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A significant deviation from the normal mode expansion is observed in the optomechanically measured
thermal noise of a graphene membrane suspended on a silicon nitride nanoresonator. This deviation is due
to the heterogeneous character of mechanical dissipation over the spatial extent of coupled eigenmodes,
which is tuned through an avoided anticrossing. We demonstrate that the fluctuation-dissipation theorem
permits a proper evaluation of the thermal noise of the coupled nanomechanical system. Since a good
spatial homogeneity is delicate to ensure at the nanoscale, this approach is fundamental to correctly
describing the thermal noise of nanomechanical systems which ultimately impact their sensing capacity.
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I. INTRODUCTION

Nanomechanical oscillators are routinely used in funda-
mental and applied physics [1,2] as ultrasensitive force or
mass sensors due to their increased sensitivity to their
environment. The understanding of dissipation at the
nanoscale is the key ingredient towards extreme sensitivity
operation. Among others, carbon-based nanoresonators and
alternative 2D materials [3] have revolutionized the field of
nanomechanics [4–14] by pushing the oscillator dimen-
sions down to a single atomic layer. The extreme sensi-
tivities achieved are ultimately limited by the thermal noise
of the nanoresonators, which underlines the importance of
correctly understanding and describing their Brownian
motion. The thermal noise of a vibrating nanomechanical
system is commonly described using the normal mode
expansion, which assumes that each eigenmode is driven
by an independent fluctuating Langevin force, presenting
no correlation with other eigenmodes. However, this
intuitive description only holds when the mechanical
dissipation is homogeneously distributed in the system
[15–17]. Otherwise, inhomogeneous damping can create
dissipative coupling between eigenmodes, leading to a
violation of their assumed independence. Such deviations,
which have been reported on macroscopic devices [18,19],
are expected to be extremely important in nanomechanical
systems since it becomes increasingly difficult to ensure
and even measure a good spatial homogeneity over the
entire nanosystem as its size is decreased. However, no
deviations from the normal mode expansion have been
observed at the nanoscale to date, despite the large variety
of nanoresonators investigated.
In this article, we report on the deviation from the normal

mode expansion in the optomechanically measured thermal

noise of a nanomechanical arrangement made of a sus-
pended graphene monolayer coupled to a silicon nitride
nanomembrane which supports the graphene resonator.
To fully explore the deviation from the normal mode
expansion, we exploit the inertial coupling between both
nanoresonators: upon temperature-controlled tunable
hybridization, the coupled eigenmodes become spatially
delocalized on the two subsystems whose intrinsic mechani-
cal damping rates differ by 2 orders of magnitude. In this
situation with strong coupling between the two nanoreso-
nators, the damping homogeneity is, therefore, no longer
maintained, which results in a pronounced deviation from
the normal mode expansion that we report on and analyze.
Then we measure the local mechanical susceptibility of
the coupled nanomechanical system and prove that the
fluctuation-dissipation theorem still holds across the entire
observed anticrossing—that is, for both homogeneously and
heterogeneously distributed mechanical damping.
These considerations are essential for correctly describ-

ing nanomechanical systems affected by inhomogeneous
damping and point out the importance of having access to
the local mechanical susceptibility to correctly estimate the
thermal noise of complex nanomechanical systems.

II. SAMPLE PREPARATION

Our nanomechanical system is a fully suspended single-
layer graphene sheet deposited on a square window opened
in a Si3N4 nanoresonator, itself supported on an opened
silicon wafer (see Fig. 1), which allows a dual optical
access from both sides. It is obtained [see the Supplemental
Material (SM) [20]] by transfer in the liquid phase of a
monolayer, polycrystalline graphene grown by CVD on
Cu [21,22] and suspended over up to 25 × 25 μm2 on a
prepatterned stoichiometric Si3N4 membrane which is
500 nm thick and 100 μm wide.*olivier.arcizet@neel.cnrs.fr
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The used substrate is a silicon wafer coated on both
sides with plasma-sputtered low-stress Si3N4 thin films of
500 nm thickness. Large windows of about 100 × 150 μm
are defined using laser lithography on the wafer back side,
while smaller square windows (4–25 μm sized) are defined
on the top surface, centered above the bottom windows.
The silicon nitride is etched away by reactive-ion etching
in a SF6 plasma. In order to permit optical transmission
through the sample, and thus optical access from both
sides, the silicon is subsequently etched away through the
windows opened in the silicon nitride layers in a KOH
solution. This etching away results in suspended silicon
nitride membranes with predefined holes, as shown in
Fig. 1 and the SM [20]. The graphene is grown on a copper
foil by chemical vapor deposition from a methane precursor
to form a continuous layer [21]. The monolayer graphene is
covered by a spin-coated resist support layer (PMMA) and
the copper is etched away in an ammonium persulfate
solution. The graphene is then transferred onto the pre-
patterned substrate. After removal of the PMMA layer in
acetone and rinsing in isopropanol, the sample is dried in a
supercritical carbon dioxide dryer to protect it from strong
surface-tension forces that can be exerted by drying liquid
droplets. The quality of the suspended graphene and the
low levels of doping and residual strain are verified and

estimated [23] using confocal micro-Raman mapping; see
the SM [20].

