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Decoherence is an essential mechanism that defines the boundary between classical and quantum be-
haviours, while imposing technological bounds for quantum devices. Little is known about quantum
coherence of mechanical systems, as opposed to electromagnetic degrees of freedom. But deco-
herence can also be thought of in a purely classical context, as the loss of phase coherence in the
classical phase space. Indeed the bridge between quantum and classical physics is under intense in-
vestigation, using classical nanomechanical analogues of quantum phenomena. In the present work,
by separating pure dephasing from dissipation, we quantitatively model the classical decoherence
of a mechanical resonator: through the experimental control of frequency fluctuations, we engineer
artificial dephasing. We report on the methods to define pure dephasing in these systems, which
are prerequisite in the understanding of decoherence processes in mechanical devices, both classical
and quantum.
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Decoherence can be viewed either in its quantum pic-
ture, where it stands for the loss of phase coherence
of a superposition state [1, 2], or as its classical equiv-
alent, where the phase of an oscillating signal is smeared
due to frequency fluctuations [3]. Until recently, dissi-
pation, which accounts for an energy loss over time [4],
was not distinguished from decoherence in nanomechan-
ical resonators. The first reason for this oversight lies
in the acquisition method: spectral acquisition, in which
the driving frequency is swept through the mechanical
resonance, does not separate the two processes, since
both lead to broadened resonance lines. The response
linewidth then leads to the definition of a decoherence
time T2, in analogy with nuclear magnetic resonance
(NMR) [5] or quantum information experiments [6, 7].
One way to unravel a dephasing mechanism is to perform
a complementary time-domain ringdown measurement.
Here, the free decay of the response amplitude yields
an energy relaxation time, since the decay rate only de-
pends on dissipation, not frequency fluctuations. This
procedure is analogous to a T1 measurement for spins or
qubits. Having T1 6= T2 then leads to the definition of a
pure dephasing rate Γφ [6].

While the reported T1 and T2 for a particular qubit
are often significantly different [7], such a difference in
a nanomechanical resonator is still rare in the litera-
ture: usually mechanical systems seem to experience fre-
quency fluctuations small compared to dissipation mech-
anisms, and do not exhibit visible spectral broadening
due to dephasing [8–11]. Thus, the second and main rea-
son for the scarcity of experimental studies on mechan-
ical decoherence is a lack of very precise measurements,
performed over a vast domain of devices and dynamic
ranges. To our knowledge, only one recent study reports,
for a suspended carbon nanotube, a signature of a pure
(yet nonlinear) dephasing mechanism [6], while another
study presents similar features interpreted as nonlinear
damping [12]. Nonetheless the effects of frequency noise
(and its origin) in nanomechanical devices is a subject
intensely investigated today, both for its fundamental
aspects and the technical limitations it poses to actual
devices [13–21]. Besides, with the advances of quantum
nanomechanics, the decoherence of quantum mechanical
states also becomes a challenging issue [8, 22,23].

In this article we report on a model experiment
using a high quality nanoelectromechanical system
(NEMS), top-down fabricated from high-stress silicon-
nitride (SiN) [4, 16]. Using a gate electrode [24], we ca-
pacitively control the oscillator’s frequency fluctuations
by applying voltage noise, leading to a completely quan-

titative description of mechanical decoherence. First
we perform time and frequency domain measurements
without noise applied on the gate, in order to ensure
that no pure dephasing is observed over our whole dy-
namic range, from linear to highly nonlinear regimes:
we thus establish our device as ideal for our study. In
a second part, a low-frequency noise gate voltage is in-
jected, leading to resonance frequency fluctuations in-
creasing with the noise level: indeed, a significant spec-
tral broadening is observed, while ringdown measure-
ments leave T1 unchanged, demonstrating pure dephas-
ing with T1 6= T2. We present the complete formalism
applying to low-frequency fluctuations of the resonance
frequency. Building on the new methods presented, we
furthermore discuss the possibility to extract informa-
tion about the fluctuations statistics from the shape of
the spectral response in actual devices suffering from de-
phasing.

Results

The nanoelectromechanical system.

