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The scheme and operational principles of graphene-based nanoelectromechanical system (NEMS) for study of
interaction between graphene and surface of a sample is proposed. In such a NEMS multilayer graphene
membrane bends due to van der Waals attraction between surface of graphene membrane and surface of a
sample attached to a manipulator. An analysis of the NEMS total energy balance shows that the NEMS is bistable
and abrupt transition between the stable states occurs if the sample is moved toward and backward the mem-
brane. The detection of the interface distances corresponding to these transitions can be used to fit parameters of
interatomic potentials for interaction between atoms of the surfaces of the graphene membrane and the sample.
The analytical expression for dependences of this transition distances on NEMS sizes and parameters of the
potential are derived on example of Lennard-Jones potential. For graphene-graphene interaction the transition
distance is estimated to be from several nanometers to several tens nanometers for possible sizes of the proposed
NEMS and thus can be measurable for example by transmission electron microscopy. Possibility of this NEMS
implementation and application to study graphene-metal interaction are discussed.

1. Introduction

A set of physical phenomena in bilayer and few layer graphene
systems originate from relative rotation or displacement of the layers.
Band gap and quantum transport depend on stacking of layers in tri-
layer graphene [1] and relative orientation of layers in bilayer graphene
[2,3]. Superconductivity in twisted graphene bilayers have been re-
cently reported [4]. Dynamic phenomena based on relative rotation or
displacement of graphene layers include atomic-scale slip-stick motion
of a graphene flake attached to a STM tip [5,6], rotation-assisted dif-
fusion of a graphene flake [7], self-retracting motion of the layers at
their telescopic extension [8,9] and motion of stacking dislocation by
electric field [10].

In spite of the importance of interaction between graphene layers
for fundamental physics and applications, only few works have been
devoted even to determination of graphene-graphene binding energy.
Namely, the following values of the binding energy have been obtained:
- 4 3 ± 5 meV/atom based on heat of wetting data [11], - 5 2 ± 5
meV/atom using thermal desorption spectroscopy of polyaromatic hy-
drocarbons from graphite surface [12], - 3 5 1 } Q meV/atom [13], and
— 31 ± 2 meV/atom [14] based on models which describe the balance
between elastic and interlayer interaction energies to reproduce the
geometry of cross-section of collapsed multiwalled carbon nanotubes

and multilayer graphene flake above a step of a graphite surface, re-
spectively. Thus the considerable scatter of the obtained values of the
graphene-graphene binding energy have been revealed by experimental
studies using different techniques. The comprehensive first-principle
calculations which give — 56 ± 6 meV/atom by quantum Monte Carlo
method [15] and —36 [16] and —48 meV/atom [17] using random
phase approximation (RPA) should be also mentioned whereas nu-
merous methods based on density functional theory with corrections for
van der Waals interactions give the values from - 47 to - 83 meV/
atom [18]. As for graphene-metal interaction so far as we know no
experimental values on forces and energies of interface interaction
between graphene and metals whereas calculations of graphene-metal
interface energetics using RPA are available [19,20]. Thus elaboration
of new techniques which intend to measure physical quantities related
with energetics of interface interaction is very actual task.

Particularly the importance of accurate measurements of energetic
characteristics of graphene-graphene and graphene-metal interface in-
teraction is related with use of such characteristics as reference data for
fitting of parameters of classical interatomic potentials. We consider
this problem on example of 6-12 Lennard-Jones (LJ) potential [21]
which is well-accepted for description of interaction energy Wu be-
tween atoms of nonpolar molecules and has the form
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(a) State 1 (b) State 2

where r is the interatomic distance, le and & and lA and B' are the pairs
of parameters for the two forms of the LJ potential, respectively. The
second term of the LJ potential corresponds to long range van der Waals
attraction.

In the case of graphene-graphene interaction the parameters of the
LJ potential were fitted to reproduce the interlayer binding energy and
equilibrium interlayer spacing for graphite with the c-axis compressi-
bility for graphite reproduced well using these parameters [11,22]. In
this case the accuracy of the parameter fitting is determined by the
scatter of the experimental data for the interlayer binding energy.

