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Probing the interaction of noble gases with pristine and nitrogen-doped graphene
through Raman spectroscopy
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The interactions of adsorbates with graphene have received increasing attention due to its importance in the
development of applications involving graphene-based coatings. Here, we present a study of the adsorption
of noble gases on pristine and nitrogen-doped graphene. Single-layer graphene samples were synthesized by
chemical vapor deposition (CVD) and transferred to transmission electron microscopy (TEM) grids. Several
noble gases were allowed to adsorb on the suspended graphene substrate at very low temperatures. Raman
spectra show distinct frequency blue shifts in both the 2D and G bands, which are induced by gas adsorption
onto high quality single layer graphene (1LG). These shifts, which we associate with compressive biaxial strain
in the graphene layers induced by the noble gases, are negligible for nitrogen-doped graphene. Additionally, a
thermal depinning transition, which is related to the desorption of a noble gas layer from the graphene surface at
low temperatures (ranging from 20 to 35 K), was also observed at different transition temperatures for different
noble gases. These transition temperatures were found to be 25 K for argon and 35 K for xenon. Moreover, we
were able to obtain values for the compressive biaxial strain in graphene induced by the adsorbed layer of noble
gases, using Raman spectroscopy. Ab initio calculations confirmed the correlation between the noble gas-induced
strain and the changes in the Raman features observed.
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I. INTRODUCTION

The adsorption of noble gases on various surfaces, including
carbon nanostructures, is a very active research field, as it
provides manageable model systems that can deepen the under-
standing of physical adsorption of atoms onto crystalline sur-
faces [1,2]. The adsorption process of noble gases on surfaces
provides a probe for thermodynamic properties of systems with
reduced dimensionalities (i.e., restricted to at least one dimen-
sion), where new physics related to quantum confinement can
be properly investigated. For instance, the formation of Bose-
Einstein condensates and atomic superfluidity on surfaces can
be studied using this model [3,4]. Many theoretical works [5—9]
have been published regarding the adsorption of gases such
as argon (Ar), krypton (Kr), and xenon (Xe) on single-layer
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graphene (1LG or hereafter graphene), which are suitable
substrates to study different phases of gas adsorbents. Noble
gases when adsorbed in different surfaces also lead to arange of
interesting phenomena such as a first-order phase transition of
Kr from two dimensional (2D) vapor to commensurate solid, on
individually suspended carbon nanotubes [10]. Noble gases on
exfoliated bulk graphite also exhibit an excellent platform for
abroad range of 2D phenomena within the first adsorbed layer,
including 2D melting, transitions between solid phases, which
might be either commensurate or incommensurate with the ex-
foliated graphitic lattice, and critical behavior of the adsorbents
[2,11]. Adsorption can also be used for separation of gaseous
mixtures [12], which is a viable industrial process where one
component can be selectively adsorbed relative to others.
Schedin et al. [13] demonstrated that micrometer-size
sensors made of graphene can detect individual gas molecules.
The adsorbed molecules can easily change the local carrier
concentration in graphene thereby changing its resistance.
Moreover, graphene is an exceptionally low-noise material
when it comes to its electronic properties, which is relevant to
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transport and optical applications, thus making it a promising
candidate for the fabrication of chemical detectors [13]. The
understanding of the interactions between adsorbate species
and graphene is therefore very important for the advancement
of graphene applications in such chemical-sensor devices. In
contrast to carbon nanotubes (CNTs), graphene is a 2D system
with a large surface area that can be controlled during the
graphene synthesis. Graphene samples with an area much
larger than 1 cm x 1 cm can be synthesized and it only depends
on the size of original Cu foil used for the synthesis. Very
large surface areas are desirable as the efficiency of chemical
reactions is proportional to surface area sizes [2,11].
Molecular dynamics (MD) calculations usually assume
that the strength of the van der Waals interactions between
noble gases and carbon follows the order Xe > Kr > Ar
[8,14], based on the binding energies measure for noble gases
adsorbed on graphite [2]. Note that classical molecular dynam-
ics calculations assume an interaction strength between the
surface and the adsorbate, which means that experiments are
highly desirable to validate such MD calculations. Moreover,
the interaction between carbon nanostructures and highly
polarizable atoms such as Xe is significant, and leads to an
appreciable adsorption, even at very low pressures [15]. It is
also known that the surface binding energies depend on the
substrate geometries, which are different for different crystals
and crystallographic directions [2,11]. Defects are usually seen
as imperfections in materials that could significantly degrade
their performance. However, at the nanoscale, defects could
be extremely useful since they could be exploited to generate
novel, innovative and useful materials and devices. We will
discuss in this paper doping defects, where the graphene lattice
can be substitutionally doped by N atoms. Substitutional dop-
ing implies that the carbon atoms in the hexagonal lattice are
substituted with dopants (e.g., N, B, P, and S), whose incorpora-
tion into the lattice would perturb the sp [2] hybridization of the
carbon atoms, and would cause significant changes to the elec-
tronic properties of graphene [16,17]. The use of various gases
and adsorption surfaces will, therefore, lead to significant dif-
ferences in adsorption potentials and binding energies [2,11].
Here, we investigate the adsorption of Ar, Kr, and Xe
on single-layer pristine graphene (PG) and nitrogen-doped
graphene (NG) at temperatures ranging from 20 to 50 K.
Such temperature range has been poorly investigated in the
literature, despite its importance for the formation of con-
densed two-dimensional phases of many simple gases [2].
We first obtained the Raman spectra of PG and NG with Ar,
Kr, and Xe adlayers adsorbed to their surfaces. Our results
show distinct shifts in the vibrational frequencies of PG
although no shifts were observed in the NG Raman spectra.
It is noteworthy that the shifts observed in the PG spectra
are highly dependent on the adsorbed noble gas species.
As it has been widely discussed, Raman spectroscopy is
one of the most sensitive, informative and nondestructive
spectroscopic techniques to analyze nanostructures, particu-
larly carbon nanostructures [18,19]. This method has proven
very successful in monitoring phonons in a broad range of
graphitic materials including graphene and SWCNTs [18,19].
In our experiments, significant blueshifts in the frequencies
of the Raman features have been detected. For Xe adlayers
adsorbed onto PG (Xe/PG) at 20 K, the 2D band (also known

(d)

