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Graphene mechanical resonators have recently attracted considerable attention for use in precision
force and mass sensing applications. To date, readout of their oscillatory motion has typically
required cryogenic conditions to achieve high sensitivity, restricting their range of applications.
Here we report the first demonstration of evanescent optical readout of graphene motion, using a
scheme which does not require cryogenic conditions and exhibits enhanced sensitivity and bandwidth
at room temperature. We utilize a high Q microsphere to enable evanescent readout of a 70 µm
diameter graphene drum resonator with a signal-to-noise ratio of greater than 25 dB, corresponding

to a transduction sensitivity of S
1/2
N = 2.6 ×10−13 m Hz−1/2. The sensitivity of force measurements

using this resonator is limited by the thermal noise driving the resonator, corresponding to a force
sensitivity of Fmin = 1.5 × 10−16 N Hz−1/2 with a bandwidth of 35 kHz at room temperature (T
= 300 K). Measurements on a 30 µm graphene drum had sufficient sensitivity to resolve the lowest
three thermally driven mechanical resonances. The graphene drums coupled both dispersively and
dissipatively to the optical field with coupling coefficients of G/2π = 0.21 MHz/nm and Γdp/2π =
0.1 MHz/nm, respectively.
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FIG. 1. (a) SEM image of a graphene drum resonator’s, a
broken drum shows the contrast due to the graphene. (b)
Illustration showing a microsphere with a graphene resonator
in the evanescent field. (c) Illustration showing the optical
coupling rates associated with the cavity measurement, dis-
cussed in the text. (d) Schematic of the measurement system.

I. INTRODUCTION

Micro and nano-electro-mechanical (NEMS) force
sensors are broadly applied in accelerometry[1],
magnetometry[2], thermometry[3], navigation[4],
geodesy[5], medical diagnosis[6], and have a range of
specialized applications in areas such as atomic force
microscopy[7], nanoscale spin-resonance imaging [8], and
quantum information science[9]. Currently silicon is the
material of choice for fabricating precision NEMS force

sensors, enabling the production of devices with both
high sensitivity and large bandwidths[10, 11]. However
graphene resonators have excellent mechanical proper-
ties and exceptionally low mass per unit area[12–14],
which makes them attractive candidates for use in ultra-
sensitive force[15–18] and mass[19–22] measurements, as
well as for quantum optomechanics[23–26].

In a generic NEMS force sensor, the motion of a com-
pliant mechanical resonator is tracked optically or electri-
cally as it responds to external forces[27]. To reduce the
measurement noise and enhance the measurement band-
width a new approach has been developed where an op-
tical or microwave cavity is used to control and readout
the motion of the resonator[28, 29]. These cavity optome-
chanical systems allow force sensitivity at the fundamen-
tal thermomechanical noise floor Fmin =

√
4meffΓmkBT

in N Hz−1/2 where meff is the effective mass of the me-
chanical resonator, Γm its mechanical dissipation rate,
kB is the Boltzmann constant and T its temperature.
Here we place graphene resonators into a cavity optome-
chanical system and demonstrate the sensitive readout of
their motion at room temperatures, thus paving the way
for the more widespread application of graphene NEMS
force sensors.

Outside of the field of optomechanics, over the past 10
years much progress has been made in the experimen-
tal characterization of the unique material properties of
graphene, including large thermal[30] and electrical[12]
conductivity, record breaking Young’s modulus[31],
length-dependent thermal conductivity[32] and broad-
band constant πα = 2.3% optical absorption[33], among
others. However, to date measurements have been per-
formed on graphite or graphene that is in contact with
a substrate, or else on suspended sheets that are electri-
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cally actuated or contacted in ways that influence their
measurement. For instance, measurements on the size
dependent[13] and non-linear dissipation[34] of graphene
membranes are currently convoluted with the influence
of the applied gate voltage required to drive and detect
their motion. Our results provide a new approach to
study these material properties on micron-scale graphene
films in thermal equilibrium at room temperature.
Graphene’s large electrical conductivity[35] and rela-

