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Observation of decoherence in a carbon nanotube
mechanical resonator
Ben H. Schneider1, Vibhor Singh1, Warner J. Venstra1, Harold B. Meerwaldt1 & Gary A. Steele1

In physical systems, decoherence can arise from both dissipative and dephasing processes. In

mechanical resonators, the driven frequency response measures a combination of both,

whereas time-domain techniques such as ringdown measurements can separate the two.

Here we report the first observation of the mechanical ringdown of a carbon nanotube

mechanical resonator. Comparing the mechanical quality factor obtained from frequency- and

time-domain measurements, we find a spectral quality factor four times smaller than that

measured in ringdown, demonstrating dephasing-induced decoherence of the nanomecha-

nical motion. This decoherence is seen to arise at high driving amplitudes, pointing to a

nonlinear dephasing mechanism. Our results highlight the importance of time-domain

techniques for understanding dissipation in nanomechanical resonators, and the relevance of

decoherence mechanisms in nanotube mechanics.
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D
ecoherence in mechanical resonators corresponds to a
loss of phase information of the oscillations in position,
similar to decoherence in quantum systems because of the

loss of phase information of a superposition state. In contrast,
dissipation in a mechanical oscillator or quantum system
corresponds to a loss of energy over time1–3. The distinction
between decoherence and dissipation is often overlooked when
studying the quality factor of a mechanical resonator. The
mechanical response is typically characterized by a quality factor
Q, which is measured from either a spectral response or by a
ringdown measurement. In a spectral response measurement, the
driving frequency of the resonator is swept and the steady-state
oscillation amplitude is measured. From the width of the response
peak, a quality factor is extracted. In a ringdown measurement, a
quality factor is determined by the envelope of the transient of the
resonator after a driving force is switched off.

Despite the fact that they are both given the same symbol Q,
the quality factors obtained from these two types of
measurements are sensitive to different physical processes.
The quality factor measured in the spectral response, which
we will denote here as QS, is sensitive to both dissipation
(energy loss) and pure dephasing (such as fluctuations of the
resonators resonance frequency), similar to the T2 time in a
Ramsey experiment with a qubit4. The quality factor QR

measured in a ringdown experiment is sensitive only to
dissipation (energy loss), similar to a T1 measurement on a
qubit5. In qubits, it is well-known that the T1 and T2 can be
very different: an extreme example is a GaAs spin qubit,
in which T2 can be as short as 10 ns, whereas T1 can be as long
as 1 s (refs 6,7).

Decoherence in mechanical resonators has been studied
earlier in a piezoelectric resonator coupled to a superconducting
circuit8, in atomically thin drum resonators9, and in the two
coupled modes of a vibrating string10. In these experiments,
no pure dephasing was observed and the coherence of the
motion was limited by dissipation. In experiments with
mass sensing11, excess phase noise was observed, which was
attributed to surface diffusion of molecules12. In comparison
to conventional nanoelectromechanical system, carbon
nanotube (CNT) resonators are very sensitive to their
environment. Owing to a low mass and spring constant,
nanotube mechanical resonators show a strong dispersion with
the gate voltage13, are sensitive to the force of a single-electron
charge14,15, exhibit strong mode coupling16,17 and strong
nonlinearities18. These strong coupling effects may give rise to
dephasing, making them an interesting candidate for exploring
mechanical decoherence.

Furthermore, the low value of the quality factor in CNT
resonators is not well understood. It has been proposed that low
Q factors could originate from thermally induced spectral
broadening19, clamping losses20–22 or from symmetry
breaking23. Until now, reports of the quality factor in CNTs
have been based only on spectral measurements14,18,24. To
distinguish dissipation processes from dephasing, additional
measurements, such as a mechanical ringdown, must be
performed.

Here we use a recently developed fast detection scheme to
measure the ringdown of a CNT mechanical resonator25.
Doing so, we gain access to both the dissipation and
decoherence processes. At low driving power, we find that QS

and QR have the same value, indicating that dephasing
processes are not significant. At higher driving power,
however, we find that spectral response becomes significantly
broader, with a drop in QS by a factor of four, while QR remains
constant, demonstrating decoherence from dephasing of the
nanotube motion.