FIG. 1. (a) High-resolution transmission electron microscopy
(HRTEM) and selected-area electron diffraction (SAED) pattern
(inset) of monolayer NG sheet on TEM grid with holes in the range
of 1 to 2 um. [(b) and (c)] Models of (b) N,** and (c) N, nitrogen
doping configurations. (d) Model of PG without any nitrogen doping.

as G’ band) blueshifts 8.4cm~! and the G-band blueshifts
1.8cm~!. These respective shifts are smaller in magnitude
in the Ar/PG and Kr/PG systems. However, no significant
shifts were seen in the Raman spectra frequencies related
to the adsorption of these gases on NG at 20 K. Moreover,
evidence of adlayers depinning has also been observed when
increasing the temperature of the adsorbate/graphene systems.
We hypothesize that the blueshifts observed for the Raman
frequencies are mostly related to compressive biaxial strain in
the graphene layers due to the presence of the adsorbates, a
hypothesis that seems to be well explained by first-principles
density functional theory (DFT) calculations, as discussed later
in the text. Our results are also in good agreement with previous
quartz crystal microbalance experiments related to adsorption
of rare gases on graphene [20,21].

II. METHODS

A. Experimental

PG and NG sheets were synthesized on copper foil in
an ambient pressure chemical vapor deposition (AP-CVD)
system [16] and transferred directly to a transmission electron
microscopy (TEM) metallic grid, in order to obtain a suspended
graphene sample and thus avoid the interaction with the
substrate. This has been accomplished by the polymethyl
methacrylate (PMMA)-assisted transfer method. The TEM
metalic grid is a perforated ultrathin carbon film (less than
3 nm thick) supported by a 300 mesh gold grid. The size of
the holes in the carbon film are generally in the range of 1 um
to 2 um, which gives the equivalent support of at least 6000
mesh grid. Both PG and NG samples were synthesized under
similar experimental conditions, except for the introduction of
ammonia (NH3) for the case of NG [16,17]. Figure 1(a) shows
transmission electron microscopy (TEM) images of monolayer
NG sheets transferred to TEM grids via PMMA-methods and
inset shows the corresponding selected-area electron diffrac-
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tion (SAED) pattern of NG sheets, confirming the hexagonal
structure of graphene. Details of the synthesis and transfer
procedures of (PG) and (NG) monolayer can be found in our
previous reports [16,17]. By the synthesis method used, which
is thoroughly reported in an earlier publication by Lv et al. [16].
We notice that the NG sample contains both double substitution
N doping (N,2%), which is a double substitution of N in a
single C ring as can be seen in a model image in Fig. 1(b), and
single substitution, which is called N; configuration (shown
in a model image in Fig. 1(c)]. Figure 1(d) shows a model
image of the PG configuration. The double substitution N,A%
is dominant. Indeed, Lv et al. [16] showed that according to the
obtained x-ray photoelectron spectroscopy (XPS) data, about
90% of the N atoms inserted in the graphene lattice assumes the
N,”4 configuration. Detailed scanning tunneling microscopy
(STM) images also show the same trend. Although the single
substitution is present, it just plays a perturbative role when
compared to the dominant N,** configuration.

The experimental set-up consists of a liquid helium cryostat
in which the TEM grid with the graphene materials is placed.
This plate is pumped with a mechanical-turbo pump. The gas
adsorption was performed at very low temperatures (from 20
to 50 K) in which the gas flow was controlled by a mass flow
controller (MFC). Next, Raman spectroscopy on suspended
graphene monolayer was performed using a Renishaw inVia
microscope-based Raman spectrometer. The spectra were col-
lected in a backscattering geometry using 514.5 nm (2.41 eV)
excitation wavelength. The incident beam was focused through
the window of the chamber in the sample surface with a
microscope objective (Olympus 50x) and the back-scattered
light was collected with the same objective. The measurements
were performed using very low laser power densities in order
to avoid the effect of laser heating. No laser power dependence
of the Raman spectra of the samples was observed for power
densities <0.5 mW/um?.

The schematic of the experimental setup is shown in
Fig. 2(a). Before starting the measurements by lowering the
temperature we ran for a couple of hours a flow of H; in order to
expel contaminants from the chamber. For the measurements
at 20 K under vacuum, the MFC is closed and the pressure
inside the chamber is kept around 10~° torr, whereas for the
measurements with gas adsorption the valve of the vacuum
pump is closed and the MFC is opened for a few seconds
so that the gas is slowly admitted into the chamber, which
is now set at the desired temperature (from 20 to 50 K)
increasing the pressure to ~1073 torr. The measurements were
performed after the samples reached thermal equilibrium with
the chamber’s temperature.

All of our spectra were carefully fitted with Lorentzian
curves after appropriate baselines were taken. No treat-
ments of the raw data, such as smoothening or interpola-
tion/extrapolation were performed. All the frequency values
reported here were extracted from the fitting results. The fitting
procedure was repeated several times and with different data
in order to increase accuracy. On top of that, the Raman
spectrometer used here has a resolution of about 1.0cm™! or
less and it can measure frequency shifts with an accuracy of
+0.3cm~!. As shown in Fig. 2(b), the PG spectra collected
at 20 and 50 K show no meaningful changes in frequency
and linewidth, which indicates that thermal effects are not the
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FIG. 2. (a) Schematic setup of the experiment showing gas ad-
mission into the chamber at low temperature. (b) PG spectra collected
at 20 and 50 K. Note that no meaningful changes in frequency and
linewidth are observed. The black bullets are the experimental data
and the solid lines are the fitting results (red) and the Lorentizian
curves (blue) used to fit the data. The experimental errors for the
frequencies and linewidths are, respectively, 0.5 and +1.

phenomena behind the spectroscopic changes due to noble gas
adsorption, as discussed later in the text (see Ref. [22] for a
more detailed discussion).