tively straightforward integration into circuits has en-
abled sensitive motion readout using microwave electro-
mechanical measurement systems[16]. In these systems,
both static (DC) and time-varying (RF) forces can be ap-
plied to the resonator, allowing tuning of the resonance
frequency (through static deflection of the resonator) and
the study of driven non-linearities[23–25, 36]. However
this approach requires cryogenic cooling of the electrical
amplifiers owing to the relatively high Johnson (electri-
cal) noise floor which severely limits the range of poten-
tial applications. Overcoming this requirement, measure-
ment systems utilizing visible optical wavelengths have
been demonstrated at room temperatures [16, 37, 38].
The alternative approach described here uses near-field
evanescent sensing[29, 39]. The graphene resonator is
placed in the evanescent field of a high Q silica micro-
sphere, with the motion of the graphene imparted onto
the phase of the optical field circulating within the cav-
ity. Crucially, in this arrangement the signal due to the
graphene resonator is enhanced by the high optical Q fac-
tor and the steep gradient of the evanescent field, lifting
the signal above of the noise floor and enabling motion
readout with large SNR[40]. An interesting feature of
graphene mechanical resonators is that they couple both
dispersively and dissipatively to the optical field, in con-
trast to the majority of other resonators which are purely
dispersively coupled[39]. Dissipative coupling enables en-
hanced optical transduction[41], and could be utilised in
novel dissipative optomechanics systems[42–45].

II. METHODOLOGY

A. Experimental setup

An SEM image showing graphene circular drum res-
onator’s studied in this work is shown in Fig.1(a).
The graphene is produced by chemical vapor deposi-
tion (CVD) on a copper foil and transferred to a silicon
substrate[13] with pre-patterned circular through holes.
Measurements have been performed on resonators with
diameters in the range of d = 20 to 70 µm that sup-
port fundamental mechanical resonances in the range of
ωm/2π ≈ 1 to 5 MHz[13, 46]. An illustration of the
motion readout measurement is shown in Fig.1(b). A
graphene resonator is shown placed within the evanes-
cent field of a microsphere, typically at a distance of 50
- 100 nm from the microsphere surface. A tapered op-
tical fiber is used to couple laser light to an optical res-
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FIG. 2. Experimentally measured normalized transmission
(T12) spectra with position of the graphene resonator x within
the evanescent field. At 0 nm the graphene is far from the
microsphere surface, at 100 nm it is almost touching. Laser
detuning is defined as ∆ = 0 at ωc for the x= 0 nm spectra.
(inset) Extracted optical resonance frequency ωc and loss due
to the graphene κg.

onance of the microsphere[47]. The taper and the chip
containing the graphene drums are mounted on separate
three axis nano-positioning stages and aligned around the
fixed microsphere. This system is housed within a custom
built vacuum chamber that is maintained at a pressure of
3×10−7 Torr using a vibration free ion pump. Compared
with monolithic systems where the optical and mechan-
ical resonators are fabricated upon a single chip[10, 29],
this approach provides wide flexibility in the choice of
optomechanic coupling strength, and places fewer con-
straints on the device fabrication. This comes at the cost
of increased complexity in the experimental alignment
and stabilization.

B. Optical characterization

Referring to the illustration in Fig.1(c), a small dis-
placement ∂x of the graphene resonator produces both
a dispersive and a dissipative modification to the optical
resonance. Focusing first on the dispersive effect, the dis-
placement shifts the resonance by an amount ∂ωc, where
the magnitude of this shift is determined by the optome-
chanical coupling coefficient G that quantifies the overlap
of the optical field with the graphene resonator, such that
G = ∂ωc/∂x. The dissipative effect increases the optical
linewidth (full width at half maximum) κ = κc+κg+κext

where κc is the internal cavity loss rate due to the in-
trinsic losses of the cavity (e.g. due to surface rough-
ness), κext is the external coupling rate between the ta-
per and optical resonance, and κg is the optical loss due
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to the graphene (i.e. due to its 2.3% absorption). By
analogy to the dispersive coupling coefficient, we can de-
fine a dissipative optomechanical coupling coefficient[41]
Γdp = ∂κ/∂x. The sensitivity of motion measurements
depends on the values of G and Γdp, which depend on the
particular mechanical and optical resonators under mea-
surement. Here we show that despite the optical loss in-
troduced by the graphene, motion readout measurements
with high sensitivity are possible using cavity enhanced
evanescent sensing.

