + EC.

Note that !↑,0↔T+
=!↓,0↔T0

and !↑,0↔T0
=!↓,0↔T−

. Con-
sequently, the three triplet states change the first-order
transport through the dot at only two values of VSD. The
reason is that the first-order transport probes the energy
difference between states with successive electron num-
ber. In contrast, the onset of second-order !cotunneling"
currents is governed by the energy difference between
states with the same number of electrons. Therefore the
triplet states change the second-order !cotunneling" cur-
rents at three values of VSD if the ground state is a
singlet7 !Paaske et al., 2006".

In Fig. 8!c" we map out the positions of the electro-
chemical potentials as a function of VG and VSD. For

each transition, the two lines originating at VSD=0 span
a V-shaped region where the corresponding electro-
chemical potential is in the bias window. In the region
labeled A, only transitions between the one-electron
ground state #↑ ,0$ and the two-electron ground state #S$
are possible, since only !↑,0↔S is positioned inside the
bias window. In the other regions several more transi-
tions are possible which leads to a more complex, but
still understandable, behavior of the current. Outside
the V-shaped region spanned by the ground-state transi-
tion !↑,0↔S, Coulomb blockade prohibits first-order elec-
tron transport.

Experimental results from device A, shown in Fig.
8!d", are in excellent agreement with the predictions of
Fig. 8!c". Comparison of the data with Fig. 6 indicates
that indeed a spin-down electron is added to the one-
electron !spin-up" ground state to form the two-electron
singlet ground state. From the data the singlet-triplet
energy difference EST is found to be %520 !eV. The fact
that EST is about half the single-particle level spacing
!"Eorb=1 meV" indicates the importance of Coulomb
interactions. The Zeeman energy, and therefore the g
factor, is found to be the same for the one-electron
states as for the two-electron states !within the measure-
ment accuracy of %5%" on both devices A and B. We
note that the large variation in differential conductance
observed in Fig. 8!d" can be explained by a sequential
tunneling model with spin- and orbital-dependent tunnel
rates !Hanson, Vink, et al., 2004".

7If the ground state is a triplet, the cotunneling current only
changes at two values of VSD !0 and "EZ / #e#", due to spin
selection rules.

FIG. 8. !Color online" Measurement of the two-electron spin states. !a" Energy diagram schematically showing the energy levels
of the one- and two-electron states. The allowed transitions between these levels are indicated by arrows. !b" Electrochemical
potential ladder corresponding to the transitions shown in !a", using the same color coding. Changing the gate voltage shifts the
ladder as a whole. Note that the three triplet states appear at only two values of the electrochemical potential. !c" Energetically
allowed 1↔2 electron transitions as a function of VSD and VG. The lines corresponding to ↑↔S outline the region of transport;
outside this region, where lines are dashed, the dot is in Coulomb blockade. !d" dIDOT/dVSD as a function of VG and VSD around
the 1↔2 electron transition at B& =12 T in device A. The regions labeled with letters A–F correspond well to those in !c". In the
region labeled A only spin-down electrons pass through the dot. Data adapted from Hanson, Vandersypen, et al., 2004.

1228 Hanson et al.: Spins in few-electron quantum dots

Rev. Mod. Phys., Vol. 79, No. 4, October–December 2007

!↑,0↔S = E↑,0 + "EZ + EC,

!↑,0↔T+
= E↑,0 + EST + EC,

!↑,0↔T0
= E↑,0 + EST + "EZ + EC,

!↓,0↔S = E↑,0 + EC,

!↓,0↔T0
= E↑,0 + EST + EC,

!↓,0↔T−
= E↑,0 + EST + "EZ + EC.

Note that !↑,0↔T+
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. Con-
sequently, the three triplet states change the first-order
transport through the dot at only two values of VSD. The
reason is that the first-order transport probes the energy
difference between states with successive electron num-
ber. In contrast, the onset of second-order !cotunneling"
currents is governed by the energy difference between
states with the same number of electrons. Therefore the
triplet states change the second-order !cotunneling" cur-
rents at three values of VSD if the ground state is a
singlet7 !Paaske et al., 2006".

