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Nanomechanical resonators are used with great success to 
couple mechanical motion to other degrees of freedom, such 
as photons, spins and electrons1,2. The motion of a mechanical 
eigenmode can be efficiently cooled into the quantum regime 
using photons2–4, but not other degrees of freedom. Here, we 
demonstrate a simple yet powerful method for cooling, ampli-
fication and self-oscillation using electrons. This is achieved 
by applying a constant (d.c.) current of electrons through 
a suspended nanotube in a dilution refrigerator. We dem-
onstrate cooling to 4.6 ± 2.0 quanta of vibrations. We also 
observe self-oscillation, which can lead to prominent instabili-
ties in the electron transport through the nanotube. We attri-
bute the origin of the observed cooling and self-oscillation  
to an electrothermal effect. This work shows that electrons 
may become a useful resource for cooling the mechanical 
vibrations of nanoscale systems into the quantum regime.

The vibrations of mechanical resonators have been coupled to 
electrons in different transport regimes, such as single-electron 
tunnelling5–11, Kondo12 and the quantum Hall effect13,14. As mechan-
ical resonators are excellent force sensors, a small electrostatic force 
created by electrons generates a large displacement of the resona-
tor. Conversely, the displacement reacts back on the electrons by 
a sizeable amount. This back-action of electrons on the resonator 
has frequently been studied by measuring the change in resonance 
frequency and in the energy decay rate of vibrations5–14. In prin-
ciple, the back-action of electrons can also be used to suppress and 
amplify thermal vibrational fluctuations and to generate self-oscil-
lation by applying a d.c. electron current15,16. Reducing the thermal 
displacement fluctuations of a mechanical eigenmode is equivalent 
to cooling it according to the equipartition theorem. Signatures 
of a modest cooling to ∼200 quanta and self-oscillation were 
observed over a decade ago in a pioneer study17 where a resonator 
was coupled to a superconducting single-electron transistor. Many 
theoretical schemes have been proposed to cool mechanical vibra-
tions using electrons in different electron transport regimes18–22. 
However, these cooling schemes could not be implemented owing 
to experimental difficulties. Here, we show efficient back-action 
cooling in a current-biased suspended nanotube precooled in a 
dilution refrigerator.

Carbon nanotubes are a versatile system for the study of both 
electron transport and nanomechanics. Different electron trans-
port regimes can be reached by tuning the transmission of elec-
trons between the nanotube and electrodes23. Interaction can lead 
to electron attraction, Kondo behaviours and Wigner states23–25. As 
carbon nanotubes are so small, they make the lightest mechanical 

resonators fabricated thus far. Cooling a nanotube resonator in a 
dilution refrigerator leads to high quality factors26,27. As a result, the 
force sensitivity of the resonator is record-high28, and the effect of 
the electron–vibration coupling is expected to be especially large.

Suspending a carbon nanotube between two metal electrodes is 
key to forming a nanomechanical resonator and carrying out state-
of-the-art electron transport measurements. This suppresses the 
electron backscattering in the nanotube due to the charge impuri-
ties and the rugosity of the substrate. We grow the carbon nano-
tube between two metal electrodes in the last step of the fabrication 
process using chemical vapour deposition to minimize residual 
contamination26. Measurements are carried out by applying a d.c. 
voltage to the source electrode (Vsd) and the gate electrode (Vg) pat-
terned at the bottom of the trench (Fig. 1a). We detect the electrical 
current from the drain electrode using an RLC resonator with fre-
quency ωRLC = 2π × 1.27 MHz and a high-electron-mobility transis-
tor (HEMT) amplifier28,29. We record the differential conductance 
Gdiff of the device by applying an oscillating voltage Vac

sd
I

 to the source 
electrode with the frequency set at ωRLC. Using a capacitive trans-
duction scheme28, we measure thermal vibrations with resonance 
frequency ω0 by applying Vac

sd
I

 at the frequency ω0 − ωRLC. To avoid 
perturbations from the measurement, we keep the amplitude of Vac

sd
I

 
much smaller than kBT/e, where kB is the Boltzmann constant, T is 
the temperature of the cryostat and e is the electron charge. All the 
measurements presented here are carried out at the base tempera-
ture of the refrigerator, except when noted otherwise.