Fig. 1b) shows a scanning electron microscope picture of
the measured NEMS. This device consists in a 295 µm
long x 100 nm thick x 300 nm wide doubly-clamped high-
stress silicon nitride (Si3N4) suspended beam, with a
90 nm thick conducting aluminium layer on top. A gate
electrode is made in the vicinity of the beam, separated
by a gap g ≈ 3 µm, over a 250 µm length. The total mass
of the device is M = 4.7 × 10−14 kg. The experiment
is performed at 4.2 K in a cryogenic vacuum (pressure
< 10−6 mbar).

We first perform a careful calibration of the whole
setup following Ref. [25], giving access to displacements
and injected driving force in real units. Fig. 1a) shows
the schematic of the experimental setup. A drive volt-
age is applied through a 1 kΩ bias resistor, injecting a
current in the aluminium layer of the NEMS. Actuation
and detection follow the magnetomotive scheme [25,26],
with a magnetic field B < 1 T. The voltage induced
by the motion is measured by standard lock-in detection
with its in-phase (X) and quadrature (Y) components.

We work on the fundamental flexural mode n = 0,
having effective spring constant k0, massm0 and applied
sinusoidal force amplitude F0. The typical response to a
sinusoidal driving force in the linear regime is displayed
in Fig. 1c). The resonance frequency is measured at
ω0 = 2π × 0.66 MHz, which is in good agreement with
calculated properties. In the following, in order to min-
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Figure 1: Experimental setup and device character-
ization. (a) Schematic view of the measurement setup. A
sinusoidal current is fed into the cryogenic NEMS, actuated
and detected through the magnetomotive technique. The
detected signal is processed with a lock-in amplifier. An ar-
bitrary waveform generator delivers the gate voltage. The
bandpass filter is used only when the injected voltage is a
Gaussian noise (typical histogram shown, with fit leading to
σV = 490 mV). (b) Coloured SEM picture of the nanome-
chanical oscillator capacitively coupled to a gate electrode.
(c) Standard linear response to a sinusoidal driving force of
amplitude F0 = 83 fN, with its in-phase X(ω) and quadra-
ture Y(ω) components. Solid lines correspond to a (complex)
Lorentzian line shape fit, with full width at half maximum
(FWHM) W , position f0 = ω0/(2π) and height xmax. (d)
Shift of the NEMS resonance frequency f0 as a DC voltage is
applied to the gate electrode. The red solid line is a parabolic
fit with a coefficient α/(2π).

imize electrical losses [27], we keep a low magnetic field
B = 0.1 T. The damping rate is then ∆ω0 = 2π×5.6 Hz,
hence a quality factor Q ≈ 118 000. Here Q � 1 so we
can write the susceptibility in the standard Lorentzian

approximation: χ0(ω) = [2m0ω0(ω0 − ω − i∆ω0/2)]
−1.

In our notations, we define in-phase X(ω) = Im[χ0(ω)]F0

and quadrature Y(ω) = Re[χ0(ω)]F0 components of the
motion.

A DC voltage Vg is then delivered with an arbitrary
waveform generator (AWG) on the gate electrode, which
forms a geometric capacitance C(x) with the beam it-
self. The energy stored by the capacitor can be writ-
ten as EC = C(x)V 2

g /2. Thus the additional elec-
trostatic force acting on the beam along the x axis is
FC = (V 2

g /2)∂C(x)/∂x. Expanding FC in a Taylor se-
ries [24, 25], we obtain the effect of the DC voltage on
the resonance through a frequency pulling term:

ω0(Vg)− ω0(0) ≈ − 1

4m0ω0

∂2C(0)

∂x2
V 2
g = αV 2

g (1)

Here ∂2C(0)/∂x2 is defined as the coupling strength, and
α > 0 is a constant only determined by the oscillator’s in-
trinsic quantities and the coupling strength. We measure
α = 2π × 16.44 Hz/V2 [see Fig. 1 d)], hence a coupling
strength ∂2C(0)/∂x2 = −4.3×10−5 F/m2 (more details
on the magnetomotive scheme, setup and capacitive cou-
pling can be found in supplementary material [28]).