Results
Description and characterization of the device. A suspended
single-walled CNT mechanical resonator is fabricated as descri-
bed previously25. Briefly (Supplementary Methods), fabrication
starts with an intrinsic silicon wafer, on which a gate electrode is
patterned. On top, a 200-nm-thick silicon oxide layer is
deposited, followed by a 70-nm-thick MoRe source and drain
electrodes. Finally, a CNT is grown across the 500-nm trench that
separates the electrodes. The distance between the gate and the
CNT is 270 nm. Figure 1a shows a scanning electron microscope
image of a typical device. Figure 1b shows the schematic of the
circuit used to measure the conductance of the CNT as a function
of gate voltage (Fig. 2a). The measurements presented here are
performed at 2K. A high conductance is observed for negative
gate voltages, when the CNT is doped with holes. When a positive
gate voltage is applied, a low conductance region (small band gap)
is followed by weak conductance oscillations because of Coulomb
blockade. This overall behaviour is typical for a clean single CNT
in contact with MoRe electrodes26.

To find the mechanical resonance and to characterize its gate
dependence, we first measure the nanotube motion using the
rectification technique outlined in ref. 15. Figure 2b shows the
resonant change in DC current DI as a function of frequency fd and
VG at VB¼ 1mV. The frequency at which the mechanical signal is
detected increases with gate voltage, characteristic for a CNT
mechanical resonator13. The approximately quadratic gate voltage
dependence suggests that there is some slack in the nanotube.

Observation of the mechanical ringdown of a CNT. In Fig. 3,
we measure the response of the mechanical resonator in the time
domain. The schematic of the detection circuit is shown in
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Figure 1 | Device and measurement setup. (a) Colourized scanning

electron microscope image of a typical device, showing a suspended CNT in

contact with source and drain electrodes. (b) Schematics of the

measurement setup. To measure the mechanical response, two frequency

signal generators are used: one for the drive and one for the probe signal.

The probe signal fp is detuned by 7MHz from the drive signal fd.

A radio frequency switch is used to turn on and off the drive signal to the

gate using square-wave pulses. A mixing signal is generated with a mixer at

room temperature, which serves as a reference signal for the lock-in

amplifier. A second mixing signal is generated by the CNT, which is

impedance-matched by a high electron mobility transistor (HEMT) and

detected by a lock-in amplifier. The X and Y quadrature outputs from the

lock-in are recorded in sync with the switch by an oscilloscope. In the

schematic, HP (LP) represent high (low) pass filters.
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Fig. 1b. Two signal generators are used to generate a drive (fd)
and a probe (fp) signal. The amplitude of the drive signal was
chosen to be sufficiently small such that mechanical response
does not exhibit a nonlinear Duffing line-shape. The probe signal
is 7MHz detuned from the drive frequency and a mixer is used to
generate a 7-MHz reference signal for the lock-in. The CNT
resonator is driven and detected by applying the drive and probe
signals to the gate. The transconductance of the CNT leads to the
mixing of these two signals (see Supplementary Notes 1 and 2 and
Supplementary Figs 1–3). Note that this is slightly different than
conventional two-source mixing where one signal is applied to
the source and the other to the gate: at cryogenic temperatures,
the nonlinear response of the nanotube conductance with gate
voltage G (VG) allows us to use a similar mixing-type detection13

with signals applied only to the gate and a constant DC voltage
bias VB¼ � 5mV. To impedance match the signal coming from
the nanotube, a high electron mobility transistor (HEMT) is
located in close proximity to the CNT, so that the motion can be
detected with a bandwidth of 62MHz (ref. 25). Here we use a
high-frequency lock-in amplifier to detect the signal from the
HEMT amplifier, in which case our readout scheme can detect
motion on ms timescales.

To measure the mechanical ringdown, we use the following
pulsed excitation and measurement scheme. A switch in the
circuit controls the drive signal (fd), which is connected to the
gate of device. With the switch on, the motion of the CNT is
excited. When the switch is turned off, only the probe and an
effective gate voltage from the motion of the CNT are present.
These two are mixed by the CNT, and the resulting signal is
amplified by the HEMT and detected by the lock-in amplifier.
The envelope of the mechanical ringdown signal is then detected
as a function of time by detecting the output of the lock-in
amplifier with an oscilloscope.