Electron transport measurements indicate that electrons are in 
the Kondo regime23. A regular shell filling with Kondo ridges at 
zero source–drain bias is observed when sweeping Vg (Fig. 1b,c). 
Unlike a normal Coulomb blockade, Gdiff increases in every second 
conductance valley when decreasing temperature. This reveals the 
SU(2) nature of the Kondo effect in this device.

Energy decay measurements of thermal vibrations reveal that the 
quality factor Q = 6.8 × 106 is remarkably high when compared with 
previous works26–28. This is also higher than the Q inferred from 
the spectral resonance linewidth, since the energy decay rate Γdecay 
is smaller than the spectral resonance linewidth Γwidth (Fig. 1d–f). 
The difference is attributed to dephasing. The resonance frequency 
can be tuned by sweeping both Vg and Vsd (Fig. 1g,h). The slopes 
∂ω0/∂Vg and −∂ω0/∂Vsd are often similar, suggesting that they are 
related to the same origin—that is, the mechanical tension induced 
by the static displacement of the nanotube. Thermal vibrations can 
be cooled with the cryostat to ∼70 mK (Fig. 1i). We attribute the 
saturation of the displacement variance at low temperature to the 
electric noise in the circuit.
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We observe instabilities in the conductance arising periodically 
in Vg (see arrows in Fig. 1b). They emerge at a finite source–drain 
bias in charge stability diagram measurements. In these instability 
regions, the peaks in conductance are truncated (Fig. 2a–c), and 
conductance traces as a function of Vg seem noisy (Fig. 2d). While 
similar conductance instabilities were previously reported8, we show 
that these instabilities are related to large-amplitude vibrations.

The measured conductance instabilities originate from switch-
ing the mechanical motion between thermal noise and self-oscil-
lation (Fig. 3). On sweeping Vsd through the instability region, the 
variance of the displacement δz2 dramatically increases (Fig. 3a), 
and the decay rate is suppressed towards zero near the border of the 
instability region (shaded in yellow in Fig. 3b). These two experi-
mental facts point to the development of self-oscillation. The phase 
space and the histogram of the two quadratures of the motion can 
be described by the superposition of the distributions of a dough-
nut and a Gaussian-like peak (Fig. 3h,i), suggesting that the motion 

switches back and forth between self-oscillation with high δz2 and 
thermal noise with low δz2 (Supplementary Information Section III). 
This switching is further supported by the fact that the resonance 
lineshape is unusually broad (Fig. 3g); indeed, the large linewidth is 
then related to the large fluctuations of δz2 and the resonator non-
linearity. Pure self-oscillation with a narrow resonance lineshape 
can also be observed without any switches to thermal vibrations; 
this often happens at higher Vsd values. The shift in resonance fre-
quency due to electron back-action (Fig. 3c) is difficult to quantify, 
since the resonance frequency also depends on the mechanical ten-
sion induced by Vsd, the temperature rise of the nanotube lattice due 
to Joule heating and the variance of the displacement through the 
mechanical nonlinearity.