Analogously the values of the binding energy and the equilibrium
spacing between graphene and metal surface obtained using RPA-based
calculations have been applied to obtain the parameters of interatomic
LJ potential for graphene-nickel interaction [23]. However for some of
metals such as nickel or cobalt two minima (which correspond to
covalent and van der Waals binding) in the dependence of the inter-
action energy on the spacing between the graphene and metal surface
have been found using RPA-based calculations [20]. For some other
metals (such as Au) these calculations give one minimum in these de-
pendence but the shape of the dependence considerably differs from the
shape which correspond to LJ potential for interaction between atoms
of the surfaces [20]. That is using of LJ potential can be inadequate for
description of graphene-metal interaction. Note that the attraction term
of the LJ potential can be in principle adequate at nanometer scale for
graphene-metal interaction even in a case where the overall LJ poten-
tial is inadequate at distances which are close to the equilibrium spa-
cing between graphene and metal surfaces.

Thus at present time the parameters of classical interatomic po-
tentials for description of interaction between graphene and other
surfaces have been fitted to reproduce the reference data which cor-
responds to equilibrium spacing between the surfaces, with consider-
able scatter of experimental data for graphene-graphene interaction and
only theoretical data are available for graphene-metal interface inter-
action. However in many cases adequate description of interaction
between graphene layers or between graphene layer and other surface
at nanometer scale is necessary (that is at distances which are several
times greater than equilibrium interface distances). For instance, the
Lennard-Jones potential have been applied to describe the interaction
between graphene layers in simulation of a carbon nanoscroll formation
from a graphene layer [24] and in calculation of operational char-
acteristics of graphene-based memory cells [25-28]. The Lennard-Jones
potential describing carbon-metal interaction has been also used in
consideration of memory cells based on carbon nanotubes [29,30].
Thus the direct measurements of characteristics of interaction between
graphene layers and between graphene and other surfaces at nanometer
scale is an actual task for fitting of parameters of interatomic potentials.

The implementation of resonators based on graphene membrane as
pressure [31,32] and mass [33] sensors and microphones [34] de-
monstrates availability of graphene membrane-based NEMS. Graphene
membrane based memory cell have been also considered [26]. Here we
propose a scheme and operational principles of the graphene mem-
brane-based NEMS for measurement of characteristics of interface in-
teraction between graphene and other surfaces at nanometer scale. This
gives the unicum possibility to study pure van der Waals interaction
between surfaces and to get new reference data for fitting of parameters
of interatomic potentials describing interaction between atoms of
neighbor graphene layers and between atoms of graphene layer and
atoms of other materials.

wThe paper is organized in the following way. Concept and opera-
tional principles of the proposed NEMS are presented in Section 2. Section
3 is devoted to calculations of operation characteristics of the NEMS on
example of graphene-graphene interaction. Conclusions are summarized
and possibility of the NEMS implementation is discussed in Section 4.

(C) u

Fig. 1. The scheme of the NEMS for measurement of characteristics of van der
Waals interaction between the surfaces of the multilayer graphene membrane 1
and the sample 2 attached to the nanomanipulator 3 (cross-section view), (a)
Initially the NEMS is in the state 1 with a slightly bent membrane and the
sample is moved by the nanomanipulator toward the membrane with the dis-
tance d between the bent membrane and the sample measured by TEM. (b) The
abrupt transition to the state 2 with the strongly bent membrane stuck to the
sample surface by van der Waals attraction occurs, (c) The sizes of the NEMS: L
and I are the membrane and sample diameters, respectively, d0 is the distance
(gap) between the flat membrane and the sample, and h is the membrane
thickness.

2. Concept of NEMS

The scheme of the proposed NEMS for study of interaction between
graphene and surfaces of any materials is shown in Fig. la and b. This
NEMS consists of a multilayer graphene membrane (I) placed over a
sample (2) with a flat surface attached to a nanomanipulator (3). Thus
the sample can be moved by the nanomanipulator toward and back-
ward the membrane. The surface of the sample can be covered by
graphene or graphite in a case where graphene-graphene interaction is
studied or can be atomically precise surface of any other material in a
case where interface interaction between graphene and this material is
studied. The operational principles of this NEMS are based on the so-
called bistability of the system, i.e. the presence of the two minima in
the potential energy of the system as a function of the relative position
of movable parts. Namely, the system has two stable states: state 1 with
the slightly bent membrane without contact between the surface of the
sample and the membrane (Fig. la) and state 2 with the strongly bent
membrane stuck to the surface of the sample by the van der Waals force
so that the distance between the surfaces of the membrane and the
sample is close to the equilibrium distance (Fig. lb). The transitions
between states 1 and 2 and between states 2 and 1 take place when the
sample is moved by the nanomanipulator toward and backward the
membrane, respectively. Below we show that these transitions occur
with abrupt change of the distance between the surface of the sample
and the surface of the graphene membrane. Moveover we show that the
sticking distance where the abrupt transition from state 1 to state 2
occurs at the sample motion towards the membrane is determined
mainly by the balance between the elastic force of bent membrane and
van der Waals attraction between the surfaces of the graphene mem-
brane and the sample whereas contribution of the repulsion between
these surfaces into this balance is negligible. Thus a measurement of
this distance can be used to determine characteristics of van der Waals
attraction between the surfaces. For example such a measurement can
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be performed by transmission electron microscope (TEM). The schemes
of experiment where manipulations with nanometer-size objects using a
nanomanipulator are controlled by TEM imaging are available about 20
years [35].