III. THE EXPERIMENTAL SETUP

A 633-nm probe laser is focused on the graphene
resonator with a high numerical-aperture objective (whose
optical waist approximately equals 400 nm). The weak
reflected beam constitutes the signal arm of a balanced
homodyne detection [24] [see Fig. 1(c) and the SM [20]].
The sample is mounted vertically on an XYZ piezoelectric
stage (100 × 100 × 100 μm scan range) permitting a pre-
cise positioning with respect to the probe-laser beam,
which is fixed in space in order to ensure a stable operation
of the interferometer. The long working distances (4 mm)
and large numerical apertures (0.75) of the microscope
objectives employed permit us to focus the laser beams
down to optical waists of approximately 330 nm with half
focusing angles approximately equal to 45°. This angle is
smaller than the KOH chemical-etching angle of silicon
(54°) so that a full laser-beam transmission is preserved all
over the graphene membrane. The experiment is conducted
in a vacuum chamber to suppress air damping, which
limits the oscillators’ quality factors. Static pressures below
0.01 mbar can be maintained over several days.
The interferometer permits a shot-noise-limited readout

of the membrane’s thermal noise, with injected optical
powers ranging from 1 to 100 μW. A fast piezoelectric
element driving the local oscillator mirror permits a robust
calibration of the interferometer, particularly insensitive to
spatial drifts or reflectivity variations due to nonhomo-
geneous graphene properties (wrinkles or grain bounda-
ries). Reflectivities in the 1%–10% range are measured on
monolayers depending on the level of contaminants. A
typical calibrated-displacement noise spectrum is shown in
Fig. 1. Its reproduction at varying optical powers permits us
to verify the absence of optical backaction (see the SM
[20]). The uncoupled graphene resonators present funda-
mental eigenmodes in the 1–10 MHz range, with quality
factors from 10 to 500 in vacuum and effective masses
ranging from 10−16 to 10−14 kg. Operating with fully
transmitting systems permits the suppression of additional
cavity effects [25] which could complicate the noise
thermometry. The spatial profile of graphene eigenmodes
can be mapped by probing thermal-noise spectra at varying
positions on the graphene membrane; see the SM [20].
The slight elliptical structure and the frequency splitting
observed on higher-order modes reflects the presence of a
residual 20-MPa stress along the diagonal direction
[26,27], attributed to the graphene transfer process. Also
visible on the thermal-noise spectrum are sharp peaks
corresponding to higher-order eigenmodes of the Si3N4

nanomembrane, whose fundamental mode oscillates at
around 100 kHz. They present larger quality factors (above
1000) but higher masses, on the order of 10−12 kg. In the
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FIG. 1. The experimental setup. (a) SEM of a 20 × 20 μm2

suspended CVD-grown graphene monolayer supported on a
300-nm-thick SiN nanomembrane, as sketched in (b). (c) Exper-
imental setup. A balanced homodyne detection measures the
phase fluctuations of the probe-laser field reflected by the sample
and monitors its position fluctuations. A second counterpropa-
gating pump-laser beam can be intensity modulated to opto-
mechanically drive the coupled nanoresonators. The experiment
is performed at pressures below 10−3 mbar. (d) Model describing
the inertially coupled nanoresonators. (e) Thermal noise of a
graphene membrane. The sharp peaks on each side are weakly
coupled SiN eigenmodes.
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following, we investigate the thermal noise of the
coupled system.

IV. HYBRIDIZATION OF GRAPHENE
EIGENMODES

In order to tune the eigenfrequencies, we exploit the
partial absorption of a second laser beam at 532 nm focused
down to an optical waist of ≃300 nm, spatially super-
imposed on the probe beam and injected from the opposite
side of the sample. It generates a slight temperature increase
which is almost nondetectable in the Brownian temperature
[see Fig. 2(e)] but is sufficient to significantly thermally
tune the graphene eigenfrequency. A clear hybridization
between both the graphene and Si3N4 eigenmodes is shown
in Fig. 2(b), where a pronounced frequency anticrossing
can be seen, as well as a modification of the mechanical
damping rates. Such signatures are fingerprints of strong

dual-mode coupling [28], which can also affect the force
sensitivity [29–31].
The modelization of our inertially coupled nanomechan-

ical system is based on cascaded mechanical oscillators
[15,16], as sketched in Fig. 1(d). Their vibrations δxG and
δxS around the rest positions are coupled through

̈δxG ¼ −Ω2
GðδxG − δxSÞ − ΓGð _δxG − _δxSÞ þ δFG=MG

̈δxS ¼ −Ω2
SδxS − ΓS

_δxS þ μΩ2
GðδxG − δxSÞ

þ μΓGð _δxG − _δxSÞ þ δFS=MS; ð1Þ

where ΩG;S=2π (ΓG;S) are the uncoupled frequencies
(damping rates). δFG is an external force applied on the
graphene membrane andMG the graphene effective mass at
the measurement location [17], while μ≡MG=MS para-
metrizes the hybridization strength. Depending on the
graphene and Si3N4 membrane geometries which govern
the vibration-mode spectrum and their spatial profiles,
anticrossings with varying strength can be observed
(see the SM [20]). Intuitively, if graphene is positioned
at a node of the membrane eigenmode, their hybridiza-
tion will be reduced. In the Fourier domain, we have� δxG
δxS

�
¼χ½Ω� ·

� δFG

μδFS

�
, using δxi½Ω�≡

R
R dteiΩtδxiðtÞ.

The dynamical matrix χ½Ω�−1 is

 
χ−1G MGΩ2 − χ−1G

μðMGΩ2 − χ−1G Þ μðχ−1S þ χ−1G þMGΩ2Þ

!