In Fig. 8!c" we map out the positions of the electro-
chemical potentials as a function of VG and VSD. For

each transition, the two lines originating at VSD=0 span
a V-shaped region where the corresponding electro-
chemical potential is in the bias window. In the region
labeled A, only transitions between the one-electron
ground state #↑ ,0$ and the two-electron ground state #S$
are possible, since only !↑,0↔S is positioned inside the
bias window. In the other regions several more transi-
tions are possible which leads to a more complex, but
still understandable, behavior of the current. Outside
the V-shaped region spanned by the ground-state transi-
tion !↑,0↔S, Coulomb blockade prohibits first-order elec-
tron transport.

Experimental results from device A, shown in Fig.
8!d", are in excellent agreement with the predictions of
Fig. 8!c". Comparison of the data with Fig. 6 indicates
that indeed a spin-down electron is added to the one-
electron !spin-up" ground state to form the two-electron
singlet ground state. From the data the singlet-triplet
energy difference EST is found to be %520 !eV. The fact
that EST is about half the single-particle level spacing
!"Eorb=1 meV" indicates the importance of Coulomb
interactions. The Zeeman energy, and therefore the g
factor, is found to be the same for the one-electron
states as for the two-electron states !within the measure-
ment accuracy of %5%" on both devices A and B. We
note that the large variation in differential conductance
observed in Fig. 8!d" can be explained by a sequential
tunneling model with spin- and orbital-dependent tunnel
rates !Hanson, Vink, et al., 2004".

7If the ground state is a triplet, the cotunneling current only
changes at two values of VSD !0 and "EZ / #e#", due to spin
selection rules.

FIG. 8. !Color online" Measurement of the two-electron spin states. !a" Energy diagram schematically showing the energy levels
of the one- and two-electron states. The allowed transitions between these levels are indicated by arrows. !b" Electrochemical
potential ladder corresponding to the transitions shown in !a", using the same color coding. Changing the gate voltage shifts the
ladder as a whole. Note that the three triplet states appear at only two values of the electrochemical potential. !c" Energetically
allowed 1↔2 electron transitions as a function of VSD and VG. The lines corresponding to ↑↔S outline the region of transport;
outside this region, where lines are dashed, the dot is in Coulomb blockade. !d" dIDOT/dVSD as a function of VG and VSD around
the 1↔2 electron transition at B& =12 T in device A. The regions labeled with letters A–F correspond well to those in !c". In the
region labeled A only spin-down electrons pass through the dot. Data adapted from Hanson, Vandersypen, et al., 2004.
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features appear which correspond to recombination of excitons
from several confined shells.

Typical spectra of an ensemble of In0.60Ga0.40As self-assembled
quantum dots are shown in Fig. 2. At low excitation powers Pex,
emission from the ground shell as well as from the two-dimensional
wetting layer is observed. The s shell is two-fold spin-degenerate,
and can be occupied by not more than two excitons. Increasing Pex

results in complete s-shell filling and saturates its emission. Simul-
taneously, emission from the p shell appears. However, in these
spectra the effects of Coulomb interactions are blurred by inhomo-
geneous broadening. Optical spectroscopy of single quantum
dots11–23 has been successfully applied to suppress inhomogeneous
broadening and to resolve correlation effects. We use single-dot
spectroscopy—as sketched in Fig. 1b—to study changes of the
emission spectra when the number of excitons is varied in a
controlled manner.

Figure 3 shows the emission intensity from the s and p shells of a
single dot as a function of excitation power and energy. The low-
excitation spectra exhibit a single sharp emission line, X, which can
be attributed to recombination of a single electron–hole pair in the s
shell. With increasing illumination, biexciton emission X2 becomes
dominant at the low-energy side of X while the exciton line fades
away. Then the biexciton emission decreases, while a new s-shell
emission line emerges at slightly lower energies. Simultaneously,
intense emission from the p shell appears at an energy 50 meV
higher.

