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The large in-plane modulus of rigidity and low mass 
density of one-atom-thick graphene makes it an excit-
ing material for studying mechanics at nanoscale. Fur-
ther, the remarkable electronic properties of graphene 
give an additional edge to explore the small coupling 
between electronic and mechanical degrees of free-
dom. Ballistic transport can be reached in very clean 
suspended graphene samples, allowing to probe cou-
pling between nanoscale electromechanics and quan-
tum Hall effect. Such devices can also be used to 
measure intrinsic properties of graphene like coeffi-
cient of thermal expansion. In this article, we present 
summary of results from our group integrating  
these aspects of graphene. Towards the end, we briefly  
speculate roadmap for future experiments harnessing 
unique properties of graphene. Nanomechanical  
devices can then be used for applications as well as to 
explore aspects of mesoscopic physics with unprece-
dented detail. 
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Introduction 

ELECTRONIC properties of graphene1 are of interest for 
fundamental science2 as well as for applications since the 
first experiments probing quantum Hall effect (QHE)3,4. 
In addition to the electronic properties, the remarkable 
mechanical properties of graphene include a high in-plane 
Young’s modulus of 1 TPa together with high fracture 
strength probed using nanoindentation of suspended  
graphene5 and electromechanical resonators6–9. NEMS 
(nanoelectromechanical systems) devices using nano-
structures such as carbon nanotubes10–16, nanowires17–19 
and bulk micromachined structures20–22 offer promise of 
new applications and allow us to probe fundamental 
properties at the nanoscale. NEMS-based devices are 
ideal platforms to harness the unique mechanical proper-
ties of graphene23. Electromechanical measurements with 
graphene resonators7,8 suggest that with improvement of 
quality factor (Q), graphene-based NEMS devices have 
the potential to be sensitive detectors of mass and charge. 
Additionally, the sensitivity of graphene to chemical  

specific processes3,24 offers the possibility of integrated 
mass and chemical detection. The large surface-to-mass 
ratio of graphene offers a distinct advantage over other 
nanostructures for such applications. As an example of 
the utility of suspended graphene devices, we show that 
such devices can be used to probe the coefficient of ther-
mal expansion of graphene (graphene(T)) as a function of  
temperature. These measurements indicate graphene(T) to 
be negative25 for 30 K < T < 300 K and larger in magni-
tude than theoretical prediction26. These experiments25 
also show that measuring temperature-dependent  
mechanical properties27 of suspended structures down to 
low temperatures gives insight into strain engineering of 
graphene-based devices28,29 and also helps in understand-
ing the role of rippling in degrading carrier mobility at 
low temperatures. The other advantage which stems from 
these suspended resonators is the ability to clean them by 
applying large current. Such devices show very large  
carrier mobility, which can be used to study the ballistic 
transport, QHE at low magnetic fields and novel frac-
tional quantum Hall states in high magnetic fields30.  
Realizing both the quantum Hall state and the ability to 
excite the vibrational modes leads us to ask the ques-
tion – how do the vibrations affect the quantum Hall state 
and vice versa31. Later in the article, we answer this ques-
tion in detail. 
 Several materials have been explored to probe the  
coupling between nanomechanics and electronic de-
grees18,25,31–34. However in this article, we focus on gra-
phene nanomechanics. First we review the basics of QHE 
for graphene to set the stage for discussion of further  
experiments. Then, we take a slight detour to discuss details 
for the fabrication of suspended graphene and measurement 
schemes for the electromechanical actuation. Then, we give 
one example of the utility of the electromechanical meas-
urements as the measurement of graphene. After this we dis-
cuss another aspect of the suspended graphene devices, 
which is improvement of carrier mobility by current anneal-
ing, giving an example of the QHE in these systems. 