; ð2Þ

where we use the uncoupled mechanical susceptibilities
χG;S ≡M−1

G;SðΩ2
G;S −Ω2 − iΩΓG;SÞ−1. Diagonalizing the

restoring-force matrix M−1
G χ½0�−1 yields the new eigenfre-

quencies Ω�=2π of the coupled system:

Ω2
�≡

ð1þμÞΩ2
GþΩ2

S

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΩ2

S−ð1þμÞΩ2
GÞ2þ4μΩ2

GΩ2
S

p

2
:

ð3Þ

When μ ≪ 1, the minimum relative-frequency splitting
amounts to

ffiffiffi
μ

p
, corresponding to a canonically defined

coupling strength of g ¼ ΩG
ffiffiffi
μ

p
[28]. Depending upon the

sample geometry, a large variety of coupling strengths can
be observed, up to 200 kHz, largely entering the so-called
strong-coupling regime (g > ΓS, ΓG). The experimentally
measured coupled eigenfrequencies are shown in Fig. 2(c)
for increasing pump-laser powers. They can be well fitted
using Eq. (3) and a linear pump-power dependence for
the uncoupled graphene and Si3N4 eigenfrequencies of
−284 Hz=μW and −2 Hz=μW, respectively. The latter
corresponds to a maximum static heating of the Si3N4

nanoresonator estimated at the level of ≃1 K [32]. Using
the experimentally measured heat diffusion coefficient of
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FIG. 2. Thermal noise of the hybridized eigenmodes. (a) Ther-
mal noise of the coupled nanomechanical system measured in
the middle of the graphene membrane (SδxG ½Ω�) when tuned
to an anticrossing region by adjusting the pump intensity
(400 μW). Lower traces are obtained after numerical back-
ground substraction. The solid lines are the best fits derived
employing the normal mode expansion. The dashed green lines
are fits using expression (4). (b) Spectra measured through the
anticrossing for increasing tuning laser powers. The dashed
lines are fits using Eq. (4) with the fitting parameters ΩS;G, ΓS;G
reported in (c),(d) using μ ¼ 0.002. The purple disks represent
the measured coupled eigenfrequencies Ω�=2π, and the solid
lines are deduced from Eq. (3). (d) A similar analysis for
damping rates Γ�=2π. (e) Relative Brownian temperature
variation deduced from the fits.
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5 × 10−6m2=s (see the SM [20]), the thermal heat resistance
of graphene is numerically estimated at 0.25 K per micro-
watt absorbed. The effective mechanical damping rates Γ�
of the coupled modes can be roughly estimated using the
FWHM of the thermal-noise spectra [see Fig. 2(d)] and
then used to extrapolate the uncoupled damping rates (see
the SM [20]).

V. VIOLATION OF THE NORMAL
MODE EXPANSION

Meanwhile, a striking feature can be seen in the
displacement noise spectra shown in Fig. 2: a characteristic
peak asymmetry and a sharp noise minimum between both
eigenmodes are clearly visible in the anticrossing region.
These spectra cannot be fitted with two independent
mechanical thermal-noise spectra [see Fig. 2(a)] with a
deviation larger than 10 dB observed in the vicinity of ΩS.
Therefore, the measured thermal noise cannot be described
by two eigenmodes driven with independent Langevin
forces, which reveals the violation of the normal mode
expansion. As illustrated in Fig. 3, this violation is a
consequence of the spatial inhomogeneity of damping rates
across the system: acoustic vibrations are more efficiently
damped in graphene than in Si3N4. When the eigenmodes
become hybridized, their spatial profiles are delocalized

over both systems [see the Fig. 2(c) insets], so that
mechanical damping becomes inhomogeneous over the
eigenmode spatial extension. Thus, the spatial profile of
the vibration pattern cannot be stationary anymore since it is
nonhomogeneously damped and cannot be preserved over
time. As such, dissipation is now able to couple eigenmodes,
which breaks the fundamental hypothesis required to apply
the normal mode expansion [15,17]. When ΩG ¼ ΩS, the
thermal-noise spectral density at the minimum noise fre-
quency is measured at a level approximately 2ΓG=ΓS times
lower than the prediction of the normal mode expansion; see
the SM [20]. The understanding of this deviation is critical
for patching the normal mode expansion and working out an
analytical description of the system fluctuations.

VI. THERMAL NOISE OF THE HYBRIDIZED
NANOMECHANICAL SYSTEM

To properly describe the nanosystem thermal noise, it is
necessary to return to the original formulation of the
fluctuation-dissipation theorem [15,33]:

SδxG ½Ω� ¼
2kBT
jΩj

jImχGG½Ω�j; ð4Þ

which relates the measured displacement noise spectral
density to the local mechanical susceptibility χGG. The
latter connects the optomechanically measured deforma-
tions of the graphene membrane δxG½Ω� to the external
force δFG applied on the graphene membrane at the
measurement point: δxG½Ω� ¼ χGG½Ω�δFG. First, we pursue
the analysis based on the model employed above. Inverting
Eq. (2), we obtain

χGG½Ω�−1 ¼ χ−1G −
ðχ−1G þMGΩ2Þ2

χ−1G þ χ−1S þMGΩ2
; ð5Þ

which permits a derivation of the expected thermal noise
(see the SM [20]) using Eq. (4). Our experimental results
can be well fitted with this model [see Figs. 2(a) and 2(b)]
using the fitting parameters which are reported in Figs. 2(c),
2(d), and 2(e). The magnitude of the coupling parameter
μ ¼ 0.002 is also in agreement with the ratio of bare
effective masses of both nanoresonators. No significant
variation in the fitted noise temperature could be detected
[see Fig. 2(e)], which places an upper bound of ≃10 K on
the maximum temperature increase induced by the tuning
laser. This observation is also consistent with the estimated
thermal resistance given above and allows us to neglect the
role of temperature inhomogeneities in our modelization.