In the further evolution of the spectra with excitation power, two
characteristic features are to be noted. (1) In the p-shell emission,
only a very restricted number of spectral lines are observed. First, a
single emission line appears (X3). This emission line is replaced by
two lines (X4), followed by two other lines with very similar energies
(X5). Finally, these two lines are replaced by a single line (X6). The
energies of all these lines are approximately the same, and the
splittings between them are small as compared to the splitting
between the quantum-dot shells. (2) In contrast, there are dramatic
changes in the number of lines of the s-shell emission and in their
energies. At low p-shell population a single s-shell emission line (X3)
is observed. This line is replaced by a broad band (X4) consisting
of four strong emission lines, when the emission from the p shell
splits into two. On increasing the illumination, we come to a
situation (X5) in which the s-shell emission almost completely
vanishes. Increasing the excitation further leads to a single emission
line (X6) from the s shell when there is also a single line from the p
shell.

To facilitate the comparison with theory, we have selected six
spectra from Fig. 3 (indicated by red lines), in which a certain set of

emission lines has fully evolved, while the set observed for lower
(higher) excitation has disappeared (not yet appeared). These
spectra shown in Fig. 4 correspond most closely to quasi-equilib-
rium conditions in which the mean number of excitons in the dot is
an integer. In the following, they are compared with calculated
spectra for different exciton occupations. These calculations reveal
the fundamental principle of hidden symmetries as a rule determin-
ing the electronic structure of electron–hole complexes in quantum
dots. In this sense, the hidden symmetries are the analogue of
Hund’s rules in atomic physics. The hamiltonian of the interacting
few particle system is given by24,25

H ¼!
i

Ee
i c

þ
i ci þ !

i

Eh
i dþ

i di ! !
ijkl

〈ijjV ehjkl〉cþ
i dþ

j dkcl

þ
1
2 !

ijkl

〈ijjVeejkl〉cþ
i cþ

j ckcl þ
1
2 !

ijkl

〈ijjVhhjkl〉dþ
i dþ

j dkdl

where c+
i and d+

i (ci and di) are the creation (annihilation)
operators for electrons and holes. Ee/h

i are the electron/hole single
particle energies and Vmn, m,n = e,h are the interparticle Coulomb
interactions.

The interband optical processes are described by the polarization
operator P+ = Si c+

i d+
i , where Pþ annihilates a photon and creates an

electron–hole pair. The main question arises when populating
degenerate shells: in atoms, Hund’s rules determine which few-
electron configurations give dominant contribution to the ground
state. Here we are populating shells with two types of particles,
electrons and holes. The ground state of this bi-polar system can be
found by examining the dynamics of the polarization operator, that
is, the commutator of P+ with the hamiltonian. For degenerate shells
and symmetric interactions, Vee = Vhh = !Veh, the commutator has a
simple form25:

½H; Pþÿ ¼ þEXPþ
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Figure 2 State filling spectroscopy on quantum dots. On the left is a scheme of the dot
energy levels, their occupation by carriers and the radiative transitions. Spin orientations
of electrons and holes: grey triangles, spin-down; black triangles, spin-up. On the right
are typical emission spectra resulting from these transitions for an ensemble of
In0.60Ga0.40As quantum dots; these spectra were recorded at different excitation powers
(an Ar-ion laser was used).
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Figure 3 Contour plot of the variation of the emission of an In0.60Ga0.40As single quantum
dot with excitation power and with energy. Bright regions indicate strong emission
intensities, blue regions low intensities. When optically exciting far above the bandgap,
carrier relaxation involving multiple phonon emission processes leads to considerable
sample heating, which causes the system to be in strong non-equilibrium. To reduce
heating, a Ti-sapphire laser was used as excitation source. Its energy was tuned to
E = 1.470 eV, corresponding to emission close to the bottom of the wetting layer (see
Fig. 2). The excitation power Pex was varied between 50 nW and 5 mW.
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Electrostatically-Defined 
Quantum Dots