Absence of nonlinear dephasing and re-
laxation.
When driven with high input forces, our NEMS’ os-
cillation amplitude at resonance becomes high enough
so its dynamics enters the so-called "Duffing" regime,
arising from a geometric non-linearity: the tensioning
effect. The frequency domain response bends toward
higher frequency and the resonance is shifted quadrat-
ically with the motion, eventually leading to a bistable
regime [29,30]. In doubly-clamped SiN nano-beams this
non-linearity is known to be important [31], which means
that already modest drive excitations can bring the de-
vice into the Duffing regime. This fact naturally brings
in two questions: are there as well any nonlinear re-
laxation/decoherence processes to discover in SiN struc-
tures, like for nanotubes [6, 12] ? And how do we per-
form T1 and T2 measurements within a highly nonlin-
ear/bistable dynamic system ?

In the following we describe how to measure T1 and
T2 response times that we defined in analogy with NMR
over the whole dynamic range, in order to compare them
as a function of motion amplitude. The relaxation time
T1 obtained from ringdown measurements is only sensi-
tive to dissipation mechanisms, by analogy with longi-
tudinal relaxation time in the Bloch sphere for two-level
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Figure 2: Nonlinear response. Frequency and time domain response of the mechanical oscillator, in X and Y quadratures.
The applied sinusoidal driving force of amplitude F0 = 1.1 pN enables the resonator to reach the bistable regime. The two
branches of the hysteretic response are displayed in the frequency domain on the left panel (see arrows for the frequency
sweep direction). The free decay of the steady state response (right panel) is measured after detuning the drive from the
resonance ωr by ∆ = −2π×250 Hz. Solid lines are theoretical fits from the Duffing oscillator model (left) and the Lindstedt-
Poincaré method (right). The magenta curve on the right panel corresponds to the amplitude R =

√
X2 + Y2, fit to an

exponential decay of time constant T1 (full curve).

systems. The ringdown is triggered by exciting the de-
vice at large motion amplitude at frequency ωr close to
ω0, and suddenly detuning the driving force to a fre-
quency ωr + ∆ where the device is off resonance. The
beating of the mechanics with the local oscillator is then
recorded [32] (see Fig. 2 right panel). To obtain the
plots, aboutN ' 100 to 1000 decays have been averaged.
The T2 time is obtained from frequency sweeps across
the resonance, with each point averaged over a time long
enough to make sure that we are sensitive to potential
low-frequency fluctuations (see Fig. 2 left panel). T2 is
affected both by dissipation and phase fluctuations, in a
similar manner to the transverse relaxation time in NMR
or qubit measurements. But one fundamental difference
is that here we are dealing with an almost harmonic clas-
sical oscillator, not a quantum two-level system, so the
analogy is restricted to the phenomenology of the de-
coherence phenomenon. Moreover, while for qubits and
spins the pure dephasing Γφ is defined through the com-
parison between T2 and 2T1 [7], in our system T2 has to
be compared to T1, similarly to the case of a classical
spin [10].

Fig. 2 shows both frequency and time-domain mea-
surements in a highly nonlinear regime, with a peak-
to-peak maximum amplitude of about 600 nm, that is,
more than three times the NEMS thickness. Here the
bistable resonance line can be fit according to the Duffing
model for nonlinear oscillators [32]. In the linear regime,
the FWHM W of the X quadrature directly yields the
Lorentzian parameter ∆ω0/(2π) and is used to define
T2 = (πW )−1. In the strongly nonlinear case, from
the measured maximum amplitude xmax one can cal-
culate [32] the intrinsic linewidth parameter ∆ω0 used
for the full nonlinear fit: ∆ω0 = F0/(m0ω0xmax). This
parameter can again be converted into a T2. The lat-
ter is displayed as a function of motion amplitude in
Fig. 3 (blue dots). The time-decay oscillation can
be fit using the Lindstedt-Poincaré method [32]. The
relaxation is found to be exponential over the entire
range studied, leading to a T1 showed in Fig. 3 (red
dots). The ringdown measurement yields a relaxation
time T1 ' 58 ms ± 3 ms in the whole attainable am-
plitude range, which matches the T2 time of spectral
data defined as 2/∆ω0 ' 57 ms ± 3 ms: we thus verify
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Figure 3: Decay times in nonlinear regime. Relaxation
(T1) and decoherence (T2) times as a function of motion am-
plitude. The dotted line is set at 58 ms.