VII. VALIDITY OF THE FLUCTUATION-
DISSIPATION THEOREM IN THE COUPLED

NANOMECHANICAL SYSTEM

Verifying the validity of the fluctuation-dissipation
theorem is essential in order to assess whether the measured
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FIG. 3. Role of damping heterogeneity. (a) Numerical simu-
lations of thermal-noise spectra deduced from the model (see the
SM [20]) for varying uncoupled graphene frequency ΩG and
different graphene damping rates. From left to right, ΓG=2π ¼ 5,
50, and 500 kHz (ΩS=2π ¼ 2 MHz, μ ¼ 0.1, ΓS=2π ¼ 5 kHz).
(Bottom panels) Thermal-noise spectra calculated with ΩG=2π ¼
1.5 MHz for different graphene damping rates [5, 10, 20, 50, 100,
200, 300, and 500 kHz from (i) to (viii)] and respective coupling
strength of μ ¼ 0.1 and 0.01 for (b) and (c), respectively. The
peak asymmetry and the noise reduction are absent in the case of
homogeneous damping (i), and the simulations are well described
by a modal expansion (the dashed lines).
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spectra correspond to the thermal noise of the system.
Following the principles of linear response theory [33], this
verification requires measuring the local mechanical sus-
ceptibility χGG of the coupled nanomechanical system. To
do so, we modulate the pump beam intensity by means of
an acousto-optic modulator (AOM) and realize response
measurements by sweeping the modulation frequency
while recording the driven displacement. Both laser spots
are carefully superimposed on the graphene membrane to
access the local susceptibility; it is worth mentioning that
this measurement cannot be realized with electrostatic gate
or with piezoelectric actuations since their spatial excitation
profile is not localized on the measurement spot. We first
verify the linearity of the actuation [see Fig. 4(a)] by
varying the optical modulation depth δP over 2 orders
of magnitude without modifying the mean pump power
(60 μW) to ensure a stable graphene frequency, away from
the anticrossings. No deviation from linearity are observed
in the driven oscillations up to a maximum amplitude
of 1 nm, a few times the monolayer thickness (0.3 nm), so
that we perfectly sit in the linear actuation and measure-
ment regime. A typical actuation efficiency of 17 pm=μW
is measured, corresponding to an optical force of
540 fN=μW. This value is significantly larger than the
radiation-pressure-force contribution of 0.3 fN=μW for a
10% absorption coefficient, which confirms the dominant

role of photothermal forces [34,35] in the optical actuation
of graphene [25]. The backaction noise resulting from the
intensity fluctuations of the shot-noise-limited laser beams
can thus be evaluated at the level of ≃0.1 fm=

ffiffiffiffiffiffi
Hz

p
for

P0 ¼ 100 μW. This value is largely negligible compared to
the measured thermal noise, so backaction cancellation [36]
and classical noise-squashing mechanisms [37] can be
safely excluded while interpreting our results.
Several response measurements are subsequently per-

formed through the anticrossing in the same measurement
conditions as in Fig. 2(a) by progressively increasing the
pump intensity while maintaining a fixed modulation depth
(δP=P0 ¼ 30%). The response curves shown in Fig. 4(c)
permit us, once combined with the optical to force con-
version factor measured in Fig. 4(a) in the absence of
hybridization, to determine the complex local mechanical
susceptibility, χGG½Ω�, as shown in Fig. 4(d). Its proper
determination requires us to take into account the weak
residual contribution of the interferometer feedback loop
in the measurement span, the transfer function of all
photodetectors employed, and the spectral response of
the AOM. With this determination, the expected thermal
noise can be properly estimated using Eq. (4) and compared
to the measured thermal-noise spectrum, as shown in
Fig. 4(e). The excellent quantitative agreement found
between both measurements all across the hybridization
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FIG. 4. Optomechanical response of the hybridized nanomechanical system. (a) Optomechanical response obtained by modulating the
pump intensity for increasing modulation depths δP with a fixed average tuning power (P0 ¼ 60 μW). (b) Maximum driven displacement
reported as a function of δP. The solid line has a slope of 17 μm=W. (c) Optomechanical responses obtained for an increasing optical pump
power P0 (30% modulation strength). (d) Amplitude and phase of the mechanical susceptibility χGG derived for 400 μW of tuning power.
The corresponding thermal-noise spectrum expected using Eq. (4) is reported in (e)(i) and presents a very good agreement with the
measured spectrum (ii). The detection noise is included in traces (iii) and (iv). A 30% correction is used here on the optical to the force
conversion factor determined in Fig. 4(a) to account for a slight modification of the actuation efficiency between both measurements.
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(see Fig. 5) demonstrates the validity of the fluctuation-
dissipation theorem in our strongly coupled nanomechan-
ical arrangement.
The hybridization dramatically modifies the graphene

mechanical response and has an impact on the signal-
to-noise ratio (SNR) observed in a force measurement.
For a monochromatic force of amplitude δFG applied
in the center of the graphene membrane, the SNR can
be expressed as SNR½Ω�=ðSNRGÞ ¼ jIm ϰ−1G =Im ϰ−1GGj,
where SNRG ≡ δF2

G=2MGΓGkBT represents the SNR of
the uncoupled graphene alone. As verified experimentally
and confirmed with the model (see the SM [20]), the SNR
can be improved with respect to the uncoupled graphene
resonator in narrow frequency bands in the vicinity of the
Si3N4 resonance. As already employed with macroscopic
devices [19], this approach constitutes a strategy for
achieving larger sensitivities in hybrid nanosensors.