Quantum Hall effect in graphene 

QHE is a quantum mechanical phenomenon that occurs in 
two-dimensional electronic systems subjected to magnetic 
field and is typically observable at low temperatures. In 
the presence of magnetic field, the current density ( )J


 no 
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longer remains parallel to the applied electric field ( ),E


 
( ),J E
 

 and hence conductance of the sample is de-
scribed by 2  2 conductivity tensor with two independ-
ent components, namely longitudinal conductivity xx and 
transverse conductivity xy. The localization–delocaliza-
tion of electrons (for integer QHE) and electron–electron 
interactions (for fractional QHE) lead to versatile pheno-
mena like dissipationless transport across the system and 
at the same time transverse conductance becomes quan-
tized in units of e2/h, irrespective of the details of mate-
rial properties and sample geometry. A complete and 
detailed description of quantum Hall phenomenon is 
available in the literature35–37. 
 A unique quantization sequence, of filling factors  = 
 2,  6,  10,…, is specific to monolayer graphene3,4 and 
is often used to identify devices with monolayer gra-
phene. In Figure 1 a, we show Rxx and Rxy with gate volt-
age at T = 300 mK and B = 9 T (ref. 38). At fixed field, 
the continuous density of states splits into highly degen-
erate discrete Landau levels. By changing the gate volt-
age, the Fermi energy can be moved across the Landau 
levels without modifying the energy spectrum. As gate 
voltage is swept vanishing longitudinal resistance, Rxx, 
and quantized plateaus in transverse resistance, Rxy, can 
be seen clearly. These filling factors correspond to 
monolayer graphene ( =  2,  =  6)3,4. As the magnetic 
field is changed, the position of Landau levels evolves 
given by En = F2 .eB n   In Figure 1 b, we plot the 
evolution of Rxy as a function of Vg and magnetic field B. 
As carrier density and magnetic field are changed, the  
integer filling factors evolve and get reflected in the form 
of a fan diagram shown in Figure 1 b. The plateaus in Rxy 
corresponding to  =  2,  6 and – 10 are clearly seen. 
The QHE is of interest not only from the perspective of 
fundamental nature of electronic excitations, but also 
from the point of view of meterology39. QHE provides  
the standard for resistance and efforts are ongoing to ex-
plore the suitability of graphene-based quantum Hall 
standards40. Another interesting aspect relevant to the  
experiments discussed here is the magnetization associ-
ated with the current-carrying states in quantum Hall 
limit. This magnetization leads to an additional spring 
constant in suspended graphene devices leading to a cou-
pling between electron transport and mechanics, and will 
be discussed later in detail. 

Fabrication of suspended graphene devices 

There are two key motivations for seeking to fabricate 
devices where graphene is suspended above the sub-
strate – (a) to realize nanoscale electromechanical device 
to study the vibrational modes, and (b) to increase the 
mobility of the carriers in graphene. 
 In order to fabricate suspended graphene devices, one 
has to first make graphene – one-atom thick layer of 

graphite. How does one isolate a monolayer of graphene 
and characterize it is a question that several researchers 
have spent a lot of time thinking about. Several different 
techniques have been developed to isolate graphene. The 
first one, known as the ‘Scotch Tape’ technique, is a 
method that Nobel laureates Andre Geim and Konstantin 
Novoselov used for their work. The second one is based 
on chemical vapour deposition (CVD) and utilizes the  
pyrolysis of methane over copper. We discuss briefly the 
Scotch Tape method. 
 The basic ‘recipe’ for making graphene using the 
‘Scotch Tape’ technique requires the use of 300 nm SiO2-
coated silicon wafer as a substrate and cleaning it with a 
harsh etchant to remove any residue that it adhering to the 
wafer. Following this one patiently peels graphite by 
sandwiching it between the Scotch Tape repeatedly till 
the tape is translucent. Dabbing the tape on the SiO2  
wafer and peeling it off leads to deposition of an assort-
ment of flakes of different thicknesses on the surface.  
Examining the surface with a simple optical microscope 
allows one to sift through the debris and locate the very 
thin flakes of graphene. Figure 2 shows an optical micro-
scope image of such a deposition. One can clearly see 
that there are several flakes with differing colours. The 
thickest flake at the bottom of the image has silver  
colour, like a typical metal, is very thick (~  500 nm), 
whereas ones that have a dark blue colour are ~  50 nm 
 
 

 
 