B. Computational details

The interactions of the noble gases Ar, Kr, and Xe with
graphene were studied by DFT methods in two different
approaches. The first approach used the meta-GGA (Gener-
alized Gradient Approximation) functional MO6L [23], which
intrinsically includes dispersion. Gaussian type atomic basis
sets were adopted, being 631 G(d,p) for C and cc-pVDZ-F12
[24,25] for Ar, Kr, and Xe. For the heavier Kr and Xe atoms,
electron core potentials (ECP) with relativistic corrections [26]
were used. Calculations were carried out with two-dimensional
(2D) periodic boundary conditions (PBC) on supercells that
included (i) a 5 x 5 graphene cell (50 C atoms) with nine
adsorbed Ar atoms or seven adsorbed Xe atoms; (ii) a 3 x 3
graphene cell (18 C atoms) with three adsorbed Kr atoms;
(iii) a 10 x 10 graphene cell (200 C atoms) with 36 Ar, or 32
Kr, or 29 Xe. Ground-state geometries were obtained within
the GAUSSIAN 09 (G09) code [27]. The k-point mesh was
the default from GO9 in all calculations (typically 34 points
mesh in the smaller supercells and ten points mesh in the
larger ones). The second approach was carried out for the
same 10 x 10 graphene cells described in (iii) but using three-
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dimensional (3D) PBC. In all cases the periodic box is 40 A
long in the direction perpendicular to the graphene plane. The
GGA functional by Perdew-Burke-Ernzerhof (PBE) [28] with
the semi-empirical dispersion correction of Tkatchenko and
Scheffler (TS) [29] was used in combination with a plane wave
expansion of Kohn-Sham crystal orbitals, with a cutoff kinetic
energy of 680 eV. Norm-conserving pseudopotentials in the
reciprocal space representation were used. These calculations
were carried out using CASTEP software [30] as implemented
in MATERIALS STUDIO package [31]. The overall accuracy,
in terms of k-point mesh and convergence criteria, was that
of the “Fine” selection in CASTEP. No symmetry constraints
were used in the above described calculations. For comparison
purposes, the geometry of graphene was optimized using both
calculations schemes. For the MO6L method, the C-C bond
length optimizes to 1.421 A and the primitive cell vectors
have a length of 2.461 A, while the PBE-TS results are,
respectively, 1.424 and 2.466 A. Both optimized geometries
lead to a perfectly planar graphene. The 2D lattice of the noble
gases was also optimized by the MO6L method. The resulting
triangular lattices have interatomic distances of 3.832 A for
Ar, 4.086 A for Kr, and 4.481 A for Xe, and respective atomic

densities of 0.078, 0.069, and 0.057 at/A”.

III. RESULTS AND DISCUSSION

Figure 3(a) shows the Raman spectra from the suspended
PG sample at 20 K, before and after the noble gases adsorption.
The most notable features of the spectra are the first-order
Raman band, called G band, which corresponds to the doubly
degenerate E», phonons (in-plane TO and LO phonons) at the
Brillouin-zone center (I" point), and the second-order Raman
mode termed 2D band that involves TO phonons near the K
(K') points of the Brillouin zone [also shown in Fig. 3(b)].
As observed in Figs. 3(a) through 3(c), the G- and 2D-band
frequencies blueshift with magnitudes that depend on the
noble gas adsorbed on graphene. It is noticeable that the
shifts for the 2D band are considerably higher than those of
the G band. This result is expected because the 2D band is
an intervalley second-order Raman scattering process, which
involves two identical phonons with non-null momentum that
are resonantly scattered to connect inequivalent K and K’
points back and forth (their wave vectors are determined by
the relative distance of the K and K’ Dirac cones and by the
laser excitation energy) [32-38]. In fact, phonons from the
zone edge (around the K or K’ points in the Brillouin zone) are
more sensitive to external perturbations such as doping or strain
than zone-center phonons (around the I" point in the Brillouin
zone) [32,33,37]. The G band is a first-order process, which
involves just one phonon with null momentum (it happens
at the I" point). It is interesting to emphasize that, by taking
into account the experimental error, although changes in the
frequencies are observed, no significant changes were observed
for the linewidths and intensities of the G and 2D peaks. It
is worth mentioning that the amount of gas atoms injected
is enough to complete coverage of 1LG. These experiments
were repeated several times by increasing the amount of gas
injected to ensure a higher density of noble gas adsorption. For
all the experiments starting from the fully covered graphene

layer, we have observed Raman shifts very similar to each
other. Therefore the shifts seem not depend on the density of
the noble gas. Moreover, as mentioned above no changes in
frequencies are observed in the range of temperatures between
20 and 50 K [Fig. 2(b)]. This suggests that these two factors,
density variation and temperature are not the reason behind the
blueshifts we observe.

Another way to explain our observations would be to cor-
relate them to doping processes during the adlayer adsorption.
However, we discard this possibility for two reasons: (1) the
adlayers are formed with noble gases, which are neutral and
very stable so the likelihood of having them ionized under the
experimental conditions presented here is low, and (2) as well
stablished in the literature, the doping mechanism in graphene
layers changes frequencies, linewidths, and intensities of the
G and 2D bands [39-47]. Most of the times, doping causes
a frequency blueshift, a linewidth narrowing and an intensity
decrease for the G band, regardless of if the doping is a p-
or n-type doping, while for the 2D band the frequency may
blueshift (redshift), the linewidth may narrow (broaden) and
the intensity may decrease (increase) if the sample is p doping
(n doping). All the 2D-band features will substantially change
even under a low doping level [39—47]. Based on these facts,
it is possible to conclude that the analysis of our Raman
spectra do not follow (1) and (2). Finally, the changes we
observe could not be coming from defects neither because the
increase (decrease) of defect densities is related to a broadening
(narrowing) of every Raman band in carbon materials such as
nanotubes, graphene layers and graphite but the frequencies
associated to such Raman bands essentially do not change
(except for cases in which the defect concentration is high)
[48-51]. The absence of a D band in our data indicates that the
number of defects, if any, is small.