T1 = T2 within ± 8 %. In other words, we do not iden-
tify any sources of nonlinear damping or dephasing in our
SiN system, as opposed to carbon-based devices [6, 12].
This result is achieved over an unprecendently broad dy-
namic range, with a measurement technique that can be
adapted to other devices, in particular graphene or nan-
otube ones. As far as the present work is concerned, this
establishes our device as an ideal NEMS resonator.

Controlling pure dephasing.

In order to introduce a dephasing process, we deliver
a Gaussian noise with the AWG connected to the gate
electrode, instead of the DC voltage used previously for
calibration purposes. Our aim is to model "slow" fluc-
tuations of the resonance frequency, that is with cor-
relation times longer than the relaxation time T1 [18].
In the aforementioned work, the interplay of the driving
force with the frequency noise spectrum is characterized,
in order to separate fast and slow noise contributions.
Complementarily, we focus here on how the driven re-
sponse evolves with respect to the level of slow fluctua-
tions. Furthermore, in Ref. [18], the frequency noise is
experimentally taken to be Gaussian; we on the other
hand extend the study to highly asymmetric statistics.

To keep only low-frequency fluctuations while avoiding
spurious 1/f noise coming from the setup, the delivered
voltage noise is thus filtered [see Fig. 1a)] below 40 mHz
and above 0.8 Hz (−3 dB cut-off frequencies). The re-
sulting voltage fluctuations on the gate electrode, repre-

sented by the Gaussian random variable δVg, of mean
value 0 and root mean square value σV = 〈δV 2

g 〉1/2,
translate through the capacitive coupling into fluctua-
tions of the resonance frequency. Following Eq. (1) the
new random variable associated with these fluctuations
is δΩ(t) = αδV 2

g (t), with a probability distribution de-
fined over positive frequencies [see Fig. 4b) inset]:

ρσ(δΩ) =

(
1√

2πσδΩ

)1/2

exp

(
− δΩ√

2σ

)
(2)

where σ =
√

2ασ2
V = [〈δΩ2〉 − 〈δΩ〉2]1/2 is the stan-

dard deviation of the distribution, taken as a charac-
teristic frequency noise level (in rad.s−1). This is the
effective tunable parameter with which we characterize
decoherence in our system. Mathematically, we show
that the averaging of fluctuations can be treated sim-
ilarly to the case of "inhomogeneous broadening" in
NMR [5], spatial-disorder being replaced, as for qubits,
by time-dependent disorder (see supplementary informa-
tion [28]). Knowing the distribution ρσ, the altered sus-
ceptibility can thus be written as the convolution of the
mechanical response χ0 in the high Q Lorentzian limit
by the distribution ρσ:

χσ(ω) =

∫ +∞

0

χ0(ω − δΩ)ρσ(δΩ)dδΩ (3)

Note that σ is also defined through SΩ(ω), the spec-
trum of the frequency fluctuations, with 〈δΩ2〉 =
(2π)−1

∫
SΩ(ω)dω = 3σ2/2. Thus Eq. (3) is valid only if

the noise power is integrable (which justifies mathemat-
ically the introduction of a higher cut-off frequency). In
particular for 1/f noise, dephasing would depend on the
measurement time since the lower bound of the spectrum
would be fixed by the experiment duration itself (which
justifies our lower cut-off filtering choice).