VIII. CONCLUSIONS

In this paper, we demonstrate the violation of the normal
mode expansion in a multimode nanomechanical system
and verify that the fluctuation-dissipation theorem well
describes its thermal noise despite the large mass and
damping asymmetries. This work underlines the impor-
tance of measuring the local mechanical susceptibility of a
nanosystem to correctly understand its thermal noise. Since
a good sample homogeneity is more delicate to ensure in
extremely downsized nanomechanical devices, we antici-
pate that these deviations will play an important role in the
future of nanomechanical sensors. Our observations, real-
ized on inertially coupled nanomechanical oscillators,
have a more general reach and are also valid when
mechanical modes are externally coupled, such as by
optical or electrostatic force-field gradients [8,14,38–44].
Such a fundamental approach could be used for developing
alternative force-detection protocols based on multimodal
nanosystems. Furthermore, optomechanical cooling is
intrinsically responsible for both mode cross-coupling

and nonhomogeneous modification of the damping rates
when the feedback actuation profile does not perfectly
match the vibration profile of the mode of interest.
Therefore, our conclusions and our approach should be
directly transposed to correctly understand the noise of
actively cooled multimode optomechanical systems
[38,45–47]. Finally, we emphasize that the coupling
mechanism involved here is of a conservative nature in
the sense that it does derive from a potential energy.
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Supplementary information to: Optomechanical investigation of a hybrid
graphene-nanoresonator system: deviation from the normal mode expansion

I. SAMPLE MICROFABRICATION

Figure S1: Sketch of the micro-fabrication sequence.

The used substrate is a silicon wafer coated on both sides with plasma-sputtered low stress Si
3

N
4

thin films of
500 nm thickness. In a first lithography step, large windows (of about 100µm ⇥ 150µm) are defined on the wafer
backside. A second laser lithography step on the top silicon nitride surface defines small square windows in the range
between 4 to 25 µm side length centered above the large windows. The alignment of both lithography steps on each
side is realized on the wafer periphery. The silicon nitride is etched away in the developed regions through the windows
opened on both sides of the wafer by reactive ion etching in a sulphur hexafluoride SF

6

plasma. In order to permit
optical transmission through the wafer, the silicon is subsequently etched away through the windows opened in the
silicon nitride layers in a potassium hydroxide KOH solution. This results in suspended silicon nitride membranes
with pre-defined holes as shown in Figure S1.
The graphene is grown on a copper foil by chemical vapor deposition (CVD) from a methane precursor to form a
continuous layer (see ref. [1] for more details). The monolayer graphene is then spin-coated with a resist support layer
(PMMA), the copper is etched away in a ammonium persulfate solution, and the graphene is transferred onto the
pre-patterned substrate. After removal of the PMMA layer in acetone and rinsing in isopropanol, the sample is dried
in a supercritical carbon dioxide dryer to protect it from strong surface tension forces that can be exerted by drying
liquid droplets. Once these steps are accomplished, we obtain freely suspended graphene membranes supported by
silicon nitride frame that is suspended itself.
In order to check the quality of the suspended graphene, we perform confocal micro-Raman mapping. Note that only
information from the suspended regions can be extracted since the high fluorescence background of the silicon nitride
hides the graphene related signatures in the supported regions. Figure S2a shows a typical Raman spectrum taken
at the center of a 20 ⇥ 20µm2 membrane. The absence of a significant D-peak confirms the high structural quality
of the grown graphene. Figures S2b,S2c also show maps of the G and 2D-mode intensities, frequencies and widths
obtained from Lorentzian fitting, which show a good spatial homogeneity. The average values for the G- and 2D-
bands frequencies in the suspended regions are 1588.3 cm−1 and 2676.5 cm−1 respectively. Analyzing the respective
frequencies of these modes according to reference [2] as shown in Fig. S2d, it is possible to extract strain and doping
in the membrane. Both modes are hence slightly up-shifted with respect to the unperturbed graphene membrane,
which can be explained in terms of low mechanical strain and hole doping in the order of 0.02% and 5 · 1012 cm−2

respectively as can be deduced from figure 2d. These values are very small so that an e↵ect of strain and charge
doping on the optical properties of the graphene membrane can be safely excluded.
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Figure S2: Characterization of suspended 20⇥ 20µm2 graphene membrane by Raman spectroscopy. a) Typical
spectrum (1800 cm−1 gratings, 532 nm). b) (and c) Raman mappings extracted from the G (resp2D) modes
Lorentzian fitting. d) 2D versus G bands frequencies diagram and correspondence with strain and doping in

graphene as proposed in [2].

II. EXPERIMENTAL DETAILS

Figure S3: Sketch of inner part of the vacuum chamber.



3

Figure S4: Sketch of the experiment. BS(PBS): (polarizing) beam splitter, AOM: acousto-optic modulator.

Schematics of the experiment are shown in Figure S3 and Figure S4. The sample is mounted vertically on a XYZ
piezo stage (100x100x100µm scan range) permitting a precise positioning with respect to the probe laser beam, which
is fixed in space in order to ensure a stable operation of the interferometer. The microscope objective which focusses
the pump laser on the sample is mounted on a XYZ piezo stage (30x30x10µm scan range) in order to micro-position
the actuation laser on the graphene surface. Two XYZ motorized translation stages permits a coarse positioning of
this triple arrangement.