Quartz crystal microbalance experiments reveal that at 20 K,
(Ar, Kr, and Xe) films are most likely completely pinned to
pristine graphene [20]. It is known that the binding energy
between heavier noble gases and the graphene sheet is higher
[8,14]. As a result, the binding energies combined with the
masses of these noble atoms (Ar with the smallest mass and
Xe with the highest mass), would potentially produce large and
compressive biaxial strain in the graphene layer. Therefore, as
discussed below, we hypothesize that in our experiments the
noble gas forms a uniform adlayer adsorbed to the graphene
surface and this adsorption produces compressive biaxial strain
on the graphene sheet, which explains the blueshifts observed
here. Hydrostatic, compressive and tensile biaxial or uniaxial
strains cause significant modifications in the vibrational spectra
for the G and 2D bands [32-36,52]. Under compressive
biaxial/uniaxial strains or quasihydrostatic strains, both G and
2D bands have their frequencies blue shifted [32-34]. On the
other hand, uniaxial or biaxial tensile strains make the G and
2D-band frequencies decrease [35,36,52]. In the adsorption
of gases at 20 K, the frequencies of both, G and 2D bands
are observed to upshift, which suggests that after adsorption,
graphene is likely undergoing uniform/hydrostatic compres-
sions or compressive biaxial strain rather than uniaxial/biaxial
tensile strains. The magnitude of the shift is higher for the 2D
band when compare to the G band, and both G- and 2D-band
peak positions are different for adsorption of different noble
gases, see Fig. 3(c).
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FIG. 3. (a) The G-band and 2D-band Raman spectra of single-layer graphene at 20 K with 514.5 nm as the excitation wavelength. The
spectra were collected under vacuum and after gas adsorption (Ar, Kr, and Xe). (b) 2D-band highlighted so that the blue shifts are clearly
visible (dotted lines are guides to the eyes for clarity of the shifts). (c) Evolution of position of the peaks from both G and 2D bands.
(d) Compressive strain of graphene by gas adsorption with different temperatures as a function of the gas type. (e) and (f) show, respectively,
the G-band frequency and the 2D-band frequency as a function of the strain coefficient. From the graphics we obtain dwg/d|¢| = 53.8 cm™! /%
and dwyp/d|e| = 194.6 cm™'/%. In (a) and (b), the black bullets are the experimental data and the solid lines are the fitting results
(red) and the Lorentizian curves (blue) used to fit the data. The frequencies obtained from the fittings are given by each peak and below
them, between parentheses, the linewidths are given. The experimental errors for the frequencies and linewidths are, respectively, +0.5

and £1.
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FIG. 4. Schematic representation of a double-resonant Raman-
scattering process, which contributes for the 2D mode. An electron
is scattered between the conelike conduction bands at the K and K’
points of the hexagonal Brillouin zone of graphene by a K-point
phonon with a wave vector, denoted by an arrow. The electron is
scattered back by a phonon with an opposite wave vector. The three
scattering paths K K’ are denoted by 1, 2, and 3.

In the double-resonance phenomenon, which explains the
2D-band frequency appearing around 2700 cm~! in the Ra-
man spectra, each K (K’) point has three neighboring K’
(K) points and thus there are three scattering paths yielding
equal contributions to the Raman shift due to the hexagonal
symmetry of graphene as illustrated in Fig. 4 [32,38]. In this
situation, the 2D-band appears as a single peak for uncom-
pressed graphene, as well established in the literature [32-36].
If the noble gas adlayer adsorbed on the graphene surface
produces a homogeneous and uniform compression (biaxial
compressions), the hexagonal symmetry of the lattice would
be kept but every carbon-carbon bonding magnitude would be
equally changed. In this case, the phonon dispersions would
homogeneously modify along the three paths K (K’), keeping
a single peak for both G and 2D bands, which are blueshifted in
frequency and present a small or negligible linewidth variation
in comparison with the respective frequency and linewidth
observed for uncompressed graphene [33,53-56]. Indeed, the
effect of uniform compression (biaxial compressions) on the
doubly degenerate G band produces a blueshift in frequency
and the lowering of the E», phonon symmetry does not happen
(in other words just one G band is observed), contrary to what
happens in uniaxial tensile or compressive strains [33,53],
where only a single peak (single G band) is observed for small
strains (¢ < 0.4) but two peaks (often called G* and G~ bands)
are observed as the strain increases (¢ > 0.4).

The mode-dependent relationship between the phonon
mode frequency shift Awmege and the strain coefficient, in the
case of biaxial strains or uniform compression, is described by
[33,53-56]

Awmege = _Zw?node Ymode€- (1)

In Eq. (1), “mode” stands for either the G band or
the 2D band, w) (9,) is the position of the G-band
(2D-band) peak without any compressive strain w% =

1584.2cm™! (a)‘z)D =2702.4cm™"), ve = 1.9(y2p = 3.6)are

the Griineisen parameters for the G band (2D band) and ¢ is the
strain coefficient [33]. Thus, by using the Griineisen parameter
and the blueshift data of both G and 2D peaks, we can further
estimate the compressive strains in the graphene due to the
noble gases adsorption at 20 K. As shown in Fig. 3(d), which
plots modulus of strain coefficient |¢| as a function of the type
of environment (vacuum, Ar, Kr, and Xe), the values obtained
for the strain coefficient range from 0.01% to 0.04%.

The coefficients ¢ extracted from the G-band data and from
the 2D band are in good agreement when taking into account
the error bars. The small discrepancy comes from the fact
that, as discussed above, the G band is less sensitive to com-
pressions, which increase the uncertainty on the coefficients
determined with this band in comparison to the coefficients
obtained with the 2D band [53-56]. On top of that we are
in regime of small strains (¢ < 0.1%). Most importantly, the
data is in very good agreement with what has been reported
in the literature for biaxial compressive strains [53-56]. In
order to further strength our interpretation, Figs. 3(e) and 3(f)
plot, respectively, the G-band frequencies and the 2D-band
frequencies as a function of |¢|. By fitting the data presented
in Figs. 3(e) and 3(f), we obtain dwg/d|e| = 53.8 cm™!/%
and dw,p/d|e| = 194.6 cm™!/%. These rates are in very
good agreement with biaxial compressions as reported in
Ref. [33,53-55]. Such rates help us to exclude uniaxial com-
pressions/tensile strains as the phenomena being observed
since in these cases two rates are expected for the G-band,
[dwg,/0lell = (14.2 — 36.4) cm™!/% and [dwg,,,/0lell =
(5.5 —18.6) cm™!/%, and for the 2D band |dw.p/d|e|| =
(70 — 83) cm™!/% (it is noticeable that such values are quite
below what we observe) [33,53-55]. Indeed, by analyzing our
data under the assumption that uniaxial strains are taking place
(instead of biaxial compressions), the derivatives we obtain
are quite different from what is reported in the literature for
uniaxial strains, which further help us refute uniaxial strain as
a possible explanation here. Table I summarizes the numerical
results from our analysis comparing them with the literature.