Figure 1. Plot of the longitudinal resistance (Rxx) and transverse resis-
tance (Rxy) for a monolayer graphene device at 300 mK and 9 T. These 
measurements have also appeared in prior publication in ref. 38. 
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thick and the triangular flake that is barely visible is 
monolayer graphene. 
 To fabricate monolayer graphene electromechanical 
resonators, we suspend graphene devices using the previ-
ously reported process8,41–43, which starts with microme-
chanical exfoliation of graphene from graphite crystal 
several millimetres thick onto a degenerately doped sili-
con wafer coated with 300 nm thick, thermally grown 
SiO2. Following the location of monolayer graphene 
flakes using optical microscopy, electron beam lithogra-
phy is used to pattern resist for fabricating electrodes for 
electrical contact. The electrodes are fabricated by evapo-
ration of 10 nm of chromium and 60 nm of gold follow-
ing patterning of resist. To release graphene from the 
SiO2 substrate, a dilute buffered-HF solution is used to 
selectively etch an area around the graphene device by 
masking the rest of the substrate using polymer resist. 
Following a calibrated etch for 5 min 30 sec that results 
in a 150 nm deep trench in SiO2, the device is rinsed in 
DI water and iso-propanol. Critical point drying, to pre-
vent collapse of the device due to surface tension, is the 
final step in fabrication of suspended graphene devices. A 
scanning electron microscope (SEM) image of a suspended 
graphene device is shown in Figure 3 a. An interesting 
aspect of the suspended graphene devices is that the silicon 
oxide underneath the graphene buried under metallic 
electrodes is also etched. In effect, the gold electrodes are 
holding the freely suspended parts of graphene. This can 
be clearly seen in Figure 3 b, where the upper part of the 
electrodes and graphene have been removed by sonica-
tion. This aspect of partly suspended gold electrode (area 
overlapping with graphene) will become relevant in the 
experiments discussed in the following sections. Once the 
suspended devices are fabricated, they can be used for a 
variety of experiments. 
 
 

 
 

Figure 2. An optical microscope image of graphene after peeling  
using the ‘Scotch Tape’ technique. The 300 nm thick SiO2-coated Si  
wafer has a purple colour and the colour changes subtly where layers of 
graphene are deposited. The triangular flap of monolayer graphene is 
clearly seen. Other flakes of graphene show varying colour. 

 We would also like to point out that other variants of 
making suspended graphene devices have evolved as 
well, like the transfer of graphene on pre-patterned etch 
substrates. This can either be done using direct exfolia-
tion from graphite7 or from CVD graphene44. 

Nanoelectromechanics using suspended graphene  
devices 

A large field has developed over the last several decades 
studying NEMS; graphene has a lot to offer to this excit-
ing area. An example of such a simple NEMS device is 
shown in Figure 3 a, which shows the SEM image of sus-
pended graphene tethered to conducting posts and hang-
ing 150 nm above the substrate. This device is similar to 
a mass attached to a spring, sitar, or a guitar, but a million 
times smaller (Figure 4 a). What is this useful for? Such 
NEMS devices are very sensitive detectors of mass and 
stress. How does a NEMS device measure mass? It is 
easy to understand the principle if one looks at the 
spring-mass system in Figure 4 a and monitors the reso-
nant frequency; one can detect when the butterfly lands 
on it. The relative change in the resonant frequency 
(f / f ) ~ ( m/m), where m is the change in mass and m 
is the mass of the resonator. To get maximum sensitivity, 
implying large f / f, one would really like a small m so 
 
 
 

 
 

Figure 3. a, Tilted scanning electron microscopic (SEM) image of a 
suspended graphene flake connected with multiple electrodes held 
~ 150 nm above the substrate. Scale bar corresponds to 2 m. b, Tilted 
SEM image of a suspended graphene device after removal of the  
graphene flake. The dashed outline shows the original position of the 
graphene flake. The scale bar corresponds to 1 m. 
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that even a small additional mass m leads to large 
change in frequency. This sensitivity is the main reason 
why resonators based on graphene are desirable – they  
offer very low mass density and the ability to detect small 
molecules. 
 Nanoelectromechanical devices, much like stringed  
instruments, have two important components associated 
with them: (a) actuation, akin to plucking, and (b) detec-
tion, where one listens to the notes emanating from the 
stringed instrument. Both these aspects are embedded in 
our device. Actuation of the device is done by capacitive 
means with graphene forming one electrode of a parallel 
plate capacitor. The detection relies on the crucial fact 
that as the graphene membrane vibrates in one part of the 
cycle, it moves closer to the gate electrode and in the 
other moves away from the gate. As graphene has a finite 
transconductance, the motion relative to the gate results 
in modulation of the graphene membrane conductance. 
This conductance modulation is largest at the electro- 
 
 

 
 