Self-Assembled 
Quantum Dots  

(SAQDs)

Because a quantum dot is such a general kind of sys-
tem, there exist quantum dots of many different sizes
and materials: for instance, single molecules trapped be-
tween electrodes !Park et al., 2002", normal metal !Petta
and Ralph, 2001", superconducting !Ralph et al., 1995;
von Delft and Ralph, 2001", or ferromagnetic nanopar-
ticles !Guéron et al., 1999", self-assembled quantum dots
!Klein et al., 1996", semiconductor lateral !Kouwen-
hoven et al., 1997" or vertical dots !Kouwenhoven et al.,
2001", and also semiconducting nanowires or carbon
nanotubes !Dekker, 1999; McEuen, 2000; Björk et al.,
2004".

The electronic properties of quantum dots are domi-
nated by two effects. First, the Coulomb repulsion be-
tween electrons on the dot leads to an energy cost for
adding an extra electron to the dot. Due to this charging
energy tunneling of electrons to or from the reservoirs
can be suppressed at low temperatures; this phenom-
enon is called Coulomb blockade !van Houten et al.,
1992". Second, the confinement in all three directions
leads to quantum effects that influence the electron dy-
namics. Due to the resulting discrete energy spectrum,
quantum dots behave in many ways as artificial atoms
!Kouwenhoven et al., 2001".

The physics of dots containing more than two elec-
trons has been previously reviewed !Kouwenhoven et
al., 1997; Reimann and Manninen, 2002". Therefore we
focus on single and coupled quantum dots containing
only one or two electrons. These systems are particularly
important as they constitute the building blocks of pro-
posed electron spin-based quantum information proces-
sors !Loss and DiVincenzo, 1998; DiVincenzo et al.,
2000; Byrd and Lidar, 2002; Levy, 2002; Wu and Lidar,
2002a, 2002b; Meier et al., 2003; Kyriakidis and Penney,
2005; Taylor et al., 2005; Hanson and Burkard, 2007".

B. Fabrication of gated quantum dots

The bulk of the experiments discussed in this review
was performed on electrostatically defined quantum
dots in GaAs. These devices are sometimes referred to
as lateral dots because of the lateral gate geometry.

Lateral GaAs quantum dots are fabricated from het-
erostructures of GaAs and AlGaAs grown by molecular-

beam epitaxy !see Fig. 2". By doping the AlGaAs layer
with Si, free electrons are introduced. These accumulate
at the GaAs/AlGaAs interface, typically 50–100 nm be-
low the surface, forming a two-dimensional electron gas
!2DEG"—a thin !#10 nm" sheet of electrons that can
only move along the interface. The 2DEG can have high
mobility and relatively low electron density $typically
105−107 cm2/V s and #!1−5"!1015 m−2, respectively%.
The low electron-density results in a large Fermi wave-
length !#40 nm" and a large screening length, which al-
lows us to locally deplete the 2DEG with an electric
field. This electric field is created by applying negative
voltages to metal gate electrodes on top of the hetero-
structure $see Fig. 2!a"%.

Electron-beam lithography enables fabrication of gate
structures with dimensions down to a few tens of na-
nometers !Fig. 2", yielding local control over the deple-
tion of the 2DEG with roughly the same spatial resolu-
tion. Small islands of electrons can be isolated from the
rest of the 2DEG by choosing a suitable design of the
gate structure, thus creating quantum dots. Finally, low-

FIG. 1. Schematic picture of a quantum dot in !a" a lateral
geometry and !b" in a vertical geometry. The quantum dot
!represented by a disk" is connected to source and drain reser-
voirs via tunnel barriers, allowing the current through the de-
vice I to be measured in response to a bias voltage VSD and a
gate voltage VG.