3. Calculated characteristics of NEMS

For a simple model, we consider the NEMS based on a circular
multilayer graphene membrane which has a clamped edge and a sample
with a circular flat surface covered by graphene or graphite. The op-
erational characteristics of the NEMS are determined by the following
fixed sizes: the membrane diameter L, the sample diameter Z, and the
membrane thickness h (see Fig. lc). Along with these fixed sizes there
are two sizes which are changing during the NEMS operation: the dis-
tance d0 between surface of the sample and center of the flat membrane
(which is tuned by the nanomanipulator) and the distance d between
surface of the sample and the bent membrane. Note that both distances
d0 and d can be measured in principle. The sticking distances dOs and ds

and the detachment distances dOd and dd correspond to the abrupt
transitions between states 1 and 2 and between states 2 and 1, re-
spectively.

Let us obtain the expressions which relate fixed sizes of the NEMS, L,
Z, and h, the sticking distances dos and ds or the detachment distances
dOd and dd and parameters of classical potential describing interaction
between atoms of the membrane and the sample surfaces. For this
purpose we consider energy balance of the NEMS on the example of the
LJ potential (1). The total energy W of the NEMS is the sum of the van
der Waals interaction energy WVdw between the membrane and the
sample and the elastic energy Wei of the membrane, W = WVdw + Wei.

The elastic energy Wei of the circular membrane with a clamped
edge which is loaded in the center has the form [36]:

Wel = 167tD -
do - d)2

(2)

where d0 — d is the deflection of the membrane center and D is the
membrane flexural rigidity

D =
Eh3

1 2 ( 1 - v 2 ) ' (3)

where E and v are the Young's modulus and the Poisson's ratio, re-
spectively, h is the membrane thickness. According to the measure-
ments of the flexural rigidity of the multilayer graphene membranes,
formula (3) is applicable for membranes with thickness h exceeding
3 nm [37] (about 10 graphene layers) with the values of elastic con-
stants E = 0.92 TPa, v = 0.16 measured for graphite [38]. Here we use
these values of the Young's modulus and the Poisson's ratio.

Here we consider the case where d «: Z and Z <c L. In this case the van
der Waals interaction energy WVdw between the parallel membrane and
the sample located at the distance d from the membrane center is given
byRef. [26]:

Si {5d10 2d 4 / (4)

where Sa is the area per one atom of graphene layer, Sa = 2.619 A2. The
parameters of the LJ potential e = 2.757 meV and a = 3.393 A =
0.3393 nm fitted [22] to reproduce the interiayer binding energy,
equilibrium interiayer spacing and c-axis compressi-bility of graphite
are used at calculations below.

Thus the total energy of the NEMS takes the form

(5)
327rD(d0 - d)2 a

+ 12 = Td*'
where
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Fig. 2. (a) Calculated total potential energy W of the NEMS according to Eq. (5)
and its components Wei and Wvdw as functions of the distance d between the
center of bent graphene membrane and the sample for distance d0 = 3.5 nm
between the surfaces of the flat membrane and the sample. The points dmax and
dmini are indicated for the dependence W(d). (b) Calculated total potential
energy Wasa function of the distance d for the different distances d0. The
membrane diameter is L = 10/xm, the sample diameter is I = 0.1/xm, and the
membrane thickness is h = 33.5 nm (100 graphene layers). The vertical dashed
line corresponds to the inflection point dmi = 2.34 nm which is common for
curves 1-3.

a =
7U212S 7u2l2e

c =
32xD

L2 ' (6)