The blue curve in Fig. 3a shows the transient response
measured by the lock-in after the CNT resonator has been driven

at resonance (fd¼ f0). The gate voltage is fixed at VG¼ 0.4 V and
the drive signal is switched off at t¼ 0 ms. To improve the signal-
to-noise ratio, the output quadratures from the lock-in have been
averaged using the oscilloscope, typically 10,000 times. The
averaging was done by applying a repeating square-wave voltage
signal to the radiofrequency switch Fig. 1. The same square-wave
signal is used to trigger the oscilloscope. In the data shown, a
constant offset from electrical mixing has been subtracted, and
the quadratures have been rotated (Supplementary Note 2 and
Supplementary Figs 4–7) such that the data presented represent
the amplitude of the mechanical signal. The rounding of the
decay curve around t¼ 0 is consistent with smoothing on a short
timescale from the lock-in filter response (see Supplementary
Note 3 and Supplementary Fig. 8).

The red curve in Fig. 3a shows the response when the drive
signal is detuned by Df¼ 70 kHz from the mechanical resonance
of the CNT27. In this case, the signal does not just decay but
instead oscillates below the relative zero position, while
decreasing in amplitude. This oscillation frequency matches the
frequency detuning relative to the mechanical resonance
frequency (Df¼ f0� f). The origin of these oscillations lies in
the behaviour of a driven mechanical resonator. When driven off-
resonance, the motion oscillates at the driving frequency.
However, when the driving is switched off, the mechanical
resonator oscillates at its natural frequency. Because the reference
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Figure 2 | Device characterization. (a) Conductance as a function of gate

voltage VG at 2 K and at VB¼4mV. For VGo0V, the conductance is high,

whereas for VG40V, the conductance is low, exhibiting weak Coulomb

blockade. (b) Resonance frequency as a function of gate voltage, showing

that the suspended CNT acts as a gate-tuneable mechanical resonator.
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Figure 3 | Time-domain response of the CNT motion. (a) Recorded

response of the lock-in amplifier when switching off the drive signal for an

on resonance (blue) and off-resonance (red) drive frequency. The red curve

shows the mechanical response of the CNTwhen the drive signal is detuned

by Df¼ 70 kHz from the mechanical resonance position. An oscillation on

top of the ringdown signal (for t40) is visible. The oscillation periodicity

matches with P ¼ 1
Df. (b) Colour-scale map of the mechanical ringdown

signal as a function of time and drive frequency. A white contour on top of

the colour-scale map indicates the peak and dip positions because of the

detuning from the fundamental mechanical resonance frequency. The red

and blue markers in b indicate the positions where the line-cuts in a are

extracted from.
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of the lock-in amplifier is referenced by the initial drive
frequency, the output of the lock-in oscillates at the difference
frequency Df (see Supplementary Note 2 and Supplementary
Fig. 7). The observation of this oscillation is a clear confirmation
that the observed transients are mechanical in nature.

To further investigate this behaviour, we plot in Fig. 3b a two-
dimensional colour-scale representation of the measured ampli-
tude as a function of time and drive frequency. While keeping the
gate voltage VG¼ 0.4V fixed, we slowly step the drive and probe
signal across the mechanical resonance of the CNT. For each
frequency, we record the averaged lock-in output quadratures
with the oscilloscope. On top of the colour-scale map, a contour
map with white dashed lines is shown, to indicate the positions of
the peaks and dips of the ringdown signals that are recorded off-
resonance. The, dashed lines indicate the expected peak and dip
positions with a periodicity of 1

Df , where Df¼ f0� fd is the
detuning relative from the mechanical resonance position. As can
be seen from the two-dimentional colour map, the dashed lines
follow the observed peak/dip positions, confirming that the
oscillating ringdown signal is indeed from the mechanical
resonator.

Decoherence and nonlinear dephasing of the motion of a CNT.
To extract the ringdown quality factor QR, we fit the measured
time response of device for resonant driving. An important detail
in the experiment is that the averaging in the oscilloscope is
performed on time traces of the amplitude quadrature. To
describe such quadrature-averaged measurements, we introduce a
model that includes the effects of dephasing and of the filter
response of the lock-in amplifier (see Supplementary Note 3 and
Supplementary Figs 8–10). This model, which is constrained by
the independently observed QS, allows us to extract QR from the

mechanical transient. In Fig. 4, we use this technique to inde-
pendently extract the dephasing and dissipation contributions to
the mechanical quality factor. The upper panels show the spectral
response and the time-domain response for a low driving power.
Fitting the data sets, we find that both QS and QR are well
described by a single number (QS¼QR¼ 6,250) indicating that
dephasing does not play a role at this driving power.