Figure 4. a, The equivalence between various resonant systems like 
mass attached to a spring and a percussion instrument. b, Tilted angle 
SEM image of a suspended monolayer graphene device and the electri-
cal circuit for actuation and detection of the mechanical motion of the 
graphene membrane. Scale bar indicates a length of 2 m. c, Plot of the 
mixing current Imix() as a function of frequency f. The sharp feature 
in the mixing current corresponds to the mechanical resonance. d, Col-
ourscale plot of the mixing current as a function of frequency f and DC 
gate voltage VD

g
C at 300 K. 

mechanical resonance where the amplitude of mechanical 
motion is maximal. So, measuring the modulation of the 
conductance as a function of the actuation frequency will 
allow one to measure the electromechanical resonance. 
However, the measurement of conductance modulation 
by simply biasing is challenging as the parasitic capaci-
tance leads to generation of displacement current at  
actuation frequency. As a result, one needs to use a differ-
ent method to measure the resulting modulation in con-
ductance. 
 We discuss the details of the technique next. The elec-
trical actuation and detection are done using the sus-
pended graphene device as heterodyne-mixer8,12,16. The 
scheme for electrical actuation and detection is shown in 
Figure 4 b, superimposed on the SEM image of the  
device. The electrostatic interaction between the graphene 
membrane and the back-gate electrode is used to actuate 
the motion in a plane perpendicular to the substrate. A 
radio frequency (RF) signal Vg() and a DC voltage VD

g
C 

are applied at the gate terminal using a bias-tee. Another 
RF signal VSD( + ) is applied to the source electrode 
(Figure 4 b). RF signal applied at the gate Vg() modu-
lates the gap between graphene and the substrate at fre-
quency , and VD

g
C alters the overall tension and carrier 

density in the membrane. The amplitude of the current 
through the graphene membrane at the difference  
frequency (), also called the mixing current Imix(), 
can be written as8,11,12,14,16,45: 
 

 g DC
mix g g g

d1 d( ) ( ) ( )
2 d d

CGI z V C V
q z

  
 

   
 

 

       SD ( ),V     (1) 
 

where G is the conductance of the graphene device, q the 
charge induced by the gate voltage, Cg the capacitance 
between the gate electrode and graphene and z() is the 
amplitude of oscillation at the driving frequency  along 
the z-axis (perpendicular to the substrate). The difference 
frequency signal (at ) arises from the product of the 
modulation signals of VSD( + ) and G(). At the me-
chanical resonance of the membrane, the first term in eq. 
(1) contributes significantly and the second term, which 
does not depend on the mechanical motion of the gra-
phene membrane, provides a smooth background. 
 Figure 4 c shows the result of such a measurement at 
7 K for a suspended graphene device while VD

g
C is set at  

–5 V. Using a modified Lorentzian lineshape for the 
resonance curve12,46, we can extract the quality factor 
Q = 1500 of the resonator. Figure 4 d shows the colour-
scale plot of Imix() as a function of VD

g
C and f = /2 at 

300 K. The resonant frequency increases as the magni-
tude of VD

g
C is increased – mechanical mode disperses 

positively with VD
g

C. This is well understood in terms of 
increase in the tension of the graphene resonator, due to 
electrostatic attraction between the membrane and back 
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gate, as the gate voltage is increased. The physics here is 
similar to the change in frequency of the sound that 
comes from a guitar string as the musician tightens the 
peg holding the string. 

Utilizing graphene NEMS to measure thermal  
expansion of graphene 

The resonant frequency f0 of the graphene membrane is a 
measure of strain in the flake and in tensile limit can be 
approximated as: 
 

 
DC

0 gDC
0 g

( ( ),1( ) ,
2

T V
f V

L tw

 
  (2) 

 
where L is the length of the membrane, w the width, t the 
thickness,  the mass density, 0(T) the in-built tension 
 
 
 

 
 

Figure 5. a, Plot showing the evolution of resonant frequency of a 
mode for a device as a function of temperature for VD

g
C = 15 V. (Inset) 

Schematic of all the strains external to the suspended graphene mem-
brane as the device is cooled below 300 K. b, Plot of expansion coeffi-
cient of graphene as a function of temperature. Data from two different 
devices together with theoretical prediction of Mounet and Marzari26. 
The shaded area represents the errors estimated from the uncertainty of 
the length of the flake, width of the electrode and Young’s modulus of 
graphene. These measurements have also appeared in prior publication 
in ref. 25. 

