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Cooling a nanomechanical resonator with quantum

back-action

A. Naik"?, O. Buu"?, M. D. LaHaye'”, A. D. Armour®, A. A. Clerk>, M. P. Blencowe® & K. C. Schwab'

Quantum mechanics demands that the act of measurement must
affect the measured object. When a linear amplifier is used to
continuously monitor the position of an object, the Heisenberg
uncertainty relationship requires that the object be driven by force
impulses, called back-action'. Here we measure the back-action
of a superconducting single-electron transistor (SSET) on a radio-
frequency nanomechanical resonator. The conductance of the
SSET, which is capacitively coupled to the resonator, provides a
sensitive probe of the latter’s position; back-action effects manifest
themselves as an effective thermal bath, the properties of which
depend sensitively on SSET bias conditions. Surprisingly, when
the SSET is biased near a transport resonance, we observe cooling
of the nanomechanical mode from 550 mK to 300 mK—an effect
that is analogous to laser cooling in atomic physics. Our measure-
ments have implications for nanomechanical readout of quantum
information devices and the limits of ultrasensitive force
microscopy (such as single-nuclear-spin magnetic resonance force
microscopy). Furthermore, we anticipate the use of these back-
action effects to prepare ultracold and quantum states of mechanical
structures, which would not be accessible with existing technology.

Back-action impulses arise in practice from the quantized and
stochastic nature of the fundamental particles used in the measuring
device. For example, in high precision optical interferometers such as
the LIGO gravitational wave detector® or in the single-spin force
microscope’, the position of a test mass is monitored by reflecting
laser light off the measured object and interfering this light with a
reference beam at a detector. The measured signal is the arrival rate of
photons, and one might say that the optical ‘conductance’ of the
interferometer is modulated by the position of the measured object.
Back-action forces that stochastically drive the measured object result
from the random impact and momentum transfer of the discrete
photons. This mechanical effect of light is thought to provide the
ultimate limit to the position and force sensitivity of an optical
interferometer. Although this photon ‘ponderomotive’ noise has not
yet been detected during the measurement of a macroscopic object®,
these back-action effects are clearly observed and carefully used in the
cooling of dilute atomic vapours to nanokelvin temperatures.

In the experiments reported here, we study an SSET that is
capacitively coupled to a voltage-biased (Vygr), doubly clamped
nanomechanical resonator (Fig. 1). Like the interferometer, the
conductance of the SSET is a very sensitive probe of the resonator’s
position, whereas the particles transported in this case are a mixture
of single and Cooper-paired electrons. We have recently shown the
SSET to be nearly a quantum-limited position detector’; however,
reaching the best sensitivity will ultimately be limited by the back-
action of the charged particles’, which could not be observed in
previous experiments because of insufficient SSET-resonator
coupling.

The back-action force of the SSET results in three measurable
effects on the resonator: a frequency shift, a damping rate, and
position fluctuations. The frequency shift and damping rate are
caused by the in-phase and small out-of phase response in the
average electrostatic force between the SSET and resonator, as the
resonator oscillates. Position fluctuations arise from fluctuations in
this force. As electrons and Cooper pairs are transported through the
SSET island, the island charge changes stochastically by =1 or 2
electrons, causing the electrostatic force to fluctuate with an amg)li—
tude of 107!*Nyms, with a white spectral density of S}/ ~
10"8SN'Hz™1/2, extending to ~20 GHz (assuming Vg = 2V and
parameters given in Supplementary Information).

These back-action effects are observed by measuring the SSET
charge noise in the vicinity of the resonator frequency (Supplemen-
tary Information), thus obtaining the resonator noise temperature,
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Figure 1 | Nanodevice and measurement diagram. Scanning electron
microscope image of the device (false colour): a 21.9-MHz, doubly clamped,
SiN and Al nanomechanical resonator (NR) coupled to a superconducting
single-electron transistor (SSET), with simplified measurement circuit
diagram. See Supplementary Information for sample parameters. Vg, gate
voltage; Vg, nanoresonator bias voltage; Vs, drain—source voltage,
applied through the bias tee. The SSET is read out by applying 1.17 GHz
microwaves through the directional coupler, and monitoring the signal
reflected off the LCR tank circuit formed by Lyy,1, Crunk and the SSET. The
charge sensitivity of the system is calibrated by a fixed 21 MHz reference
voltage signal applied to a nearby gate capacitor.
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T'\r> and dissipation rate, ynr = wnr/Qnr for different coupling
voltages, Vg, and refrigerator temperatures, Tpam; here wyg and
Qnr are the resonator angular frequency and quality factor.
Figure 2 inset shows an example of the measured spectral noise
power where the mechanical resonance at wyg = 2721.837 MHz is
clearly visible, and accurately fits a simple harmonic oscillator
response function, on top of a white power spectrum due to an
ultralow-noise microwave preamplifier used to read out the SSET
with microwave reflectometry®.