III. RESULTS AND DISCUSSION

A. Optical coupling coefficients

The measurement system is shown in Fig.1(d). To
characterize G and Γdp a 780 nm diode laser outputting
power P1 is swept over an optical resonance of the micro-
sphere and the transmitted optical power P2 is recorded
as a function of the position x of the graphene within
the evanescent field. The absolute distance between the
graphene drum and microsphere was calibrated by off-
setting the drum laterally, bringing the Si substrate into
contact with the microsphere, and recording the stage
readings. Fig.2 shows spectra of the normalized optical
transmission T12 = P2/P1. These measurements were
performed with a 70 µm diameter graphene resonator
and a 60 µm diameter microsphere. Both ωc and κ are
modified by the presence of the graphene. The spec-

tra are described by[48] T12 =
(κc+κg−κext)

2+4∆2

(κc+κg+κext)2+4∆2 , where

∆ = ωp − ωc is the detuning of the incident laser pump
ωp from the optical resonance ωc. Here we assume that
since κc is a fixed property of the optical resonance, in-
creases in κ are due to the optical loss introduced by the
graphene κg. The extracted values of κg with position
x are shown in the inset of Fig.2. Extraction of κg al-
lows calculation of the optical power dissipated by the
graphene, discussed later. Whilst drift of the substrate
position will cause a change in κext, this drift was cali-
brated using an optical resonance and found to be small
compared to the changes in κg over the time-scale of these
measurements. A fit to a spectra recorded without the
graphene present gave the intrinsic cavity loss rate κc/2π
= 10.2 MHz, corresponding to an optical quality factor
Q = ωc/κc = 3× 107. Fitting spectra to ∂ωc = G∂x and
∂κ = Γdp∂x yields both dispersiveG/2π = 0.21 MHz/nm
and dissipative Γdp/2π = 0.1 MHz/nm coupling coeffi-
cients. Many dissipative optomechanics applications[42–
45] require that dissipative coupling is maximized and
dispersive coupling minimized. Here we achieve G/Γdp

= 2.1 which compares favorably to a value of G/Γdp = 4
recently reported for a cavity torque sensor[41].

It is important to note that the values of G and Γdp

reported here overestimate the coupling that can be
achieved in practical transduction measurements since
they do not take into account the mechanical mode

shape, but approximate the motion as a uniform shift
of the resonator into the optical mode. From carefully
calibrated measurements of the thermal amplitude of
the mechanical resonance it is possible to determine the
true dynamical coupling rates Gdy for each optical and
mechanical mode pair, as reported elsewhere for silicon
nanostrings[39]. However, in the limit of a point-like
measurement of the fundamental mode, the value of G
reported here converges with the dynamic coupling rate.
Our measurements are close to point-like where here the
transverse optical sampling length ly ≈ 10µm is short
compared to the graphene drum diameter. A simple cal-
culation based on the mean displacement of the mechan-
ical mode within the optical sampling length indicates
that for our measurements Gdy/G =0.99, assuming per-
fect alignment of the optical mode with the mechanical
mode. In practice, the alignment is performed by eye us-
ing a microscope system, and is estimated to be accurate
to +/- 5µm, placing a lower bound on the coupling rate
of Gdy/G =0.96.

B. Motion transduction

To demonstrate the use of graphene resonators as sen-
sitive force sensors we present experimental data show-
ing the motion readout of the mean-square displace-
ment 〈x(t)2〉 of the resonator arising from the random
thermal (Brownian) force fluctuations FT driving the
resonator. These fluctuations are distributed in fre-
quency ω according to x(ω) = FTχm(ω) where the
resonator’s Lorentzian-shaped susceptibility χm(ω) =
[meff(ω

2
m−ω2− iΓmω)]−1, and FT is modeled as a white-

noise. The power-spectral-density (PSD) of the random
displacements of the resonator is given by Sxx(ω) =
4meffΓmkBT|χ2

m(ω)|[49]. The optomechanical coupling
G transduces the motion of the resonator into frequency
noise on the optical resonance via G =