Fig. 4 shows frequency domain measurements for dif-
ferent noise levels, with theoretical calculations without
free parameters from Eq. (3), clearly showing spectral
broadening. The convolution picture provides a rather
intuitive interpretation: while the noise level σ responsi-
ble for pure dephasing is kept small enough compared to
the mechanical damping rate ∆ω0, one can approximate
the distribution ρσ as a Dirac delta function, and then
the convolution leaves the Lorentzian susceptibility un-
changed. When σ becomes comparable to the damping
rate, the distribution leaves its imprint in the mechanical
response, as an evidence for mechanical dephasing: here,
the resonance line is asymmetrically broadened, which
is a signature for the non-Gaussian nature of the fluc-
tuations (see discussion below). For large fluctuations
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(σ � ∆ω0) a significant deviation from the Lorentzian
lineshape is observed (see discussion) and the resonance
peak looks like the distribution ρσ itself, the initial sus-
ceptibility being almost a Delta function.
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Figure 4: Frequency response with engineered slow
fluctuations. Frequency sweep measurements in (a) phase
(X) and (b) quadrature (Y) components of the mechanical
response xσ(ω) = χσ(ω)F0, with a sinusoidal driving force
of amplitude F0 = 83 fN. Solid lines are theoretical curves
calculated from Eq. (3), and resonance line parametersW, f0
are shown in a). Inset in (b): frequency noise histogram at
σ = 2π×33 Hz calculated from δV 2

g measurements, for 4×106

counts. The solid line is the application of Eq. (2).

The time domain measurements (see Fig. 5) per-
formed for different noise levels yield unambiguously the
same decay time T1 ' 57 ms ' 1/(π × 5.6 Hz) within
± 5% for all data sets [see Fig. 5 and 6a)]. Interestingly,
T2 can also be measured via time-domain measurements,

by averaging first X and Y quadratures over N relax-
ations, and then computing 〈R〉2N = 〈X〉2N + 〈Y〉2N . In-
deed the quadratures taken independently are sensitive
to frequency fluctuations, while the direct measurement
of 〈R2〉N = 〈X2 + Y2〉N is not. The obtained curve (see
Fig. 5) can be well fit with an exponential law, yielding
a decay time in very good agreement with the T2 defined
from frequency domain measurements [see Fig. 6a)]. For
simplicity we call this time domain measurement of de-
coherence T 2.
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Figure 5: Ringdown measurements under frequency
fluctuations. Time domain measurements of 〈R2〉N (ma-
genta) and 〈R〉2N (black, empty dots), normalized to their
steady state resonant amplitudes of motion 〈R2

0〉N and
〈R0〉2N . Solid lines are exponential fits. Data acquired for
σ = 2π × 33 Hz, F0 = 83 fN.

For a quantitative discussion we plot in Fig. 6a) the
T2 = (πW )−1 obtained from a simple estimate of the
FWHM in the frequency domain [see Fig. 4a)], to-
gether with T 2 and T1. Starting at the initial value of
2/∆ω0 ≈ 57 ms at σ = 0, T2 decreases to less than half
its noise-free value for σ = 2π × 33 Hz. Our data are
in good agreement (within ± 10%) with the theoretical
curve calculated from the resonance lines derived from
Eq. (3), with no free parameters. Clearly, as soon as a
significant frequency noise is applied, we verify T1 6= T2,
thus demonstrating the impact of artificially engineered
dephasing. This can also be seen as a consequence of
the dispersive coupling of the mechanics to fluctuations
described by the convolution formalism: the area under
the X quadrature resonance curve, which corresponds to
the energy stored in the mechanical mode, is preserved
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Figure 6: Controlling pure dephasing. (a) Measured
decay times as a function of injected frequency noise level
σ/(2π). The blue solid line is a theoretical calculation from
Eq. (3). Blue dots are obtained from frequency domain mea-
surements, while green dots are obtained from exponential
fits of 〈R〉2N in time domain measurements. Red dots are time
domain measurements of energy relaxation, with the dotted
line used as a guide for the eyes. (b) Pure dephasing rate
as a function of frequency noise level. Blue dots account for
frequency domain measurements, green dots represent data
from time domain (T 2) measurements. The blue solid line is
the theoretical curve calculated from Eq. (3).

(more mathematical details in supplementary informa-
tion [28]).