and  is the tension at a given temperature T and VD
g

C. 
The functional form of (0(T ), VD

g
C) is dependent on  

details of the model used to take into account the electro-
static and elastic energies. 
 We now consider how the resonant frequency ( f0) 
evolves as a function of temperature. Figure 5 a shows 
the result of an evolution of a mode as a function of tem-
perature at VD

g
C = 15 V. This increase has been seen in all 

the devices we have studied. The degree of frequency 
shift varies from one device to another depending on the 
device geometry. The origin of this frequency shift with 
temperature is the increase in tension in graphene due to 
the expansion/contraction of substrate, gold electrodes 
and graphene. The frequency shift can be understood by 
taking into account the contribution of various strains as 
the device is cooled below 300 K. The three main contri-
butions are – first, the thermal strain in unconstrained 
graphene graphene(T) = 300

graphene ( )dT t t  due to the coeffi-
cient of thermal expansion of graphene graphene(T); sec-
ond, the thermal strain due to the gold electrodes 

300
gold gold( ) ( )d ,TT t t    and lastly, the contribution of 

the strain induced by the substrate substrate(T); here 
gold(T) is the coefficient of thermal expansion for gold47. 
The strain in gold electrodes plays an important role due 
to the geometry of the device. As mentioned earlier and 
seen in Figure 3 b, the under-etch that releases the gra-
phene membrane also etches under the graphene covered 
by the electrodes – resulting in the graphene membrane 
being suspended off the gold electrodes8. The geometry 
of the resulting device is shown in the inset to Figure 5 a. 
The elastic strain in the curved substrate can be calcu-
lated using Stoney’s equation48. Its contribution to the net 
strain in the graphene membrane is very small and there-
fore upon cooling, change of tension in the graphene is 
due to contraction of gold electrode and expansion/ 
contraction of graphene. We assume that the Young’s 
modulus of graphene does not vary significantly over the 
temperature range49. At the interface of gold electrodes 
supporting the graphene membrane, the net force must 
balance to zero; however, the stresses are different con-
sidering the cross-sectional area of gold electrodes 
(~500 nm  60 nm) and graphene (~ 500 nm  0.3 nm). 
The large difference in the cross-sectional area implies 
that the effective stiffness of gold electrodes is large 
compared to the stiffness of graphene. As a result, to  
a very good approximation, the total elastic strain at a 
given temperature in graphene that is confined by ‘rigid’ 
gold electrodes is grapheneclamped = graphene(T) + substrate(T) – 
gold(T) electrode ,w

L  where welectrode is the average of the  
width of gold electrodes holding the suspended flake.  
The change in tension in the membrane can be  
written as a function of temperature as 0(T) = 
wtgrapheneclamped(T)Egraphene, where Egraphene is the Young’s 
modulus of graphene. Measuring the tension 0(T) as a 
function of temperature offers a way to track the thermal 
strain in graphene membrane. Figure 5 a shows the  
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evolution of resonant frequency as a function of tempera-
ture from a device at VD

g
C = 15 V, where the increase in 

frequency is largely due to the contraction of the gold 
electrodes. However, this rate of increase of resonant fre-
quency is significantly reduced due to the negative gra-

phene for all T < 300 K from the case of frequency change, 
including only the contraction of gold. Using such a 
measurement of frequency shift while assuming uniform 
expansion of all the materials and using eq. (2), it is  
possible to calculate the expansion coefficient from the 
frequency at VD

g
C = 0 V as 

 

 graphene

2
0

0
graphene

d (0) (2 )( ) 2 (0)
d
f LT f

T E


    

 

      electrode
substrate gold

d ( ) ( ) .
d

w
T T

T L
    
 

 (3) 

 
Figure 5 b shows the result of calculating graphene for two 
devices using this analysis and comparison with the theo-
retical calculation for graphene by Mounet and Marzari26. 
We find that graphene is negative and its magnitude  
decreases with temperature for T < 300 K. At room tem-
perature, graphene ~ –7  10–6 K–1, which is similar to the 
previously reported values measured by others8,50. At 
30 K, graphene ~ –1  10–6 K–1. The deviation of graphene 
from the theoretically predicted values can possibly be 
due to the presence of the impurities on graphene mem-
brane. The knowledge of graphene is essential for the fab-
rication of the devices intended for strain engineering 
applications28,29. Strain engineering of graphene devices 
at low temperatures using this picture can improve device 
performance, for example, by enabling temperature com-
pensation51 or achieving high strain for large frequency 
and low phonon occupancy. 