In the lower panels, we show the mechanical response at higher
driving powers. At higher driving powers, the spectral response is
still well described by the line-shape of an harmonic oscillator
(see Supplementary Note 1 and Supplementary Fig. 1) with no
sign of hysteresis, indicating that the amplitude of the motion is
small enough that nonlinear restoring forces (which would lead to
a Duffing response) are not significant. Although the response
still fits well to the line-shape of an harmonic oscillator, it has
increased in line-width, now exhibiting a QS¼ 1,410. In the right
panels, we show the simultaneously measured time-domain
response. Remarkably, although the spectral line-width has
increased significantly, the ringdown response decays on a
timescale comparable to the data set at a lower power, which
showed QS¼ 6,250. Fitting the data to the model, we find
QR¼ 6,140, a value very similar to that from the lower power data
set. Although increasing the drive power significantly increases
the spectral line-width, the observed value of QR shows that
dissipation is unchanged. The observation of QR44QS demon-
strates the importance of dephasing and decoherence in
the dynamics of the CNT motion. We also observe this difference
in spectral QS and ringdown QR at different gate voltages
(see Supplementary Fig. 11)

Discussion
In the observations presented here, dephasing appears with
increased amplitude of the mechanical motion, indicating a
nonlinear dephasing mechanism. We note that a similar
observation of an increasing spectral line-width with increased
driving power was recently reported as an indication of nonlinear
dissipation in graphene resonators at low temperature18. Our
results here show that such effects in the spectral quality factor QS

can also arise from a power-dependent dephasing mechanism,
and that fast time-domain measurements such as those presented
here are able to distinguish between the two.

Having established the presence of nonlinear dephasing in our
device, it is interesting to consider what mechanisms could lead to
such an effect. One possible source is an excess voltage noise on
our gate: as the mechanical frequency is gate voltage dependent,
noise on the gate would give rise to random fluctuations in
mechanical frequency, which would increase QS through spectral
(inhomogeneous) broadening. From the dispersion of the
mechanical frequency with gate voltage, we estimate that a gate
voltage noise of 45mV would be needed to produce the observed
spectral broadening. This corresponds to a gate voltage noise
larger than the Coulomb peak spacing (see Supplementary
Fig. 12). This is significantly higher than the noise level in our
setup, suggesting we can rule out gate voltage noise as the origin
of the observed effects. Another possibility is effects from the
relatively weak Coulomb blockade in our device, in which a
fluctuating force from the tunnelling of single electrons could
dephase the mechanical motion28. Although we did not observe
any strong dependence of QS as the gate voltage was swept across
the weak Coulomb blockade features, future experiments at lower
temperature where Coulomb blockade effects become more
significant could shed light on this mechanism. A third possible
source is dephasing from coupling to the stochastic motion of
other mechanical modes19,29,30. One way in which mode coupling
could explain the amplitude-dependent spectral broadening is
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Figure 4 | Decoherence of a carbon nanotube mechanical resonator. The

gate voltage VG¼0.4V and the temperature is 1.9 K. The drive power and

fitted quality factor are indicated in the panels. In a, the probe power is

� 28dBm and the resonance position f0¼ 301.6MHz. In b, the probe

power is � 8 dBm and the resonance position f0¼ 299.69MHz. The data

were fitted by including a slowly varying frequency-dependent electrical

mixing signal (dashed line), see Supplementary Note 3 and Supplementary

Figs 9 and 10. We estimate an amplitude of 0.14 and 0.7 nm for a and b,

respectively (Supplementary Note 2).
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through an increased heating of the other modes from the larger
driving. These effects could be explored in future experiments
through detailed temperature dependence studies. In very recent
work31, changes in the thermomechanical noise spectrum of a
CNT resonator were seen in response to nonlinear driving forces.
Such increases in the thermomechanical noise (heating) from
large driving amplitudes could also play a role. It is an interesting
question if the effects observed in that work could play a role in
the spectral- and time-domain mechanical response studied here.

In summary, we have used a high-speed readout technique to
measure the mechanical ringdown of a CNT. Using this
technique, we demonstrate decoherence of the mechanical
motion from an amplitude-dependent dephasing process. Future
studies of motion in the time domain could potentially identify
the origin of this dephasing and explore dissipation and
decoherence in CNT motion.