√

Sωω/Sxx. The
measured signal is given by S = Sωω + SN where SN is
the measurement noise (e.g. due to detector noise). At
ω = ωm the measurement SNR = Sωω

SN
= 4kBT

meffΓmω2
mSN

,

which on rearranging gives the noise limited measure-
ment uncertainty

S
1/2
N =

[

4kBT

meffΓmω2
mSNR

]1/2

(1)

Readout of graphene motion is performed using the
system shown in Fig 1(d). The taper and graphene
resonator are mounted on nano-positioning stages and
aligned around the microsphere. To ensure high mechan-
ical Q, the measurement is performed within a vacuum
chamber that is maintained at a pressure of 3 × 10−7

Torr using a vibration free ion pump. The output from
the laser is fibre coupled and passes through an electro-
optic modulator (EOM) which applies a 100 MHz phase
modulation to produce the error signal for the Pound-
Drever-Hall (PDH) laser lock. The laser is locked to
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FIG. 3. (a) Measured spectrum showing the fundamental me-
chanical resonance of a 70 µm diameter graphene drum, spec-
trum analyzer resolution bandwidth (RBW) = 100 Hz. The
traces correspond to drum displacements of - 30 nm (purple),
- 15 nm (green), and 0 nm (blue) from the final position which
gave maximum signal transduction. (b) Spectra showing the
three lowest order resonances of a 30 µm diameter resonator,
RBW = 10 kHz.

the side of the optical resonance with a fixed detuning
of ∆ = κ/2, ensuring maximum transduction sensitiv-
ity. The T12 transmitted light is incident on a low-noise
photodetector, and monitored using an oscilloscope and
a spectrum analyser. The measured mechanical spec-
tra for a diameter d = 70 µm resonator is shown in
Fig.3(a). The resonator was placed within the evanes-
cent field and transduction spectra recorded at three po-
sitions along the field gradient. The relative displace-
ment between measurement positions was read out us-
ing the nano-positioning stage control software, but the
absolute displacement between the graphene and sphere
was not precisely known. The traces correspond to dis-
placements of - 30 nm (purple dashed trace), - 15 nm
(green trace), and 0 nm (blue dots) where the final posi-
tion gave maximum signal transduction. The increasing
gradient of the optical field means that transduction sen-
sitivity is greatest for the smallest displacement between
the graphene and sphere. However, as the graphene ap-
proaches the surface of the sphere the risk of contact,
and subsequent destruction of the drum increases. The
observed mechanical resonance is fit to a Lorentzian line-
shape (red line) with the fit to the white-noise back-
ground indicated by the black dashed line. The mechan-
ical resonance peak rises 25 dB above the flat measure-
ment background, defining the measurement SNR. As-
suming a pristine monolayer graphene the effective mass
of the fundamental drum mode of the resonator is calcu-
lated from[24] meff = 0.27πr2ρ2D = 7.9 ×10−16kg where
the mass density ρ2D = 7.9×10−19 kg /µm2 and r =
d/2. From the Lorentzian fit, ωm/2π = 1.44 MHz and
Γm/2π = 1.75 kHz. Substituting these values into Eq.1

yields the transduction sensitivity of S
1/2
N = 2.6 ×10−13

m Hz−1/2, which is currently limited by the Q factor of
the microsphere. As a force sensor this graphene res-
onator would enable measurements with a force sensitiv-
ity of Fmin = 1.5×10−16 N Hz−1/2 at room temperature

(T = 300 K). The usable bandwidth in this scenario is
given by the frequency range for which the mechanical
resonance is resolved with a SNR> 1, marked in Fig.3(a).
For this resonator the force measurement bandwidth =
35 kHz. For comparison, the authors of measurements
using a low-Finesse cavity[38] report a position sensitiv-

ity of S
1/2
N = 6 ×10−13 m Hz−1/2 for an optically cooled

resonator, where the measurement is intrinsically limited
by photodetector noise.
Referring to Fig.3(b), measurements on a 30 µm diam-

eter resonator have sufficient SNR to resolve the 1st, 2nd

and 3rd mechanical resonances in the thermal noise
driven motion with frequencies of ωm/2π = 2.25, 3.36
and 3.95 MHz and Q factors of 528, 884 and 927 respec-
tively. The frequencies of these modes match reasonably
well to previous measurements and the predictions of a
simple model for the resonant frequency of circular drum
resonances, expected at 1.59 and 2.14 times the funda-
mental frequency[38]. The ability to resolve multiple me-
chanical modes is potentially useful for mass sensing[50]
and for characterizing the non-linear mechanical proper-
ties of the resonators[51].