Before we describe the theoretical results to give further
interpretation to the experimental work, it is worth reviewing
some properties of noble gases adsorbed on graphite. At
temperatures of 20 K and pressures of ~1073 torr, the starting
conditions of our measurements, the gases Ar, Kr, and Xe
condense on graphite as a submonolayer up to a complete
monolayer. All these atoms form triangular lattices on graphite
but only Kr lattice is commensurate with the graphite basal
plane and the other two form incommensurate lattices [2].
The interatomic noble gas distance within these adlayers has
been reported to be larger than the value measured for the
3D noble gas solid for Ar and Kr, and shorter for Xe, so that
these adlayers carry some amount of strain when adsorbed
on graphite at low temperature. The structures of noble gases
adsorbed on graphene are not known. Graphene has the same
atomic structure as that of the graphite basal plane, however,
there is an important difference between these materials:
graphene is atomically thin. The mechanical properties of this
2D material include a negative thermal expansion coefficient
[57] and out-of-plane deformations leading to ripples [58]. The
samples of the present work were deposited on a carbon film
covered metallic grid at room temperature and then cooled
down to very low temperatures for noble gas adsorption. Due
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TABLE I. Variations of the G-band and 2D-band frequencies as a function of the compressive strain dwg /d¢. The values obtained in this

work are compared with the literature.

domote (em~Ly for the G and 2D bands

3el %
Phonon Biaxial (compressive strain) Biaxial Biaxial Uniaxial Uniaxial
mode (This work) (tensile strain) (compressive strain) (tensile strain) (compressive strain)
G band 53.8 -63 [32] 57.3 [53] - -
=57 [54]
-57.3 [53]
G4 band - - —18.6 [32] 5.5 [52]
-9.6 [52] 10.1 [52]
G, band - - —36.4 [32] 22.3[52]
-31.4 [52] 31.1[52]
2D band 194.6 -191 [32] 160.3 [53] —83 [32] -
—140 [54]
-160.3 [53]

to the different thermal expansion coefficients of graphene and
the supporting grid, it is expected that, as the temperature
lowers, the strain on the contacts and the expansion of the
sample result in rippling of graphene at the suspended parts.
The noble gas atoms condense in a corrugated substrate and
should form islands in suspended graphene.

We now turn to the description of the DFT results. Figure 5
shows the optimized supercells containing, from left to right,
50 C and 9 Ar, 18 C and 3 Kr, and 50 C and 7 Xe. In terms
of the graphene cell parameters, the initial noble gas atomic
densities in these supercells are, respectively, 0.069, 0.064, and

0.053 at/ Az. After optimization there is a small contraction of
the supercell area, by 0.08% in the cells containing Ar and Xe,
and by 0.03% in the cell containing Kr, which is equivalent to
an average contraction of the cell parameter by 0.04% and
0.015%, respectively. This contraction could be due to the
initial atomic densities assumed in the calculations, which are
smaller than the corresponding values of the 2D noble gas
solid. However, the supercell containing Kr atoms corresponds
to the ideal Kr monolayer observed in graphite and still the
cell contracts. Note that Kr occupies the hollow sites at the
center of the carbon hexagons on the graphene lattice. The
six C-C bonds connecting the Kr-bearing ring to its neighbors
are slightly contracted with respect to the other C-C bonds and,
most importantly, graphene is no longer flat after Kr adsorption
(and also after Ar and Xe adsorption). There is a small buckling,

FIG. 5. Optimized supercells from MO6L calculations: from left
toright, nine Aratomsona5 x 5 graphene, three Kr atomsona3 x 3
graphene, and seven Xe atoms on a 5 x 5 graphene.

with the C atoms moving above and below the initial graphene
plane.

This problem was further investigated by extending the
calculations to larger supercells. The number of noble gas
atoms chosen for the 10 x 10 supercells was that of a sub-
monolayer, so that graphene is not completely covered by
the adsorbates. We note that Ar and Xe monolayer lattices
adsorbed on graphene, in analogy to what has been observed
in graphite, are not expected to be commensurate with the
graphene lattice, therefore a PBC calculation with a complete
adsorbed monolayer of these gases on graphene is not possible.
In order to make a fair comparison, we adopted submonolayer
coverages for all three gases. The initial geometry of the sub-
monolayers was obtained by a classical molecular dynamics
simulation at 20 K, using the NVT (constant number of particles
N, constant volume V, constant temperature 7°) ensemble, and
the force field pcff as implemented in the MATERIALS STUDIO
package. These input geometries were used in MO6L and
PBE-TS for the computation of ground state conformations.
In general the optimized geometries from both DFT methods
are similar. Differences are seen in the average interatomic
distance of noble gas atoms and the distance of noble gas atoms
to carbons, which are larger, by ~0.1 A, in PBE-TS method,
due to the different treatment of dispersion interactions in these
methods. Figure 6 depicts three unit cells of the optimized
geometries from MO6L method, so that the pattern of noble
gas adsorptions can be better represented. Carbon atoms were
colored according to their height on the axis perpendicular to
the figure, so that light blue is the lowest position and red is the
highest position. In these larger supercells the adatoms have
more freedom to aggregate and some areas on graphene are
not occupied.

For Ar and Xe adsorption, the graphene regions not occu-
pied by adatoms are higher (red) than the covered areas. A
close look at Figs. 6(a) and 6(c) reveals that Ar and Xe form
quite regular triangular lattices with some empty areas due
to the fractional coverage below 1. These noble gas lattices
are also rotated with respect to graphene’s symmetry axes,
as has been observed for Ar and Xe monolayers in graphite
at low temperatures [2]. The adsorption sites vary along a
line of noble gas atoms, as in the incommensurate monolayer
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FIG. 6. Optimized 10 x 10 graphene supercells with submono-
layers of noble gases from MOO6L calculations: (a) 36 Ar atoms per
cell. (b) 32 Kr atoms per cell. (c) 29 Xe atoms per cell. Graphene is
represented by the colored structure, where light blue is the lowest
position and red is the highest position of the carbon atoms, according
to the bars of heights.