Mechanical vibrations are cooled to 4.6 ± 2.0 quanta at 
Vg = −943 mV when the source–drain bias voltage is increased to 
Vsd = 0.565 mV (Fig. 4a–c). Cooling is accompanied by a strong 
increase in the decay rate (Fig. 4d), indicating a back-action effect. 
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Fig. 1 | Characterization of the nanotube electromechanical resonator. a, Measurement schematic (top) and scanning electron microscopy image with 
tilted angle (bottom) of the suspended nanotube. The trench width is 1.1 μm. The blue arrows indicate the suspended nanotube. Voltages Vsd and Vg are 
applied to electrodes S and G, respectively. Electrode D is connected to an RLC resonator and an HEMT amplifier. b, Gdiff as a function of Vsd and Vg. Yellow 
arrows indicate regions of conductance instabilities. c, Gdiff as a function of Vg with Vsd = 0 mV. Upon lowering the temperature, the conductance increases 
and decreases as indicated by the pink and grey arrows, respectively. d, Displacement spectral density. e, Energy decay obtained from the autocorrelation 
of the time t trace of X2 + Y2, where X and Y are the two quadratures of thermal vibrations. The pink line indicates an exponential decay. f, Γdecay and Γwidth as 
a function of Vg with Vsd = 0 mV. g,h, ω0 as a function of Vg and Vsd. We set Vsd = 0 mV in g and Vg = −560 mV in h. i, δz2 as a function of T at Vg = −185 mV; n 
is the quanta number.
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This efficient cooling occurs when the transconductance is nega-
tive and large (Fig. 4e). We observe cooling at other Vg values when 
the transconductance is also negative (Supplementary Information 
Section II). The determination of the number of quanta is robust 
against the hypothetical miscalibration of the amplification chain 
and of the attenuation along the coaxial cables (see Methods). The 
uncertainty in the transconductance, which enters into the trans-
duction of the displacement, is 5.7% of its value at Vg = −943 mV and 
Vsd = 0.565 mV. As explained above, the frequency shift due to back-
action cannot be quantified, since the frequency shift depends on 
various other effects that are difficult to disentangle experimentally.

The nanotube experiences Joule heating due to the current flow-
ing through the resonator. Back-action cooling predicts that the pho-
non occupation at finite bias is given by n(Vsd) = Γbathnbath/Γdecay(Vsd) 
where nbath = kBTbath/ħω0 is the thermal phonon number and Γbath is 
the coupling to the thermal bath. We would achieve much lower 
phonon occupation if the bath temperature Tbath was given by the 
cryostat temperature, while setting Γbath to the measured decay rate 
at zero bias. This indicates that Joule heating is sizable. We deduce 
Tbath from the measured values of n and Γdecay (Fig. 4f)30,31. The tem-
perature rise can be well described by Joule heating for different Vg 
values using the phenomenological relation Tbath ¼ T0

vib þ ηGV2
sd

I
 

(Fig. 4f), where T0
vib
I

 is the measured vibration temperature at zero 
bias, G is the conductance and η is a free parameter that we take 
to be constant for all the Vg values. The temperature rise is not 
accounted for by the electrostatic force associated with the elec-
tron shot noise of the nanotube, since the temperature rise does not 
depend linearly on Vsd and is independent of Vg to a first approxi-
mation. The shot noise of the suspended nanotube behaves in the 
usual way with a Fano factor between 0.2 and 0.3 (Supplementary 
Information Section IV).

Here, we discuss the possible origins of the observed back-action. It 
could be related to the usual back-action in electromechanical resona-
tors5–12, where conducting electrons generate an electrostatic force on 
the nanotube, and the retardation of the force is due to the transmis-
sion of electrons between the nanotube and the electrodes. However, 
we do not observe resonance frequency dips when sweeping Vg  

(Fig. 1g), showing that the strength of this back-action is weak. 
Moreover, this back-action predicts modest cooling at the conduc-
tance peaks15,16, which is the opposite of what is observed in Fig. 2, that 
is, self-oscillation near conductance peaks. This shows that the back-
action measured in electromechanical resonators at zero source–
drain bias cannot describe our results at finite bias. Another possible 
mechanism could be related to the retardation created by the circuit, 
where the vibration-induced current noise of the nanotube gener-
ates a retarded electrostatic force due to the capacitance of the circuit. 
However, the predicted decay rate is too weak to produce the cooling 
observed in Fig. 4a,c. We conclude that back-action with electrostatic 
origins cannot account for our findings.