FIG. 2. Lateral quantum dot device defined by metal surface
electrodes. !a" Schematic view. Negative voltages applied to
metal gate electrodes !dark gray" lead to depleted regions
!white" in the 2DEG !light gray". Ohmic contacts !light gray
columns" enable bonding wires !not shown" to make electrical
contact to the 2DEG reservoirs. !b", !c" Scanning electron mi-
crographs of !b" a few-electron single-dot device and !c" a
double dot device, showing the gate electrodes !light gray" on
top of the surface !dark gray". White dots indicate the location
of the quantum dots. Ohmic contacts are shown in the corners.
White arrows outline the path of current IDOT from one reser-
voir through the dot!s" to the other reservoir. For the device in
!c", the two gates on the side can be used to create two quan-
tum point contacts, which can serve as electrometers by pass-
ing a current IQPC. Note that this device can also be used to
define a single dot. Image in !b" courtesy of A. Sachrajda.
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Introduction to Self-Assembled Quantum Dots

•  Definition:  Quantum dots are systems where the charge carriers (electrons and holes) are confined in three dimensions (3D) within a 
region smaller than their de Broglie wavelength.  

•  Growth:  Distinguish self-assembled and electrostatically-defined quantum dots.  Self-assembled quantum dots are 3D islands that form 
spontaneously during growth of lattice-mismatched materials using Molecular Beam Epitaxy (MBE).  3D confinement is enabled through 
material selection:  bandgap of epilayer < bandgap of substrate.

•  Physical Structure of QDs:  typically 10-100 nm diameter, 2-5 nm epilayer thickness,  containing typically a few thousand to tens of 
thousands of atoms arranged in a 3D crystal lattice.

•  Background:  3D confinement produces discrete energy spectrum, thus quantum dots are often described as solid-state “artificial atoms”.  
However, unlike electrons in an isolated atom, carriers in semiconductor quantum dots interact strongly with the solid-state environment, 
including phonons.  Practical realization of the “particle(s)-in-a-box” problem from elementary quantum mechanics.

•  Motivations:  The dipole moment of self-assembled QDs allows interaction with light and thus they can probed by optical spectroscopy 
(wavelength range:  850-1000 nm).  QD energy levels have been manipulated by a variety of externally applied perturbations, including 
mechanical stress, electric fields, magnetic fields, and optical fields.  For emerging applications in areas such as quantum information and 
potential integration of QDs with mesoscopic mechanical/electrical systems, new experimental controls and techniques are desired.

•  Goal:  Experimental realization of the resolved sideband regime for self-assembled quantum dots using surface acoustic wave modulation.

AFM Image (1 µm x 1 µm) 
of Uncapped QDs on GaAs

InAs Quantum Dots

Cross-Sectional Schematic of QDs using GaAs substrate

GaAs

GaAs
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There are two dimensionless parameters that appear in this problem: β =
eVac

h̄Ω
∝

√
PRF

fsaw

ε =

fsaw

γ
and

where Ω = 2πfsaw, PRF = RF source power, γ = FWHM of (unmodulated) Lorentzian QD spectrum
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Demonstration of Optomechanical Coupling of a Self-Assembled Quantum Dot and a Radio-Frequency Surface Acoustic Wave
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What is a Surface Acoustic Wave (SAW)?
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IDT Equivalent Circuit
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Problem #3:  Impedance Matching to an Acoustic Antenna
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Surface Acoustic Wave Data
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!E = !E0 exp(iωt + iφ(t))

φ(t) = β sin(Ωt)
ωinstant = ω + dφ/dt

= !E0

n=+∞∑

n=−∞

Jn(β) exp[i(ω + nΩ)t]

= !E0 exp(iωt + iβ sin(Ωt))

= !E0

{

J0(β) exp(iωt) +
n=∞
∑

n=1

Jn(β) {exp[i(ω + nΩ)t] + (−1)nexp[i(ω − nΩ)t]}

}

Convolution of the (unmodulated) Lorentzian spectrum of the quantum dot with the above expression for the 
modulated excitation field gives for the normalized output power:
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Traveling electric field accompanies propagating surface acoustic wave.

Inserting sinusoidal phase modulation:  

Jacobi-Anger identity, where the             are Bessel functions.Jn(β)

Theoretical Formulation to Understand Formation and Evolution of Sidebands