on graphite: the atoms can be found over a carbon atom,
over a C-C bond, and near the center of a hexagon. This
causes a small buckling of the carbon atoms (the blue-green
areas in Fig. 6). At the edges of the empty areas the carbon
atoms are attracted toward the noble gas island resulting in an
elevation of the empty areas. The interatomic distances within
the submonolayers are quite uniform unless for atoms near
the empty areas, as expected. The mean values and standard
deviations of interatomic distances are respectively 3.898 and
0.094 A for Ar, while for Xe, these values are 4.434 and
0.063 A. For Kr, Fig. 6(b), we see a quite different picture.
The atoms occupy sites as in the commensurate Kr lattice (the

center of carbon hexagons) above and near the red (higher)
regions. In the blue-green (lower) regions, the atoms form
a disordered phase, as in a 2D liquid or 2D gas. The mean
interatomic distance and the corresponding standard deviation
are, respectively, 4.215 and 0.378 A. Note the much higher
standard deviation of interatomic distances in the Kr-graphene
system as compared to the previous two cases, indicating some
degree of disorder. This is also in agreement with experimental
findings of a commensurate solid coexisting with a fluid phase
in Kr over graphite at low temperatures (7 < 80K) and a
fractional coverage below 1 [2]. Compared to the calculated
first neighbor distance of the corresponding 2D solids, Ar and
Kr adlayers are dilated, whereas Xe adlayer is compressed,
due to the interaction with graphene. The amplitude of the
out-of-plane displacement of carbon atoms depends on the size
of the areas without adatoms, the strength of the carbon-noble
gas interaction, and on the commensurability of the noble
gas lattice. These amplitudes in the present calculations are
~0.1 A for Ar and Xe, and ~0.2 A for Kr. An estimation of
the fractional coverages using the calculated mean interatomic
distances gave 0.90, 0.94, and 0.96, respectively, for Ar, K,
and Xe, and the optimized graphene lattices at these fractional
coverages are contracted, by 0.09%, 0.05% and 0.02%, respec-
tively, mostly because of the buckling of carbon atoms, as seen
in Fig. 6. These results suggest that not only the presence of
adsorbed islands imparts strain on the graphene lattice, but also
the size of the islands and the amount of uncovered surface have
influence on the magnitude of the compression. For example,
the complete adlayer of Kr causes a 0.03% contraction of
graphene surface while the fractional occupancy of 0.94 results
in 0.05% contraction of the surface. It is noteworthy that these
results are qualitatively the same in both calculation schemes,
so that they neither depend on the type of basis set, the type
of periodic boundary condition (2D or 3D), nor on the DFT
functional and dispersion correction scheme.

The mobility of Ar, Kr, and Xe atoms on the surface at 20 K
is low and decreases as the atomic mass increases. Therefore,
at the same thermodynamic conditions, we should expect
that Ar forms the largest adlayer islands and Xe the shortest
islands, and also Xe adlayer must be made of more islands
than Ar. The compressive strain caused by the adlayer-induced
buckling of graphene thus depend on the number of these
islands. As the temperature increases, the atomic mobility also
increases, leading to the coalescence of neighboring islands
and decreasing graphene buckling. The blue-shifts of graphene
Raman bands as a function of the adsorbed noble gas and
temperature are consistent with this picture.

In order to further understand the gas adsorption pro-
cess, Raman spectra of suspended monolayer nitrogen-doped
graphene (NG) sheets with D band to G-band intensity ratio
(Ip/Ig ~ 0.27) using 514.5-nm laser excitation were also
acquired. The gas adsorption measurements on NG sheets were
obtained under the same experimental conditions for the PG at
20 K. The same rare gases, Ar, Kr, and Xe were utilized to form
the adlayers, as shown in Fig. 7(a) [Fig. 7(b) shows the Raman
spectrum zoomed into the 2D-band region]. By incorporating
nitrogen atoms into graphene, the physicochemical properties
of the graphene layer may be significantly altered depending
on the doping configuration within the sublattices [16,17]. The
substitutional doping of nitrogen within a graphene lattice
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FIG. 7. (a) The D-band, G-band, and 2D-band Raman spectra of single-layer nitrogen-doped graphene at 20 K with 514.5 nm as the
excitation wavelength. The spectra were collected under vacuum and after gas adsorption (Ar, Kr, and Xe). (b) 2D-band highlighted so that
the blue shifts are clearly visible (dotted lines are guides to the eyes for clarity of the shifts). (c) Evolution of the peak position with respect
to the gas adsorbed at the nitrogen-doped graphene surface. (d) Raman spectra for PG and NG at 20 K. In (a), (b), and (d), the black bullets
are the experimental data and the solid lines are the fitting results (red) and the Lorentizian curves (blue) used to fit the data. The frequencies
obtained from the fittings are given by each peak and below them, between parentheses, the linewidths are given. The experimental errors for

the frequencies and linewidths are, respectively, +0.5 and £1.

forms a more electronegative covalent bonding with carbon
atoms [16,59,60], which modifies the electronic structure of
graphene. As discussed above, about 90% of the N atoms
inserted in the graphene lattice assume the N,* configuration.
nitrogen-doped graphene has a different response to noble
gas adsorption (see Fig. 7). The local polarizability around
a N-substituted site increases inside a radius of 1 nm [61].
It is likely that the noble gas atoms preferentially aggregate
around the substitution sites and possibly form 3D structures.
Figure 7(d) brings the NG Raman spectrum at 20 K compared
with the PG spectrum also at 20 K. As seen for NG (and in

accordance to Lv et al. [16]), the G-band and the 2D-band
downshift, respectively, 1 and 4cm~! in comparison to the
values observed for the PG. Such downshifts are signatures
of doping effect in the graphene layer [62-65]. According
to the literature [62,64,66], such downshifts correspond to
an upshift of 350 meV in the Fermi level energy (Ef) of
the system. It is known that the relation between Ep and
the electron concentration in the system is Er = ii|vg| /77,
where h is the Plank constant, |vg] = 1.1 x 10°ms~!, and n
is the electron concentration in cm~2. Therefore we estimate
that the N dopants introduce an electron concentration (n) of
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0.5 x 10" cm™2 (consistent with an N-doping concentration
of 0.11at%) [16]. In average, electron concentrations of 0.5 x
10'* cm=2 correspond to an increase in the lattice-spacing
variation of 0.01%.

As observed, the frequency blueshifts measured from PG
upon gas adsorption are much higher than those observed on
(NG) graphene. Indeed, as shown in Fig. 7(c) a significant
upshift is seen only for the Xe adsorption case. Such upshifts
correlate with the following strains in the NG layer: |¢| =
0.025% for the D band, |¢| = 0.026% for the G band and |¢| =
0.016% for the 2D band (all of them in good agreement by
considering statistical errors). The observance of a meaningful
upshift only for the Xe-adsorption case may be understood as
follows: we have learned from the gas adsorption experiments
on PG (Fig. 3) that (1) upshifts of 0.5cm™! in the G band
(2 cm~!in the 2D band) require an average strain of 0.01% (this
is the Ar adsorption case), (2) upshifts of 1 cm~! in the G-band
(5.9 cm™! in the 2D band) require an average strain of 0.025%
(this is the Kr adsorption case), and (3) upshifts of 2cm™!
in the G-band (8cm™' in the 2D band) require an average
strain of 0.037% (this is the Xe adsorption case). However,
our NG leads to an increased lattice-spacing (0.01%) and to
a decrease of 1 cm™! in the G band (4cm™! in the 2D band).
Therefore, in one hand, the N-doping leads to an increased
lattice-spacing and to a downshift in frequency. On the other
hand, uniform compressive strains (biaxial compressions) lead
to a decreased lattice-spacing and to an upshift in frequency.
This suggests that for NG, strains <0.025% in average, will not
cause meaningful changes to the phonon mode frequencies.
Therefore we hypothesize that it is important to look at the
overall effect involving the two different phenomena: biaxial
compressive strain and doping. The presence of N dopants even
in small concentrations affects the uniform adsorption of the
rare gases on graphene layer and compressions in the graphene
layer are likely balancing (or being balanced by) the effects of
doping due to the N dopants in the graphene layers.