We attribute the origin of the back-action to an electrothermal 
effect32, which is an analogue of the photothermal back-action often 
observed in optomechanical resonators33. The power GV2

sd
I

 of Joule 
heating modifies the mechanical tension in the nanotube through 
the effective thermal expansion coefficient of the device. This 
results in a net displacement δz of the resonator when the nano-
tube is bent by the static electrostatic force associated with Vg, for 
example. This displacement reacts back on the dissipated power via 
δG ¼ dG

dz δz
I

 with a delay given by both the capacitance of the cir-
cuit and the thermalization time of the device32. This electrothermal 
effect modifies the decay rate by

ΔΓback ¼ �α
dGdiff

dVg

C0
g

Cg
VgzsV

2
sd ð1Þ

Here, Cg is the capacitance between the nanotube and the gate 
electrode, C0

g

I
 is its derivative with respect to z and zs is the static 

displacement. We use α as a free parameter in our analysis, since 
α depends on various quantities that are difficult to quantify such 
as the thermalization time, the effective thermal expansion coef-
ficient and the three-dimensional profile of the static bending of 
the nanotube.

The electron transport in the device controls the electrother-
mal back-action through dGdiff

dVg

I

. When dGdiff
dVg

I

 is positive and large, the 
total decay rate of the resonator can become effectively negative, 
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leading to self-oscillation. When dGdiff
dVg

I

 is strongly negative so that 
ΔΓback ≫ Γbath, the vibrations are efficiently cooled. Equation (1) 
qualitatively reproduces the decay rate measured when increas-
ing Vsd towards the self-oscillation regime shaded in yellow in Fig. 
3b and to the strong cooling regime in Fig. 4d (see pink lines). See 
Section VI of the Supplementary Information for more discussion 
on the different back-actions.

Our detection method enables excellent displacement sen-
sitivity. The imprecision noise Simp

z
I

 can reach the level of the dis-
placement noise of the zero-point fluctuations at resonance 
frequency, Szpfz ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ℏ=mω0Γwidth

p

I
, where m is the effective mass 

(Supplementary Information Section. V) and ħ is the reduced Planck 
constant. The imprecision noise in this detection scheme can be fur-
ther suppressed by setting the device transconductance to a higher 
value, while keeping the electron shot noise to a lower level com-
pared with the Johnson–Nyquist noise by applying the source–drain 
voltage bias below kBT. The imprecision noise reads

Simp
z ¼ 1

2
dGdiff

dVg
VgV

ac
sd

C0
g

Cg

� ��1

Simp
I

ð2Þ

Here Simp
I
I

 is the current noise floor associated with the HEMT 
amplifier noise, the Johnson–Nyquist noise of the circuit and the 
electron shot noise through the nanotube device, which can be 
tuned by Vac

sd
I

 and Vsd.
Electrothermal cooling is a striking effect, since it takes advantage 

of Joule heating to cool mechanical vibrations. This cooling mecha-
nism is also efficient at temperatures close to the quantum regime. 
The electrothermal cooling method is simple, as it consists of apply-
ing a direct current of electrons through a suspended nanoelectronic 
device. Our measurements of thermal vibrations are similar to the 
noise measurements on electronic devices obtained by others34–36. 
Electrothermal cooling allows us to demonstrate the lowest occupa-
tion number achieved with a resonator based on a low-dimensional 
nanoscale material28,30,31,33. Future studies may enable ground-state 
cooling achieved by enhancing the back-action rate (equation (1)) 
using devices with higher transconductance and stronger coupling 
to the gate (to increase the C0

g=Cg

I
 ratio). It will then be interesting 

to investigate the lowest measurement noise related to the impreci-
sion noise and the quantum back-action noise, which arises from 
the electrostatic force noise associated with the electron shot noise. 
Cooling is also promising for enhancing the polaronic nature of 

X (nm)

–4 –2 0 2 4

Y
 (

nm
)

–4

–2

0

2

4

X (nm)

–0.2 0 0.2

Y
 (

nm
)

–0.2

0

0.2

–0.2 0 0.2

0.01

0.1

1

C
ou

nt
s 

(a
.u

.)