Microscope objective with long working distances (4mm) and large numerical apertures (100x/0.75) are employed.
They permit to focus the pump and probe beams down to optical waists of approximately 330 nm, with an half angle
of the order of 45◦. The KOH chemical etching angle of silicon (54◦) which forms the bottom part of the sample
permits to maintain the full transmission of the laser beams when positioned on the graphene membrane. The probe
laser is injected from the bottom part of the sample.

The vacuum chamber has been designed to incorporate a large internal volume to host several massive translation
stages, as well as numerous optical and electrical accesses. It is machined in a monolithic aluminum block and
was anodized to maintain a high surface quality overtime. A 300 l/s turbopump allows to reach 1e-6 mbar under
continuous pumping, but in order to avoid excessive vibrations, the pump is stopped during sensitive measurements.
In that case, a static pressure below 1e-2 mbar can be maintained during several days.

The overall layout of the optical table is sketched in Figure S4. The laser source employed for fluorescence
measurements and optomechanical actuation is a 532 nm diode pumped solid-state frequency doubled Nd:YaG laser.
This low noise, single frequency laser was found appropriate to ensure a great pump intensity stability and presented
weak intensity noise. A confocal microscope arrangement was implemented. Two injections path were also employed,
a direct one, where the laser is only adjusted in size and polarization controlled, and a second one, where its intensity
can be adjusted and modulated with an acousto-optic modulator (AOM). The latter is controlled with the output
signal of a network analyzer for optical force excitation. The laser enters the vacuum chamber through an optical
window covered with a broadband anti-reflection coating, it is reflected by a dichroic mirror located inside the cavity,
so that the pump beam and fluorescence channel do not cross the same optical window, which could have increased
the parasitic fluorescence. A white light source and a CCD camera can optionally be used for coarse alignment of
the sample. The reflected pump intensity is collected through a 90/10 non polarizing beam splitter which is placed
on the injection path, and focused on a fast and low noise detector. The transmitted pump intensity is collected by
the probe laser injection objective, deflected by a second dichroic on a photodetector permitting to probe the sample
transmission and measure the intensity modulation strength of the pump laser. The intensity modulation is realized
by an acousto-optic modulator used in double path. In order to ensure a flat and broadband response, a careful
spatial superposition of the two path is realized. A 50MHz bandwidth is achieved, with a large on/o↵ rejection
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Figure S5: Spatial profiles of the first three vibrational graphene modes (a) Maps of the first three
vibrational modes of a square membrane with a width of 20µm obtained by probing the thermal noise amplitudes
while scanning the sample position (30x30 points, optical waist of 400 nm). In each point the readout sensitivity is
evaluated thanks to the reference calibration signal. The first mode is slightly elliptically shaped and the two other
ones are aligned along the diagonals of the square. These properties can be explained in terms of strain along the
diagonal that originates from the graphene transfer process. It splits the frequencies of the otherwise degenerate

second vibrational mode. (b) This assumption is reproduced by finite element modeling for a membrane with initial
strain along the diagonal.

(above 70 dB). The output of the AOM is filtered by a monomode fiber prior to its injection in the chamber.

The probe laser is a 15mW Helium-Ne laser, which was verified to be shot noise limited over the whole measurement
frequency range. A balanced homodyne detection is used to probe the phase fluctuations of the beam reflected on
the sample. In addition to the actuation piezo, which is used to stabilize the interferometer, a fast piezo is mounted
below the local oscillator mirror in order to calibrate the experiment. A fixed monochromatic modulation is applied,
which generates a stable modulation of the interferometer (of a few pm), which is thus independent of reflectivity
variations on the sample surface or spatial drifts that can occur in the chamber. In order to allow to change the
polarization sent onto the sample, the reflected signal is deviated by a 90/10 non polarizing beam splitter, prior to
its superposition on the local oscillator beam. The error signal of the balanced homodyne detection is split and sent
on an oscilloscope for real time monitoring of the lock, on a spectrum analyzer for thermal noise measurements and
on a network analyzer for response measurements The stability of the interferometer was good enough to realize
large spatial maps (up to 100x100 points, lasting for up to 12h) without having to relock the interferometer (which
can compensate for 3µm drifts).

III. PHENOMENOLOGICAL MODEL

A. Dynamical equations

Here we give more details on the modelisation employed to analyze our observations. The dynamical equation of
the coupled systems reads:

¨δx
G

= −⌦2

G

(δx
G

− δx
S

)− Γ
G

( ˙δx
G

− ˙δx
S

) + FG

MG

¨δx
S

= −⌦2

S

δx
S

− Γ
S

˙δx
S

+ µ⌦2

G

(δx
G

− δx
S

) + µΓ
G

( ˙δx
G

− ˙δx
S

) + FS

MS

(S1)

where ⌦
G

, ⌦
S

are the uncoupled resonant frequencies, Γ
S

,Γ
G

the uncoupled damping rates. δF
G,S

are external forces
applied on the graphene membrane and silicon nitride nanoresonator respectively. M

G

represents the e↵ective mass
of the graphene resonator at the measurement location, while µ ⌘ M

G

/M
S

parameterize the hybridization strength
which depends on the spatial overlaps between eigenmodes patterns. Intuitively if the graphene is positioned at a
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node of the SiN eigenmode, their hybridization will be reduced. The dynamics of the system is described in Fourier

space by
⇣

xG[⌦]

xS[⌦]

⌘
= [⌦] ·

⇣
FG[⌦]