Next, gas desorption measurements on suspended PG were
performed by increasing temperatures from 20 to 50 K. It is
important to emphasize that, once again, the frequency shifts
for both G and 2D bands were monitored. Figure 8(a) shows
the G- and 2D-band Raman spectra of Ar adlayer on PG at five
different temperatures: 20, 25, 30, 35, and 50 K. The results
indicate that with increasing temperature from 20 to 50 K,
the 2D-band Raman peak exhibits a downshift moving from
2704.5 to 2701.2cm™! [highlighted in Fig. 8(b)] and G-band
frequency is slightly downshifted as well. However, for the Xe
adsorption [Fig. 8(c)], when the temperature is increased from
20 to 50 K, the 2D band exhibit a much substantial frequency
downshift ranging from 2710.8 to 2695.8 cm~! [highlighted in
Fig. 8(d)], while the G-band frequency downshifts from 1586
to 1581.2cm™!. To understand these downshifts, we must
recall about the main mechanisms that contribute to frequency
downshifts: (1) phonon anharmonicities and electron-phonon
coupling changes due to increases in temperature
[39,67-74], (2) Quasiparticles renormalizations and charge
transfer between carbon and adsorbents [40-47], and (3)
release of biaxial compressive strain and(or) uniaxial strains
[35,36,52].

As regards (1), phonon anharmonicities and electron-
phonon coupling changes due to increases in temperature,

the main mechanisms behind the frequency shifts are the
electron-phonon (e-ph) and the phonon-phonon (ph-ph) cou-
plings. As vastly discussed in the literature, the ph-ph couplings
come from lattice anharmonicities and contribute to changes
in the phonon frequencies as the temperature changes. On the
other hand, the e-ph couplings do not contribute as much to
the lattice softening (hardening) as the temperatures decrease
(increase). At very low temperatures, the e-ph contributions
become even weaker and the ph-ph couplings, that become
exponentially weaker, are basically the only contributors to
change the phonon frequencies. Consequently, no meaningful
changes in the phonon frequencies are expected due to in-
creases in the temperature, which is in accordance with our
measurements shown in Fig. 2(b). Indeed, it has been recently
demonstrated (see [Ref. [67]) that the significant changes in the
phonon frequencies happen in the range of temperatures from
200 to 400 K. Our measurements are performed in the range of
temperatures 20-50 K, which is far below 200400 K, and this
leads us to conclude that changes in phonon anharmonicities
and electron-phonon couplings with increasing temperature
should not be the reason for the observed frequency redshifts.
Moreover, if such changes were the effect behind the red-
shifts, the G and 2D bands for both, Ar/pristine graphene
and Xe/pristine graphene cases would need to present similar
behaviors. Regarding (2), quasiparticles renormalizations and
charge transfer between carbon and adsorbents, we point out
that we are performing measurements of suspended graphene
under high vacuum and the adsorbents are uncharged noble
gases which are weakly interacting with graphene through
van der Waals interactions. Therefore, no charge transfer or
quasiparticles renormalizations will occur.

Finally, we now present arguments to explain why (3)
[release of compressive strain (biaxial compression)], might
be the reason behind the frequency redshifts. First, we note
that, according to Fig. 3(a), before the adsorptions of the gases
at 20 K, the pristine G-band frequency was 1584.2cm™' and
the pristine 2D-band frequency was 2702.4 cm™~!. Secondly, at
this temperature an incommensurate adlayer in the solid phase
for both Ar and Xe adsorbed on the carbon surface is expected,
which is confirmed by our calculations [see Fig. 6(a)-6(c)],
and other works published in the literature [75-82]. This
incommensurate phase is an organized phase for both Ar
and Xe whose densities are expected to be homogeneous and
high enough to form the solid structures, which explains the
compressive strain on the PG. As the temperature is increased
from 20 to 50 K, we note that the G- and 2D-band frequencies
tend to return to their pristine values, which we attribute to
a deppining of adsorbates from the PG layer. Figures 8(e)
and 8(f) show the evolution of the peaks positions for Ar/PG
and Xe/PG. For Xe/PG, as shown in Fig. 8(f), after 35 K,
changes in the Raman frequency seem to be decreasing with a
slower rate. These data indicate a thermal depinning transition
with a characteristic temperature around 35K for Xe/PG. The
slippage of Ar/PG seems to be different from that observed
on Xe/PG. As shown in Fig. 8(e), around 30 K, no significant
shifts are observed indicating that in this case the depinning
starts at a lower temperature when compared to the Xe/PG
case, which reflects the smaller polarizability of the Ar atoms.
For Kr/PG, the depinning starts at an even lower temperature:
25 K (see Ref. [22]). Our results are in good agreement

195419-10



PROBING THE INTERACTION OF NOBLE GASES WITH ... PHYSICAL REVIEW B 97, 195419 (2018)

(b)

Intensity (a.u.)
Intensity (a.u.)