High-mobility suspended graphene to study  
quantum Hall effect 

We now discuss how these suspended graphene devices 
can have very high mobility as the scattering due to the 
dangling bonds and other dopants on the surface of SiO2 
trapped beneath graphene is eliminated. The procedure 
for fabricating the suspended graphene has been already  
described earlier. 
 Figure 6 a shows the variation of zero bias conductance 
of graphene device with gate voltage right after fabrica-
tion (top curve). The device after fabrication has no clear 
Dirac peak (the charge neutrality point) and poor charge 
carrier mobility. To improve its performance, the device 
is annealed at cryogenic temperatures in cryogenic  
vacuum by injecting gradually larger current through it 
(Figure 6 b)8,25,41–43 and switching the polarity after some 
changes in conductance are observed. Current annealing 
increases the local temperature and ablates the resist  

residue and organic traces due to various lithographic 
steps. Figure 6 a shows the result of various repetitions of  
current annealing procedure on the same device and 
gradually one observes a sharp Dirac peak as a function 
of gate voltage. To optimize the cleaning process, the 
gate response is checked after every cleaning step. At the 
end of the last annealing step, the mobility of the sus-
pended device is in the excess of 150,000 cm2 V–1 s–1. 
Similar mobilities have been observed by other 
groups8,25,41–43. 
 The high mobility of the current annealed device  
(Figure 7 a) also reflects into the observation of integer 
quantum Hall effect (IQHE) at very low magnetic fields 
as the disorder is significantly reduced. Figure 7 b shows 
the robust integer quantum Hall plateaus seen at 5 K  
and magnetic fields less than 8 T; this is due to the low  
disorder within the suspended graphene membrane. 
 In one part of our experiment we probe the response of 
the quantum Hall state at resonant actuation. For this, we 
measure the DC resistance of the device while driving it 
through resonant frequency, by applying an RF signal at 
the gate electrode. The resonant frequency of the device 
 
 

 
 

Figure 6. a, Current annealing of the graphene device by passing  
bipolar current. Initially the graphene device does not show the Dirac 
peak and has overall high resistance. b, Plot of current and voltage as 
the suspended graphene device is biased. The abrupt jumps at the  
extreme voltage bias indicate resistance changes in the device. 
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Figure 7. a, Two-probe device resistance as a function of gate voltage. The sharp Dirac peak due to 
current annealing is evident. The mobility of the device ~  100,000 cm2/Vs. b, Resistance as a function of 
magnetic field at VD

g
C = 5 V. c, Colourscale plot of the change in resistance (R) with magnetic field and 

driving frequency. The resonant frequency of the mode is 3.05 MHz. d, R plotted with driving  
frequency along with the fitted curve. These measurements have also appeared in prior publication in  
ref. 31. 

 
 
can be measured using mixing technique prior to these 
measurements. We define change in resistance (R) by 
subtracting the device resistance measured away from the 
resonant frequency (R0(B)) from the device resistance 
(R(B) = R(B) – R0(B)). Figure 7 c shows R as a func-
tion of driving frequency and magnetic field. Some fea-
tures can be clearly observed: (a) R is zero in the 
plateau region, (b) R has different signs across the quan-
tum Hall plateaus, and (c) R oscillates with B for low 
values of magnetic field. Figure 7 d shows a slice of the 
data as a function of frequency and R shows a Fano line 
shape. Such a behaviour in R(B) can be understood by 
combining effects of graphene mechanics to QHE. The 
driving voltage (Vac) applied at the gate terminal not only 
sets the motion (z-direction) in the flake at resonance  
frequency but also changes the carrier density due to  
finite capacitance (C0) between the flake and the gate. 
Across resonance ( ~  0), the driving signal and motion 
of the flake can have a phase difference. Combining  
this electromechanics to the nonlinear dependence of  
magneto-resistance with magnetic field in the quantum 
Hall regime gives a Fano line shape to R and is given 
by31 
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    and qy = 1. 
 