µ FS[⌦]

⌘
with δx

i
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R
R dtei⌦tδx

i

(t). We have:
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. (S2)

where we have introduced the dynamical matrix Y[⌦]. It can be expressed as:

Y[⌦] =

✓
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−(Y
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−µ(Y
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+ ⌦2) Y
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+ ⌦2)

◆
, (S3)

using Y
G,S

⌘ ⌦2

G,S

− ⌦2 − i⌦Γ
G,S

. It can be diagonalized and its eigenmodes can be generally written:

Y±[⌦] = ⌦2
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The eigenvalues of the admittance matrix are:
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B. Eigenmodes

Diagonalizing the restoring force matrix

Y[0] = M−1

G

[0]−1 =

✓
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−⌦2
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−µ⌦2
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◆

yields the new eigenfrequencies ⌦±/2⇡ of the coupled system:
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Assuming that the SiN mode has a fixed frequency, the maximum frequency splitting is achieved for a graphene
mode frequency of ⌦0

G

given by

⌦0

G

2

= ⌦2

S

1− µ

(1 + µ)2

and amounts to:

⌦2

+

− ⌦2

−
��
min
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S

✓
4µ

(1 + µ)2

◆
1/2

⇡ 2⌦2

S

p
µ

so that for small µ, the minimum relative frequency splitting is
p
µ.

The diagonalization also yields the new eigenmodes e± of the coupled system. They can be expressed as:

e± =

✓
⌦2

G

⌦2

G

− ⌦2

±

◆
1q

(⌦2

G

− ⌦2

±)
2 + ⌦4

G

(S5)

This expression permits identifying the upper (lower) mode as the anti-symmetric (symmetric) one since the coefficient
⌦2

G

− ⌦2

± has di↵erent sign for each eigenmode (see Figure S6). As defined, the eigenvectors are not orthogonal, this
is a consequence of the mass asymmetry. As expected for the dynamics describe here, which derives from a potential
energy, in case of identical masses (µ = 1), the restoring force matrix becomes symmetric and the eigenvectors are
orthogonal.
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Figure S6: Sketch of the spatial profiles of the coupled eigenvectors e±. The lowest energetic mode is the symmetric
one.

C. E↵ective damping rates

The e↵ective damping rates Γ± of the coupled modes are mathematically defined as Γ± = −Im(Y±[⌦±])/⌦± but
their derivation is more convenient using the following expressions:

Γ
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Using the previous expression, and the expression for the minimum frequency splitting, it is then possible in case
of identical damping rates Γ

G

= Γ
S

⌘ Γ to put an upper bound on the damping asymmetry of coupled modes, at the
level of Γ

+

− Γ− < Γ
p
µ ⌧ Γ.

D. Normal mode expansion

The normal mode expansion consists in attributing one independent Langevin force to each mechanical eigenmode
so that the thermal noise spectrum S

xG [⌦] should be fitted with [3] :

X

m=±
A±

����
1

⌦2

± − ⌦2 − i⌦Γ±

����
2

with positive fitting parameters A±,Γ± and ⌦± This expression does not allow to describe the measured thermal
noise spectra presenting noise reduction that cannot be adjusted with two mechanical thermal noise spectra.

E. Thermal noise

Based on the fluctuation dissipation theorem, we compute the theoretical local mechanical susceptibility χ
GG

[⌦]
by inverting equation (S2) and picking out the graphene-graphene component: δx
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This expression serves to adjust the response measurements. In case of an infinitely massive SiN resonator, the above
expression converges towards the graphene susceptibility alone. At zero frequency, one has:

χ
GG

[0] =
1

M
G

✓
1

⌦2

G

+
µ

⌦2

S

◆
(S8)

which is well approximated by the static graphene susceptibility in our situation (µ ⌧ 1). The imaginary part of χ
GG

permits estimating the spectral density of the thermal noise of the system measured on the graphene membrane, by
using the fluctuation dissipation theorem: S

xG [⌦] =
2kBT

|⌦| |Imχ
GG

[⌦]|, where the spectral density is defined according

to the convention: hδx[⌦]δx[⌦0]i = 2⇡δ(⌦+ ⌦0)S
x

[⌦]. We have:

S
xG [⌦] =

2k
B

T

M
G

⌦4Γ
G

+ ⌦2

�
Γ
G

Γ2

S

+ µΓ
S

Γ2

G

− 2Γ
G

⌦2

S

�
+ Γ

G

⌦4

S

+ µΓ
S

⌦4

G

(⌦4 − ⌦2 (⌦2

G

+ ⌦2

S

+ µ⌦2

G

+ Γ
G

Γ
S

) + ⌦2

S

⌦2

G

)
2

+ ⌦2 (Γ
G

⌦2

S

+ Γ
S

⌦2

G

− ⌦2 (Γ
G

+ Γ
S

+ µΓ
G

))
2

This expression serves to fit the measured thermal noise.

F. Deviation from the normal mode expansion

In case of identical uncoupled eigenfrequencies (⌦
S

= ⌦
G

), it is possible to compute the error made when trying
to estimate the thermal noise with the normal mode expansion expression. The error is frequency dependent and
maximum at the noise squashing frequency, where the thermal noise is found to be lower than the value originating from
the normal mode expansion by a factor of (1 + Γ

S

/Γ
S

) /2 (no error is made in case of identical damping rates). This
expression is independent on the coupling parameter µ as long as the anticrossing visibility is preserved: Γ± < ⌦

+

−⌦−
and can reach large values in case of strong damping heterogeneity. The maximum observed deviation almost reached
20 dB.