1400 1600 2600 2800 26|60 27l30 2800

Raman Shift (cm™) Raman Shift (cm™)
(C) G-band 2D-band (d) 2D-band

v/

Xenon
1581.2 2695.8
(23) 50 K (38)
K

. 0
2 1581.3 35 2697.6 z:
g 25, j \ (40) 8
2 ! ‘)k >
n 1582.8 30K 2701.5 ‘F)
S (31) 43) c
i [}
(= -~
-— 1584.8 2706.6 c
69 A\ 25K J \(43) =
1586.0 2710.8
(34) 20K (45)
1400 1600 2600 2800 2600 2700 2800
Raman Shift (cm™) Raman Shift (cm")
(e) (f)
e Argon e 2700} L] Xenon]
% 27044 - s a
el 3 ¢ o
= * % 2 2102 -
4 @ 4 =
a 2700+ E A 26951 ]
N 4 7 i I i 1 i N 1 i i 1 - 4 1 i
< 15864 - < 15861 @ ]
£ £ *
= 8
= é ¢ + o 15841 ]
= =
3 15841 1 3 15821 + ]
o © NP, S |
20 25 30 35 40 45 50 20 25 30 35 40 45 50
Temperature (K) Temperature (K)
(g) OArgon O Krypton O Xenon (h) A Argon A Krypton A Xenon
1586 1 1<21585.0 cmpmiwi:‘ - 20K I{;2706 com;gps(sm ‘ vacuum &
: ) 1 -i- - > 25K - |8 | 725K -
-+ - ->30K - 2709--g "82703 ’ % 5
S I T E S B sesd) DIE ~ TGS ks =3
Vacuumfl — £ 5 22700 Si=2y I
% 1584+ “\acum AN S, B =hK % 35K & 50K!  tonsi =
£ 20.01 0.00 0.01] * ° ool _ . ) LIRS
§ | b & - R e—n— sk 001 000 0014 o
: ' g 2 30 50k €(%) ]
o I 25K - l 8
! = - &= ! 31 <
15821 . 35K g1 = ' ' £ ¥
| 2 2695 I 50K D q
. ] . T\50K . ] .
-0.04 0.00 0.04 0.08 -0.04 0.00 0.04 0.08
€ (%) € (%)

FIG. 8. The G-band and 2D-band Raman spectra of pristine single-layer graphene at different temperatures with 514.5 nm as the excitation
wavelength. (a) and (b) Ar/PG Raman spectra evolution with increasing temperature. (c) and (d) Xe/PG Raman spectra evolution with increasing
temperature. () and (f) Evolution of the G- and 2D-bands peak position, respectively, as a function of temperature. (g) and (h) Temperature-driven
downshifts of the G and 2D bands, respectively, as a function of the biaxial strain. In (a) through (d), the black bullets are the experimental data
and the solid lines are the fitting results (red) and the Lorentizian curves (blue) used to fit the data. The frequencies obtained from the fittings are
given by each peak and below them, between parentheses, the linewidths are given. The experimental errors for the frequencies and linewidths
are, respectively, 0.5 and +1.
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with those reported by Pierno et al. [20]. We now use our
results to evaluate the changes in the observed strains with
increasing temperature from 20 to 50 K (the Supplemental
Material section provides the corresponding results from Kr
adsorption as Fig. S1 in Ref. [22]). Figures 8(g) and 8(h)
show the temperature-driven downshifts of the G and 2D
bands, respectively, as a function of the biaxial strain calculated
using Eq. (1). In both figures, the green symbols stand for
the Ar/PG data; the wine symbols stand for the Kr/PG data;
and the blue symbol stand for the Xe/PG data. The results
for Ar/PG are shown in the insets. In overall, the results are
rather interesting: there is a clear transition from compressive
biaxial strains (see the transparent-blue region in the graphics)
to tensile biaxial strains (see the transparent-red region in the
in the graphics). Both, figures and respective insets, show that
black solid line fitting the data have approximately the same
slopes observed earlier in Fig. 3, indicating that we are indeed
observing biaxial strains. The dashed horizontal and vertical
lines mark the G- and 2D-band frequencies for PG, which
would present null strain. We would like to emphasize that
a detailed explanation for such transition will be addressed
elsewhere.

However, inspired by the literature, we would like to
offer an explanation for what is likely taking place, which
is based on the slippage of noble gas structures on PG
surface: the incommensurate phase of Xe and Ar on PG
consist of commensurate and incommensurate domains, where
commensurate domains are separated by incommensurate
domains. This happens because the noble gas structure formed
at 20 K and PG possesses nonmatching lattice parameters,
which is in accordance with our calculations. As mentioned by
Pierno et al. [20], such domain structures are governed by the
competition in minimizing both interfacial energy and elastic
strain energy. When the size of the contact between domains is
reduced below a critical value, such domains may coalesce and
lead to a sharp increase of the interfacial commensurability.
However, depinning of commensurate domains is a thermal
activated process and becomes very likely as such domains
get larger. Therefore the temperature-driven slippage of the
incommensurate layers could be explained by the increase of
commensurability of the constituent domains. Small domains
would stay pinned while larger domains created from merged
domains would undergo depinning and slippage. The results
for Krypton corroborate the explanation since they already
form commensurate structures after adsorption and have the
lowest deppining temperature. The depinning likely has a mass
dependence effect as well because any small increase in the
thermal energy is already enough for the adsorbed atoms to
oscillate and acquire kinetic energy to overcome the weak
potential barrier between the graphene layer and adsorbates,
dominated by weak van der Waals interactions. Since Ar atoms

are much lighter than Xe atoms, the barrier is more easily
overcome for Ar atoms [83-85]. As mentioned earlier in the
text, our simulations suggest the size and distribution of the
domains together with the amount of uncovered surface have
influence on the type and magnitude of the strains. Therefore as
the temperature increases the domain distribution and number
of adsorbates change, which also modifies the PG adsorbate
coverage and is potentially the reason for the transition from a
compressive to a tensile biaxial strain.

IV. CONCLUSIONS

In summary, we have shown that the adsorption of rare
gases (Ar, Kr, and Xe) on suspended monolayers of pristine
graphene at low temperature produces compressive strains on
the graphene layer. This compression is larger for the system
Xe/PG due the higher polarizability of this adsorbate when
compared to Kr and Ar. However, for N-doped graphene
the compression using the same rare gases is less due to
not uniform distribution of the adatoms on N-doped sheets.
Moreover, we hypothesize that biaxial compressive strains
and doping are two effects that balance each other. These
results are supported by Raman spectroscopy measurements
and density functional theory calculations. Furthermore, we
have shown the behavior of the gas adsorption on suspended
monolayer graphene at higher temperatures. In this case, the
G- and 2D-band frequencies tend to downshift to values below
the pristine values as result of a thermal activated slippage
and depinning transition that leads to a change from biaxial
compressive strain to biaxial tensile strains. We believe that
our method could be exploited further in order to quantify
the amount of strain and to study depinning transition of
adsorbed films, providing a fundamental tool for graphene-
based nanoelectronics mechanical systems.
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