One can then extract the pure dephasing rate Γφ =
T−1

2 − T−1
1 , as displayed on Fig. 6b). The theoretical

curve fits within ± 15% the data, demonstrating good
agreement. This final graph thus presents the relation

between Γφ and σ2 ∝
∫
SΩ(ω)dω, which is the classical

mechanical analogue to the superconducting qubit ex-
pression which can be found in Ref. [7]. Note that the
shape of the curve in Fig. 6b) is also characteristic of
the frequency noise probability distribution. The mathe-
matical tools are described thoroughly in supplementary
information [28], and can be easily applied as a versa-
tile method describing decoherence even in complicated
non-analytic cases like the one presented here.

Discussion

While being a practical quantitative estimate of deco-
herence, the definition of T2 = (πW )−1 or the ex-
ponential fit of T 2 essentially amount to approximat-
ing the resonance lineshapes by Lorentzians, which is
rather crude. However, defining a shape factor S =
2πWxmax/

∫
Im[χ0(ω)]F0dω, one can verify how ac-

curate this simple approximation is. For the initial
Lorentzian susceptibility we obtain S = 2/π as we
should. For our strongest level of noise, S only devi-
ates by 20% from this value, which proves that the sim-
ple approach is reasonably accurate (see supplementary
information [28]).

Obviously, there is information in the measured res-
onance lineshapes that deserves to be exploited. High-
lighting this point is precisely the reason why we created
a frequency noise that is non-Gaussian and asymmetric.
The complete fits of the lineshapes prove that the the-
ory can handle non-conventional noises. Furthermore,
we note that the asymmetry in the resonance is a direct
image of the noise properties, as frequency fluctuations
here take only positive values. While demanding, the de-
convolution of noise from the measured lineshape should
be feasible, reconstructing the actual fluctuations dis-
tribution. This could prove to be extremely useful in
actual experimental systems where dephasing is caused
by intrinsic unknown mechanisms. One mathematical
technique which has been proposed in the literature is
to compute the moments of the frequency response [15],
an approach also found in NMR [5].

In summary, we establish that without external influ-
ence, pure dephasing is negligible in high quality SiN
nanomechanical devices. We measure T1 and T2 over
an unprecedently large dynamic range, ruling out any
possible nonlinear dephasing mechanism, as opposed to
carbon-based systems. We then engineer slow fluctua-
tions of the beam’s resonance frequency with an exter-
nal tunable source, unravelling the signatures of pure
dephasing. By analogy with quantum bits, we quantita-
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tively link the dephasing rate to the characteristic level
of noise. We develop the methods that can be applied to
a wide range of devices and experiments studying pure
dephasing originating from slow frequency fluctuations.
Finally, we demonstrate that the lineshapes of the me-
chanical resonances contain valuable information about
the distribution of the frequency fluctuations, and dis-
cuss the possibility to extract this information for actual
nanomechanical systems suffering from intrinsic sources
of noise.

Methods

Device fabrication

The structure was fabricated using e-beam lithography on a
silicon substrate covered with a 100 nm silicon nitride (SiN)
layer. A 90 nm Aluminum coating has been sputtered onto
the sample. It served as a mask for the structure during
the Reactive Ion Etching (RIE) step in which SiN has been
patterned. The structure was then released using a final XeF2

etching of the underlying silicon.

Measurements
The voltage drive was delivered with a Tektronix AFG3252
generator, through a 1 kΩ bias resistance. The motion was
actuated with the magnetomotive technique, which also leads
to the detection of the velocity of the oscillation. In the high
Q limit, the velocity in frequency domain is iω0x(ω), hence an
inverted definition for the signal quadratures X and Y (see
supplementary information [28]). The detected signal was
processed with a SR 844 RF lock-in amplifier. The output
signal was digitized with a 1 Ms/s NI DAQ card (M series
PCI-6251). The gate noise voltage was injected with an ar-
bitrary waveform generator Agilent HP34401A, filtered with
a low-pass homemade filter, amplified with an EG&G 3113
pre-amplifier (gain of 5000 in amplitude) that also filtered
the signal at low frequency.

Data Analysis
The mathematical tools and the theory are described in sup-
plementary information [28] in further details.
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