Figure S7: Improvement of the SNR. Left: above: Thermal noise spectrum and response measurement (in m2)
simulated using the model with µ = 0.005, ⌦

G

/2⇡ = 1216 kHz, ⌦
S

/2⇡ = 1150 kHz, Γ
S

/2⇡ = 500Hz,
Γ
G

/2⇡ = 50 kHz, M
g

= 10−14 kg, T = 300K and a force amplitude of 5 fN; below: relative SNR increase (when
compared to the graphene alone) as a function of the measurement frequency. Center: Map of the relative SNR
increase dependency on the graphene damping rate. The red line represents the optimum SNR increase. Plotting

parameters are µ = 0.1, Γ
S

/2⇡ = 500Hz, ⌦
S

/2⇡ = 1.5MHz. Right: above: experimental data showing the
equivalent displacement measured with a 100Hz resolution bandwidth, of the thermal noise spectrum alone in blue,
and with an ensemble of monochromatic drive tones (green). The deduced signal-to-noise ratio is shown bellow,

after a proper renormalizaton by the graphene alone contribution. The dashed red line represents the relative SNR
change expected from the 2 modes phenomenological model. The deviation observed at large frequency is due to the
presence of second higher order SiN mode presenting a larger coupling rate (but not accessible via thermal tuning).

The modest, ⇡ 10%, SNR increase observed in the vicinity of ⌦
S

could be largely increased with optimized
parameters.
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G. Signal-to-noise ratio in a force measurement

When applying a monochromatic force on the graphene with amplitude δF
G

at frequency ⌦, the measured displace-
ment is δx

G

= χ
GG

δF
G

so that the signal to noise ratio of the measurement is

SNR[⌦] =
|χ

GG

[⌦]|2 δF 2

G

2kBT

|⌦| |Imχ
GG

[⌦]|
,

which can be expressed as :

SNR[⌦] =
δF 2

G

2M
G

Γ
G

k
B

T

�
⌦2

S

+ µ⌦2

G

− ⌦2

�
2

+ ⌦2 (Γ
S

+ µΓ
G

)
2

⌦4 + ⌦2 (Γ2

S

+ µΓ
S

Γ
G

− 2⌦2

S

) + ⌦4

S

+ ⌦4

G

µΓ
S

/Γ
G

(S9)

The first fraction, called SNR
G

in the following, represents the SNR of the graphene membrane alone, where the
spectral density of the Langevin force acting on graphene 2M

G

Γ
G

k
B

T is compared to the power of the force signal δF 2.
The second fraction represents the variation of SNR due to the hybridization to the SiN nanoresonator. Interestingly
it can be larger than one in case of strong hybridization strength (large µ) and good SiN quality factor (small Γ

S

).
In case of identical damping rates, the SNR can only smaller than one. The highest increase in SNR is obtained for
⌦

opt

given by:

⌦
opt

=

r
⌦2

S

− Γ
S

Γ
G

⌦2

G

which is always defined in our experimental conditions (Γ
S

/Γ
G

< 1/10) and simply amounts to:

SNR
opt

/SNR
G

= 1 +
Γ
G

Γ
S

µ.

In our situation we can expect a 50% increase when working relatively far away from the anticrossing. More generally,
this suggests that the SNR increase will be larger when hybridizing with high-Q SiN modes, presenting a large coupling
strength µ. This SNR increase will be more profitable for low-Q graphene membranes. Figure S7 illustrate the
dependence of the relative SNR increase on the system parameters. This modification of the SNR is also observed
experimentally, see Figure S7 with a strong frequency dependence and a more complex spectral shape due to the
interplay of several SiN modes. The modest improvement observed could be significantly improved with optimized
mechanical parameters.

Figure S8: Broadband response of the system. In addition to the resonant mechanical response, visible at 1
MHz, also appear a low frequency response which is well adjusted with a first order low pass filter (cuto↵: 7 kHz). It
can be due to both a temperature mediated reflectivity change or to a thermally induced non-resonant mechanical
deformation, but both possibilities reflects the thermal behavior of the membrane. The cuto↵ frequency represents
the inverse propagation time of the driven heat wave to spread from the graphene center to the SiN rim. It permits
estimating the heat di↵usion coefficient for graphene, of the order of ⇡ 10−6 m2/s. The slight deviation observed

around 1 kHz is due to the lock of the interferometer, which tries to compensate the driven dephasing.
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IV. BROADBAND RESPONSE

A broadband response is shown in Figure S8. A 2D numerical simulation has been developed in order to evaluate
the thermal steady state of the system in presence of a monochromatic deposited heat modulation localized in the
middle of the graphene membrane. From this modelization, the cuto↵ frequency, measured at the level of 7 kHz can
be employed to derive the thermal di↵usion coefficient. Then, the thermal resistance of the system can be computed
numerically, by evaluating the temperature gradient across the sample in case of a low frequency modulation. The
obtained value is 0.25K per µW absorbed. It is important to mention that the 7 kHz cuto↵ corresponds to inverse
propagation time of the thermal wave up to the SiN frame, located 10 µW away. As a consequence, when we intensity
modulate the pump beam at 1200 kHz to realize resonant optical actuation of the mode, the thermal wave spreads
over 700 nm, which is slightly larger than the optical waist, but significantly smaller than the characteristic dimensions
of the mode profile. As such, it is justified to consider the thermal actuation mechanism as being confined under the
optical spot and thus giving access to the local mechanical susceptibility.
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