C. Parametric tuning

For applications it is desirable to be able to rapidly
tune the mechanical frequency of the graphene resonator,
for example to enable force sensing at specific frequency
bands, or to generate parametric non-linearities which
enable the detection of weak signals within measure-
ment noise[52]. Here we demonstrate this via the photo-
thermal tension (σpth) induced in the membrane by op-
tical absorption. Motion readout spectra in Fig.4 shows
the tuning of the mechanical resonance ωm as a function
of optical power dissipated by the graphene Pg. Pow-
ers P1 in the range 5 to 30µW produced tuning over
a range of 20 kHz. No change in the mechanical de-
cay rate was observed. We define the effective mechan-

ical frequency as ωeff ≈ ωm

(

1 +
σpth

2σ0

)

which is valid in

the limit σpth ≪ σ0, where σ0 is the intrinsic tension in
the resonator membrane. According to theory[38], pho-
tons absorbed by the graphene induce a tension in the
resonator membrane σpth = APg where A is a material
constant which depends on the absorption, thermal con-
ductivity and thermal expansion coefficients of graphene.

Fitting[48] Pg/P1 =
(

4κextκg

κ2+4∆2

)

, yields Pg used in the in-

set plot of Fig.4. From a linear fit to ωeff v.s Pg a value
of A = 9.3 N/(m W) is extracted, which is in reasonable
agreement with a value of A = 15 N/(m W) calculated
using the fundamental constants of graphene[38]. In prin-
ciple a significantly wider tuning range can be achieved
by increasing the in-taper optical power P1. For example,
a readily achievable P1 of 3 mW would increase the tun-
ing range to 2 MHz; while incident powers as high as 400
mW have been reported recently[53]. The bandwidth of
photothermal parametric control, achieved for example
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FIG. 4. Mechanical resonance spectra of a 20 µm diameter
resonator with optical power dissipated by the graphene Pg,
with (inset) extracted resonance peak ωeff . Spectra offset by
2.5 dBm on the vertical scale.

using amplitude modulated light, is limited by the ther-
malisation time τ of the graphene drum. For a circular
membrane[38] τ = a2ρC/2κ, where a is the membrane
radius, C = 700 J/(kgK) is the specific heat of graphene,
κ = 5000W/(m K) is the thermal conductivity[54], and ρ
= 2200 kg/m3 the density. Taking a= 10 µm yields the
thermalization time τ = 15.4 ns, corresponding to re-
sponse bandwidth of ≈ 65 MHz. This rate is sufficient to
generate the parametric non-linearities described in [52].
Finally dissipation of Pg causes an increase in tempera-
ture T of the resonator ∆T = βPg where the constant of
proportionality β = (2πtk)−1 and t=0.335 nm the thick-
ness of a monolayer. The maximum value of Pg = 6.3µW
gives ∆T = 0.59 K, which is a small change relative to
room temperature (300 K). Therefore we conclude that
for moderate optical powers heating will not significantly
degrade the sensitivity Fmin of force measurements using
this resonator.

IV. OUTLOOK AND CONCLUSION

State of the art silicon cantilevers achieve a force
sensitivity of Fmin = 5.3 × 10−17 N Hz−1/2 at room

temperature[11], owing to their high mechanical Q fac-
tors. However, their relatively large mass places an in-
trinsic limit on their sensitivity. In contrast, improved
highQ factor graphene resonators would constitute ultra-
sensitive force sensors with exceptionally small physi-
cal dimensions. The optomechanical coupling and hence
measurement bandwidth scales as[39] G ∝ (Vnano/Vcav)
where Vnano is the volume of the mechanical oscillator
sampled by the optical cavity with mode volume Vcav.
The microspheres used in this work are of relatively large
diameters, and the optical resonances selected were not
low-order modes. Therefore careful optimization of the
ratio Vnano/Vcav could yield significant improvement in
G. Furthermore, by switching to homodyne detection
an improvement in readout sensitivity is readily attain-
able, and would allow the direct measurement of the vac-
uum optomechanical coupling rate using frequency noise
calibration[55]. Finally, appropriate band-gap engineer-
ing of the graphene could further mitigate the negative
effects of optical absorption.