The dependences of both components of the total energy W of the
NEMS, the elastic energy Wei(d) and the van der Waals interaction
energy WVdw(d), on the distance d between the surfaces of the bent
membrane and the sample at the fixed distance d0 between the surfaces
of the flat membrane and the sample are shown in Fig. 2a. The bist-
ability of the NEMS has its origin in presence of the single minimum in
dependences of both energies Wei(d) and WVdw(d) at different distances
d. To show loss of the bistability of the NEMS with the change of the
fixed distance do between the surfaces of the flat membrane and the
sample the dependences W{d) of the total energy W of the NEMS on the
distance d between the surfaces of the bent membrane and the sample
are shown in Fig. 2b for three fixed distances d0. Namely, line 3 cor-
responds to some distance doh where the system is bistable (that is two
minima in the dependence W{d) are present) and line 2 corresponds to
sticking distance dOs < dOb where the second minimum in the depen-
dence W{d) is vanished and the abrupt transition from state 1 to state 2
occurs. This means that sticking of the membrane takes place when the
sample is moved toward the membrane by the nanomanipulator. Ana-
logously the abrupt transition from state 2 to state 1 (detachment of the
membrane) occurs at backward motion of the sample. (Line 1 corre-
sponds to distance do < dos where the dependence W{d) also has only
the first minimum.) The loss of the bistability of the NEMS, that is the
sticking and detachment of the membrane at forward and backward
motion of the sample, respectively, means hysteresis in the de-
pendences of the total potential energy W(do) and the distance d{do)
between the surfaces of the bent membrane and the sample on the
distance d0 between the surfaces of the flat membrane and the sample
(see Fig. 3).

For the bistable NEMS the function W^d) has two minima at dmini
and dmin2 which correspond to the stable states 1 and 2, respectively,
the maximum dmax between these minima and two inflection points at
dini and din2 between dmini and dmax and between dmax and dmin2, re-
spectively. For the sticking distance dOs between the surface of the
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Fig. 3. Calculated dependences of the distance d between the surfaces of the
bent membrane and the sample (top panel) and the total potential energy W of
the NEMS (bottom panel) on the distance d0 between the surfaces of the flat
membrane and the sample at forward and backward motion of the sample
(shown by arrows). In order to show the energy Win a double logarithmic scale
the minimum value Wmin of the energy W (at the distance d0 = 0.34 nm) is used
as a reference.

sample and center of the flat membrane (where the transition from state
1 to state 2 takes place) the values of dmax, dmi, and dmini coincide (see
Fig. 2). Similarly, for the detachment distance dod the values of dmax,
din2, and dmin2 coincide.

The inflection points are determined by the condition d2W/dd2 = 0
which using Eq. (5) takes the form

~d^ ~ ~d* + C ~ ' (7)

The Eq. (7) does not contain distance d0 between the surface of the
sample and the center of the flat membrane. Therefore the values of the
inflection points dinl and din2 do not change at moving of the sample by
the nanomanipulator. Thus the inflection points determined by Eq. (7)
are the sticking distances ds and the detachment distances dd between
the surface of the sample and the bent membrane

=ds =

dm2 =dd =

(5b+yl25b2-44ac'
{ 2c

5b-yl25b2-44ac \/6

(8)

As discussed above the distances ds and dd are also roots of the equation
dW/dd = 0 which takes the form

d5 d11 ~ ' (9)

where a, b, and c are defined by Eq. (6).
The sticking distance dOs and the detachment distance dOd between

surface of the sample and center of the flat membrane are found by
substituting ds and dd, respectively (which are determined by Eq. (8)),
into Eq. (9). Thus, it yields

cdi cd*1 = dd —j
cdl cd\l

(10)

The concept of the NEMS proposed in Section 2 is based on mea-
surements of the sticking distance ds between the surface of the sample
and the bent membrane while moving sample toward the membrane

100
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" 1: 10
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L/l
Fig. 4. Calculated dependences of the sticking distance ds (in nm) according to
Eq. (11) on the ratio of the membrane and sample diameters L/l for NEMS with
the different membrane thicknesses h = 33.5 nm (100 graphene layers; dashed
lines) and h = 3.35 nm (10 graphene layers; solid lines) and different sample
diameters I = 0.1 /xm (lines 1 and 3) and I = 1 /xm (lines 2 and 4).