For low SSET—nanoresonator coupling strengths, and with the
SSET biased close to the Josephson quasiparticle peak’ (JQP), Tnr
simply follows T'g,,, with the lowest temperature point correspond-
ing to occupation number Nty = 25, and the nanoresonator shows
a very low dissipation rate (Qngr = 120,000 at T'g,, = 100 mK); see
Fig. 2. This is an elementary demonstration of the equipartition
theorem and of nanomechanical noise thermometry’.

As the SSET bias point is held fixed at a JQP and the coupling
voltage is increased, we find clear signatures of all three expected
back-action effects. Figure 3 shows the change in resonance fre-
quency and dissipation rate, yng, caused by coupling to the SSET.
The back-action fluctuation effects on Ty first become noticeable
for Tpan < 200mK (Fig. 2), where we observe an increase and
ultimately a saturation of Twr = 200mK; the SSET back-action
exerts a stochastic force drive, in excess of the thermal noise of T'gy,.

At our highest coupling strength, Vg = 15V, we find that
T'nr has a much weaker dependence on Tg,y, tending towards a
fixed value of ~200mK. In this high coupling limit and for
Tgatn = 200 mK, we observe the counter-intuitive effect that a
noisy, non-equilibrium measuring device can cool the nanome-
chanical mode.

This behaviour can be understood through models based on a
quantum noise approach'® or a master equation description of the
coupled electro-mechanical system''. These models show that the
back-action effects are that of an effective thermal bath; similar
results have been obtained for oscillators coupled to other non-
equilibrium devices: a normal state single-electron transistor'>"’, a
quantum point contact'!, and in experiments with a ping-pong ball
in turbulent air flow'®. The resulting damping and temperature of the
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Figure 2 | Resonator temperature versus bath temperature and coupling
voltage. Main plot shows the effective temperature of the resonator

(in mK and quanta Nty), Tng, versus bath temperature, T'g,,, with the
SSET biased near the JQP. See text for discussion. Inset shows an example of
the measured charge noise power (red trace), taken at T, = 100 mK and
Vnr = 4V, and a lorentzian fit (black line). The area of this peak is
proportional to the resonator temperature, Tyg. Error bars are the standard
deviation of the estimate of the total NR noise power.
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resonator due to coupling to both refrigerator thermal bath (T'p,,)
and SSET effective bath (Tssgr) through the associated damping
rates (7 parn and 7y ssgr) are then given by:

(1a)
(1b)

As long as yngr is positive, equations (la, 1b) provide a simple
interpretation of the data in Fig. 2: as the coupling to the SSET is
increased, the damping «yssgr increases, so the effective temperature
of the resonator is pulled away from T,y and closer to T'sser
Experimentally, Tssgt is easily determined from the value of Tg,,
where all the curves cross, or the value of Tg when T, — 0: we
find Tssgr = 200 mK. The curvature observed in Tyr at high
couplings is probably due to the temperature dependence of v g,
Note that T'ssgr is not determined by the thermodynamic tempera-
ture of the carriers in the SSET, but is a measure of the intensity of the
charge fluctuations on the SSET.

Using the quantum noise approach™', we find that the back-
action effects are determined by the asymmetric-in-frequency
quantum noise spectrum of the back-action force, Sp(w):

YNR = 7YBath + YSSET

YNRTNR = YBath TBath +YsseT T'ssET

2mhwnrYsseT = Sr(wNR) — SF(—wNR) (2a)

4mkg Tssprysser = Sp(wnr) + Sp(—wNr) (2b)

where ky is Boltzmann’s constant and m is the oscillator mass, and
the positive (negative) frequency noise power describes the noise
responsible for the rates of energy emission (absorption) from the
nanoresonator to the SSET. Thus our nanomechanical resonator
provides a frequency-resolved measurement of the asymmetric,
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Figure 3 | Resonator damping rate and frequency shift versus coupling
voltage. Main plot shows the measured nanoresonator dissipation rate,
YR Versus Vg for various values of Tg,y,. Inset shows the resonant
frequency versus Vim (TBath = 30 mK). Both the frequency shift and
damping rate to the SSET, yssgps scale as VZy, as expected (solid red lines).
At low Vg, v nr is asymptotic to the damping rate to the bath, y gy, (black
line). At high Vg, vnr is asymptotic to a quadratic dependence, 7y sset
although at a rate 14 times higher than expected (ynr—theory, blue curve.)
Black curve shows yYNr = 7 ath + ¥ sser- The figure above shows the
nanomechanical mode coupled to the thermal baths, Ty, and Tssgs
through dissipative links, v g, and v ssgt- The red (blue) arrows indicate the
emission (absorption) of quanta by the baths leading to heating (cooling) of
the resonator.
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quantum noise properties of the SSET'"'’, albeit only at the
resonator frequency.