X (nm)

–4 –2 0 2 4

0.01

0.1

1

C
ou

nt
s 

(a
.u

.)

X (nm)

–16 –8 0 8 16
1

10

Vsd = 0.25 mV

–3 –2 –1 0 1 2 3

1

10

Δω/2π (kHz)

Δω/2π (kHz)

Vsd = 0.15 mV

a

d e f

b

g h i

c

0 0.2 0.4 0.6 0.8
1

10

100

1,000

Γwidth

Γdecay

Γ/
2π

 (H
z)

ω
0
/2

π 
(M

H
z)

0 0.2 0.4 0.6 0.8

91.79

91.80

91.81

91.82

0 0.2 0.4 0.6 0.8

0.1

1

Vsd (mV) Vsd (mV) Vsd (mV)

S
z 

(p
m

 (
H

z)
–1

)
√

S
z 

(p
m

 (
H

z)
–1

)
√

√
δz

2  (
nm

)
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charge carriers in a single-electron tunnelling device37. This might 
offer the possibility of tuning the zero-frequency electrical conduc-
tion of an electromechanical device.
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Methods
Detection of mechanical vibrations. Electron–vibration coupling not only leads 
to back-action5–14,38–43 but also enables the detection of vibrations26–29,44. Mechanical 
vibrations are electrically detected using an RLC resonator and a HEMT amplifier 
cooled at liquid-helium temperature (Fig. 1a)28. Displacement modulation is 
transduced capacitively into current modulation by applying an input oscillating 
voltage Vac

sd
I

 across the nanotube. The frequency ωsd/2π of the oscillating voltage 
is set to match ωsd = ω0 ± ωRLC. Thermal vibrations are measured by recording 
the current noise at ∼ωRLC. The current δI is related to the displacement of the 
nanotube by

δI ¼ βδz ð3Þ

where the constant β is

β ¼ 1
2
dGdiff

dVg
VgV

ac
sd

C0
g

Cg
ð4Þ

The spectral density Sz of the displacement noise is obtained from the measured 
spectral density of the current noise using equations (3) and (4).

The equipartition theorem is used to reliably calibrate the number of quanta:

mω2
0δz

2 ¼ kBT ð5Þ

In practice, we measure the spectral density of the current noise to quantify the 
variance of the current δI2res

I
 associated to the mechanical resonance of thermal 

vibrations. The measurement of δI2res
I

 as a function of temperature in Fig. 1i 
determines m Cg

C0
g

� �2
¼ 2:5 ´ 10�33kgm2

I

 using equations (3)–(5). This allows us to 
quantify the effective temperature of the thermal vibrations Tvib at any Vg and Vsd by 
measuring δI2res

I
 and dGdiff

dVg

I

 and using

Tvib ¼ m
Cg

C0
g

 !2
4ω2

0

kB
dGdiff
dVg

VgVac
sd

 2 δI2res ð6Þ

The determination of Tvib does not depend on the hypothetical inaccurate 
calibration of the attenuation along the coaxial cables created by thermal 
contraction and of the amplification chain. Indeed, such inaccurate calibration,  
if sizeable, would have an effect on Vac

sd
I

 and m Cg

C0
g

� �2

I

, but it would be cancelled out 
when determining Tvib. We systematically measure dGdiff

dVg

I

 at any Vsd and Vg.  
The number of quanta of vibrations is obtained using n ¼ kBTvib

ℏω0
� 1

2

I
.

Γdecay is estimated by measuring the time trace of the two quadratures of 
thermal vibrations and by quantifying the autocorrelation of the amplitude 
squared. From these time trace measurements, we also obtain the phase space  
of the two quadratures and the associated histogram (Fig. 3).

Data availability
The data represented in Figs. 1b, 2a, 3 and 4 are available as Supplementary Data 1–4. 
All other data that support the plots within this paper and other findings of this study 
are available from the corresponding authors on reasonable request.
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