In conclusion, we have demonstrated the readout of
graphene NEMS motion at room temperature using cav-
ity enhanced evanescent sensing with high Q optical mi-
crospheres. This approach enables ultra-sensitive read-
out of the graphene oscilliatory motion, and paves the
way for high sensitivity/large bandwidth room tempera-
ture force measurements in a resonator mass regime not
currently attainable using silicon NEMS devices. We
present the first measurement of the dispersive and dissi-

pative optomechanical coupling coefficients of graphene
at visible wavelengths, and show that material absorp-
tion does not result in poor readout sensitivity, and only
minimally heats the resonator. Finally, we exploit the
optical absorption to tune the mechanical frequency of
the graphene resonator, and propose routes to improving
the sensitivity of readout measurements.
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B. Li, and B. Özyilmaz, “Length-dependent ther-
mal conductivity in suspended single-layer graphene.”
Nature communications 5, 3689 (2014).

[33] R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov,
T. J. Booth, T. Stauber, N. M. R. Peres, and A. K. Geim,
“Fine structure constant defines visual transparency of
graphene.” Science (New York, N.Y.) 320, 1308 (2008).

[34] A. Croy, D. Midtvedt, A. Isacsson, and J. M.
Kinaret, “Nonlinear damping in graphene resonators,”
Physical Review B 86, 235435 (2012).

[35] A. H. Castro Neto, N. M. R. Peres, K. S. Novoselov,
and A. K. Geim, “The electronic properties of
graphene,” Reviews of Modern Physics 81, 109 (2009),
arXiv:0709.1163.

http://dx.doi.org/10.1002/adma.201401144
http://dx.doi.org/10.1103/PhysRevLett.111.103603
https://journal.iisc.ernet.in/iisc/article/view/176
http://dx.doi.org/10.1109/5.704269
http://dx.doi.org/10.1109/WESCON.1995.485295
http://dx.doi.org/ 10.1021/nl104018r
http://dx.doi.org/10.1038/nature02658
http://dx.doi.org/10.1038/nature08093
http://dx.doi.org/ 10.1088/1367-2630/16/3/035001
http://dx.doi.org/ 10.1088/1367-2630/14/7/075015
http://dx.doi.org/10.1038/nmat1849
http://dx.doi.org/10.1021/nl1042227
http://dx.doi.org/10.1021/nl900612h
http://dx.doi.org/10.1038/nnano.2011.71
http://dx.doi.org/10.1126/science.1136836
http://dx.doi.org/10.1038/nnano.2013.97
http://dx.doi.org/10.1063/1.4802746
http://arxiv.org/abs/arXiv:1211.1608v1
http://dx.doi.org/10.1038/nnano.2012.42
http://dx.doi.org/10.1038/nnano.2008.200
http://dx.doi.org/10.1021/nl802181c
http://dx.doi.org/10.1021/nl052134m
http://dx.doi.org/10.1103/PhysRevLett.113.027404
http://dx.doi.org/10.1021/nl500879k
http://dx.doi.org/10.1038/nnano.2014.168
http://arxiv.org/abs/1411.2202v2
http://dx.doi.org/10.1063/1.1927327
http://dx.doi.org/10.1103/Physics.2.40
http://dx.doi.org/10.1038/nnano.2012.97
http://dx.doi.org/10.1021/nl0731872
http://dx.doi.org/ 10.1126/science.1157996
http://dx.doi.org/10.1038/ncomms4689
http://dx.doi.org/10.1126/science.1156965
http://dx.doi.org/10.1103/PhysRevB.86.235435
http://dx.doi.org/10.1103/RevModPhys.81.109
http://arxiv.org/abs/0709.1163


7

[36] X. Song, M. Oksanen, M. a. Sillanpää, H. G. Craighead,
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