When biased at a JQP, the transport is resonant and involves a
process of Josephson and quasi-particle tunnelling. This leads to a
simple expression for T'ssgt:

# I +4(AE/h)?

4 4AE/h )

kg Tsser =
where AE is the difference between final and initial energies of the
tunnelling Cooper pair, and I is the quasiparticle tunnel rate, which
is essentially temperature independent far below the superconduct-
ing transition temperature. This result is analogous to laser ponder-
omotive cooling of a mechanical cavity*, or to Doppler cooling of a
two-level atom®'; hence we call this ‘Cooper-pair molasses’.

Figure 4 shows the sensitive dependence of T'xg, Ynr and wyg, as
we tune the SSET bias point through the two neighbouring JQP
resonances. Between the two JQP peaks where AE > 0 (‘red
detuned’), Tyr is in excellent agreement with the theoretical predic-
tions (~220 mK) (Fig. 4d). The changes in frequency (Fig. 4b) are
also reasonably well described, indicating that the overall magnitude
of the non-fluctuating component of the back-action force is close to
expectation. Only qualitative agreement is achieved for the damping,
which results from a very small asymmetry in the force noise power
(equation (2a)). We observe the expected quadratic dependence on
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Figure 4 | Back-action effects versus SSET bias point. Comparison of
experimental measurements (black points and lines) and theoretical
predictions (blue and red lines) as V is scanned through neighbouring JQP
resonances, with fixed Vpg = 4Ec — 100 pnV, and Vg = 5V, where Ec is
the Coulomb energy of the SSET. The panels show a, the SSET current, b, the
resonator frequency shift, ¢, the resonator damping rate, -y yg, and d, the
effective resonator temperature, Txg. Note that in ¢ the theoretically
calculated values have been multiplied by a factor of 14. In c and d, expected
unstable bias points, {Txg, Ynr} < 0, are shown in blue where SSET is ‘blue
detuned’, and stable bias points, {Txr, Ynr} = 0, are shown in red where
SSET is ‘red detuned’. Error bars are the standard deviation of the fitting
parameters to the measured noise spectra.
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Vnr (Fig. 3) and the increase in damping as one approaches the JQP
resonance (Fig. 4c). However, the magnitude is 14 times larger than
expected. We believe that this excess may be related to the long-
standing discrepancy between theory and experiment in transport
characteristics at the JQP?>. We do not believe that the excess
damping observed is due to another independent bath, as the
dissipation is clearly very sensitively controlled by the SSET bias
point (Fig. 4.)

Outside the JQP resonances, the tunnelling Cooper pairs can emit
energy to the resonator (AE < 0, ‘blue-detuned’), and the linear
theory predicts negative SSET temperatures and damping rates'>'".
When the predicted ynr becomes negative (region shaded blue in
Fig. 4), states of small amplitude of motion are unstable with respect
to a state of large amplitude motion of the resonator, where the
amplitude is ultimately limited by nonlinearity in the dynamics'’,
and the picture of the SSET as an effective thermal bath breaks down.
A theoretical description of our system in these parameter regions is
beyond the scope of this Letter, but we do find experimentally points
of dramatically increased Tng outside the JQP peaks, as one would
expect qualitatively. Additionally, we have observed the unstable
behaviour when biasing the SSET at the double JQP, where the back-
action effects are predicted to be larger than at the JQP'>"". Although
we are only able to make quantitative comparison for the regions of
stable bias, the fact that SSET operating points with opposite sign AE
yield the same current, but show very different back-action, provides
compelling evidence that the SSET is the controlling source of the
back-action fluctuations.

We can use equation (2) to calculate the amplitude of the back-
action impulses and compare this to the uncertainty principle
requirement, (S,Sr)"/? = #/2, where S, is the spectral power density
of position (at our highest coupling voltage, we achieve
VS =3x10""%mHz /?). Using S, = S,/(dI/dx)*, and S; = 2el at
the JQP resonance®, we find +/SgS; = 157%/2, a factor of 15 larger
than the uncertainty principle requirement. This excess back-action
will limit the position resolution Ax to a factor of 3.9 over the
quantum limit (Supplementary Information). However, this level of
ideality is already sufficient for an SSET to enable the realization of
novel quantum states of the mechanical resonator, including
squeezed™ and entangled states™.

The nanomechanical cooling and heating effects reported here are
closely related to proposed processes using a Cooper-pair qubit***’
and a quantum dot*®*°, and are (to our knowledge) the first examples
of the interaction between coherent electronics and nanomechanical
modes. Although the cooling power of our Cooper-pair molasses is
exceedingly small, Q = vysserks(Tgath — Tsser) = 1072 W, it is suffi-
cient to cool a single, well isolated, mechanical degree of freedom.
Furthermore, we believe that it is possible to use this method to
produce ultracold, quantum states in nanomechanical systems with
high resistance tunnel junctions, as it is expected'® that T'ssgr oc Ry !
and vysser o< R}, providing increasing coupling to a decreasing
temperature bath as the junction resistance, Rj, is increased. For
instance, the junctions reported in ref. 30 should reach a minimum
T'sser = 0.3 mK, providing access to the quantum ground state of a
resonator similar to that reported here.
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