Figure 7 d shows experimentally measured R along with 
fitted curve based on eq. (4). 
 Having considered the effect of electromechanics of 
graphene on QHE, we now look at the converse of it, i.e. 
how does quantum Hall state affect the electromechanics 
of graphene? In Figure 8 a, we have shown Imix for two 
modes, using frequency modulation technique52, with 
magnetic field. The colourscale plot shows that two 
modes have different dispersion with magnetic field. In 
Figure 8 b, the non-monotonic resonant frequency shift 
(f = f0(B) – f0(0)) with B can be seen for the two modes. 
At low magnetic fields, for the upper mode (115.77 MHz) 
f increases with B accompanied by a reduction in Q 
(green colour shaded area in Figure 8 b and c). At the 
 = 2 plateau, Imix signal becomes very small (dG/ 
dVD

g
C ~ 0) and the estimation of f0 and Q becomes diffi-

cult. As B is increased further, after the  = 2 plateau, f 
starts dropping slowly without much change in Q (yellow  
colour shaded area in Figure 8 b and c). Similar behaviour 
can be seen for the lower frequency mode (115.124 MHz), 
though the effect is less pronounced (Figure 8 d). 
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Figure 8. Resonant frequency and quality factor with magnetic field (B) at 5 K and VD
g

C = 5 V. a, Measurement 
of mixing current for two closeby mechanical modes with B. b, Frequency shift with B by fitting the data in  
(a). Different behaviour in frequency shift across the  = 2 plateau is shown with shaded region. c, d, Variation of 
the quality factor with B for the two modes shown in (a) at frequencies 115.77 and 115.124 MHz respectively. 
These measurements have also appeared in prior publication in ref. 31. 

 
 

 
 

Figure 9. a, Measurement of resistance and resonant frequency at T =100 mK and VD
g

C = 3 V. 
b, Frequency shift after removing a smooth parabolic background of frequency from the data 
shown in (a). 

 
 
 Such an effect on the electromechanics of graphene 
(resonant frequency and quality factor of the resonator) 
due to quantum Hall state can be understood by consider-
ing all the contributions to the total energy of the resona-
tor. The quantum Hall state contributes to this energy due 
to finite magnetization (M) originating from localized and 
delocalized states and is given by –MB. However, at 
resonance, as graphene vibrates electron density in the 
flake also oscillates, which leads to an implicit depend-
ence of magnetization (M) on the position of the flake (z) 

and hence provides a coupling to electromechanics. Since 
this coupling relies on the fractional changes in carrier 
density at resonance, it makes the observed effects on elec-
tromechanics mode dependent, reflecting the fact that  
different resonant modes have different spatial profiles 
and hence different coupling. 
 The advantage of cleaning suspended graphene sam-
ples allows one to observe broken symmetry states at  
easily accessible magnetic field and temperature. In Figure 
9 a, we show the variation in resistance and resonant  
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frequency of a device with magnetic field. In resistance, 
the plateau at  = 2 and  = 1 can be clearly seen.  = 1 
originates from the interaction-induced broken symme-
tries of zeroth Landau level. Effect of such broken sym-
metry states can also be seen on electromechanics of 
graphene. However, a detailed understanding of such an 
effect goes beyond our simple model based on the mag-
netization of the quantum Hall state. If a smooth para-
bolic fitted background of frequency is subtracted, jumps 
in resonant frequency can be accentuated as shown in 
Figure 9 b. The origin of such an overall background of 
frequency could arise from any paramagnetic ions present 
on graphene53. Such coupling between the electronic 
states and the mechanics offers a means to probe aspects 
of physical problems in a unique way. 

Summary 

In this article, we mainly discussed our efforts toward 
harnessing graphene electromechanics to study its intrin-
sic properties and exploring its coupling to electronic  
degrees of freedom. However, graphene has much more 
to offer. Unique combination of low mass, high stiffness 
and large surface area can be utilized make high-frequency 
resonators for sensing applications. Coupling of these 
mechanical resonators to superconducting circuits can be 
used to study quantum effects like cooling to ground 
state, decoherence of mechanical states in these structure 
and using them as an active element of quantum memory. 
Utilizing negative thermal expansion coefficient of gra-
phene, a high-frequency strain-engineered resonator can 
be fabricated, which can be easily cooled to ground state 
at dilution fridge temperatures. 
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