(positioning the sample at the distance dOs from the flat membrane). Let
us obtain the dependence of the measurable sticking distances ds and
dOs on the fixed sizes of the NEMS. As shown below, the repulsive term
can be disregarded at the distance ds in the van der Waals interaction
energy Wvdw which is determined by Eq. (4) for all considered fixed
sizes of the NEMS. [Thus only the attractive term - A/r6 = -4ecf/r6

with the single parameter A can be taken into account in the LJ po-
tential (1).] In this case the sticking distance ds from Eq. (8) (formally at
a -» 0) takes the form

3

while the sticking distance dOs from Eq. (10) takes the form

(11)

(12)

Let us use Eq. (11) to consider the range of the distances ds for the
NEMS with the different membrane thicknesses and membrane and
sample diameters (see Fig. 4). The calculated sticking distance ds ranges
from 3 to 100 nm and from 1 to 30 nm for the NEMS based on 10-layer
and 100-layer graphene membranes, respectively. Note that even for
the smallest sticking distance ds = 0.5 nm for considered sizes of the
NEMS (which is obtained for sample diameter I = 2 nm and 10-layer
membrane diameter L = 200 nm) the relative difference between va-
lues of ds calculated using Eqs. (10) and (11) is only 0.03. This relative
difference decreases with the increase of the sticking distance. The
distances near the upper limits of the calculated distances ranges which
can be easily measurable by TEM correspond to the sample diameter
I = 1 ̂ m and membrane diameter L = 10 mm. Such sizes of the sample
and membrane can be easily realized by modern technology. For ex-
ample, microphone implemented recently is based on 60-layer gra-
phene membrane with the diameter of 5-12 mm [34]. Note that we
consider in Fig. 4 the sizes of NEMS which is designed to measure the
sticking distances ds. For the considered sizes of NEMS the detachment
of the membrane without considerable deformation of the membrane is
possible only for the NEMSs with sufficiently large values of the
membrane thickness h and the ratio L/l of the membrane L and sample I
diameters.

4. Discussion and conclusions

We propose the NEMS designed to study interaction between gra-
phene and surface of a sample. This NEMS is based on a multilayer
graphene membrane which bends due to van der Waals attraction to
surface of a sample. The performed analysis of the balance between
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elastic energy of the graphene membrane and energy of interaction
between surfaces of the membrane and sample shows that the NEMS is
bistable and abrupt transitions between the stable states, namely,
sticking of the membrane to the sample and detachment of the mem-
brane, occurs if the sample is moved toward and backward the mem-
brane, respectively. We propose to measure the sticking and detach-
ment distances between the surfaces of the membrane and sample
corresponding to these transitions. The analytical expression for these
distances in terms of the sizes of the NEMS parts, the elastic constants of
the graphene membrane and the parameters of the Lennard-Jones (LJ)
potential for interaction between atoms of the surfaces are derived.

The operation of the proposed NEMS is considered on example of
graphene-graphene interaction. The membrane sticking distance is es-
timated to be from 1 nm to about hundred nanometers for possible sizes
of the NEMS. Such range of the distances ensures reasonable accuracy
for their measurements by TEM.

All previous studies of the interaction between graphene layers
[11-14] deal with the interlayer interaction energy at the equilibrium
distance between layers where the balance between van der Waals at-
traction and repulsion between layers takes place. For the estimated
range of the membrane sticking distance only attractive term - A/r6 of
the LJ potential contributes to the energy balance of NEMS whereas
contribution of the repulsive term is negligible. Thus the measurement
of the transition distance is also a direct measurement of the parameter
A. Such measurements can also be used in combination with other
experimental data to determine parameters of the LJ potential or any
other interatomic potential which describe interaction between atoms
of graphene and a sample.

Let us discuss the application of the proposed NEMS to study gra-
phene-metal interaction. The binding energy for a graphene layer on
metal surface have been obtained on the basis of the adiabatic-con-
nection fluctuation-dissipation theorem in the random phase approx-
imation for a wide set of metals (Ni, Co, Cu, Pd, Pt, Au, Ag, and Al)
[20]. For all considered metals the calculated values of the binding
energy range from - 90 to - 52 meV per carbon atom. This value is
about the value for the binding energy between graphene layers or only
twice greater. Thus the consideration of the NEMS operation performed
for the case of graphene-graphene interaction shows the possibility of
the NEMS application to study of graphene-metal interaction.

A wide set of graphene transfer methods have been elaborated (see
Ref. [39] for a review). As a result of this progress in nanotechnology
various graphene membrane-based NEMS, including microphones [34]
and pressure [31,32] and mass [33] sensors, have been implemented.
Operation with a sample by a nanomanipulator and simultaneous
imaging of this process by TEM become possible about 20 years ago
[35]. And lastly implementation of pristine interfaces between 2D
materials and other materials should be mentioned (see Ref. [40] for a
recent review). All these gives us a cause for the optimism that the
proposed NEMS can be realized using methods of modern nano-
technology.

Data availability

The raw data required to reproduce these findings are available to
download [41].
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