References
1. Cleland, A. N. & Roukes, M. L. Noise processes in nanome chanical resonators.

J. Appl. Phys. 92, 2758–2769 (2002).
2. Marquardt, F. & Puttmann, A. Introduction to dissipation and decoherence in

quantum systems. Preprint at: http://arxiv.org/abs/0809.4403 (2008).
3. Remus, L. G., Blencowe, M. P. & Tanaka, Y. Damping and decoherence of a

nanomechanical resonator due to a few two-level systems. Phys. Rev. B 80,
174103 (2009).

4. Ramsey, N. F. A molecular beam resonance method with separated oscillating
fields. Phys. Rev. 78, 695–699 (1950).

5. Bloch, F. Nuclear induction. Phys. Rev. 70, 460–474 (1946).
6. Petta, J. R. et al. Coherent manipulation of coupled elec-tron spins in

semiconductor quantum dots. Science 309, 2180–2184 (2005).
7. Amasha, S. et al. Electrical control of spin relaxation in a quantum dot.

Phys. Rev. Lett. 100, 46803 (2008).
8. O’Connell, A. D. et al. Quantum ground state and single-phonon control of a

mechanical resonator. Nature 464, 697–703 (2010).
9. van Leeuwen, R., Castellanos-Gomez, A., Steele, G. A., van der Zant, H. S. J. &

Venstra, W. J. Time-domain response of atomically thin MoS2 nanomechanical
resonators. Appl. Phys. Lett. 105, 041911 (2014).

10. Faust, T., Rieger, J., Seitner, M. J., Kotthaus, J. P. & Weig, E. M. Coherent
control of a classical nanomechanical two-level system. Nat. Phys. 9, 485–488
(2013).

11. Yang, Y. T., Callegari, C., Feng, X. L. & Roukes, M. L. Surface adsorbate
fluctuations and noise in nanoelectrome-chanical systems. Nano Lett. 11,
1753–1759 (2011).

12. Atalaya, J., Isacsson, A. & Dykman, M. Diffusion-induced dephasing in
nanomechanical resonators. Phys. Rev. B 83, 045419 (2011).

13. Sazonova, V. et al. A tunable carbon nanotube electromechanical oscillator.
Nature 431, 284–287 (2004).

14. Lassagne, B., Tarakanov, Y., Kinaret, J., Garcia-Sanchez, D. & Bachtold, A.
Coupling mechanics to charge transport in carbon nanotube mechanical
resonators. Science 325, 1107–1110 (2009).

15. Steele, G. A. et al. Strong coupling between single-electron tunneling and
nanomechanical motion. Science 325, 1103–1107 (2009).

16. Eichler, A., del Alamo Ruiz, M., Plaza, J. A. & Bachtold, A. Strong coupling
between mechanical modes in a nanotube resonator. Phys. Rev. Lett. 109, 25503
(2012).

17. Castellanos-Gomez, A., Meerwaldt, H. B., Venstra, W. J., van der Zant, H. S. J.
& Steele, G. A. Strong and tunable mode coupling in carbon nanotube
resonators. Phys. Rev. B 86, 41402 (2012).

18. Eichler, A. et al. Nonlinear damping in mechanical resonators made from
carbon nanotubes and graphene. Nat. Nanotech. 6, 339–342 (2011).

19. Barnard, A. W., Sazonova, V., van der Zande, A. M. & McEuen, P. L.
Fluctuation broadening in carbon nanotube resonators. Proc. Natl Acad. Sci.
USA 109, 19093–19096 (2012).

20. Cole, G. D., Wilson-Rae, I., Werbach, K., Vanner, M. R. & Aspelmeyer, M.
Phonon-tunnelling dissipation in mechanical resonators. Nat. Commun. 2, 231
(2011).

21. Rieger, J., Isacsson, A., Seitner, M. J., Kotthaus, J. P. & Weig, E. M. Energy losses
of nanomechanical resonators induced by atomic force microscopy-controlled
mechanical impedance mismatching. Nat. Commun. 5, 3345 (2014).

22. Aykol, M. et al. Clamping instability and van der Waals forces in carbon
nanotube mechanical resonators. Nano Lett. 14, 2426–2430 (2014).

23. Eichler, A., Moser, J., Dykman, M. I. & Bachtold, A. Symmetry breaking in a
mechanical resonator made from a carbon nanotube. Nat. Commun. 4, 2843
(2013).
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