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ABSTRACT The mechanical behavior of a periodically buckled graphene membrane has
been investigated by noncontact atomic force microscopy in ultrahigh vacuum. When a
graphene monolayer is grown on Ru(0001), a regular arrangement of 0.075 nm high nanodomes
forming a honeycomb lattice with 3 nm periodicity forms spontaneously. This structure responds
in a perfectly reversible way to relative normal displacements up to 0.12 nm. Indeed, the
elasticity of the nanodomes is proven by realistic DFT calculations, with an estimated normal
stiffness k ~ 40 N/m. Our observations extend previous results on macroscopic graphene
samples and confirm that the elastic behavior of this material is maintained down to nanometer

length scales, which is important for the development of new high-frequency (terahertz)

electromechanical devices.
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he ability to produce single layers of

graphene, the investigation of their

physical and chemical properties, and
their use in new devices is a topic of utmost
importance.'~3 One of the key features of
graphene monolayers is their exceptional
mechanical strength, with a remarkably
high Young's modulus of the order of 1 TPa,
as reported for free-standing membranes
with linear sizes of tens to hundreds of
micrometers.* This has allowed the devel-
opment of electromechanical resonators
with fundamental frequencies in the mega-
hertz (MHz) regime.>® Shrinking the linear
size of the graphene membranes down to
the nanometer range could boost the reso-
nance frequency into the terahertz (THz)
regime. To this end, it is essential to deter-
mine the mechanical properties of gra-
phene at the nanoscale and, in particular,
its elastic behavior.

When a monolayer graphene is grown on
Ru(0001), a regular lattice of hills and valleys
with 3 nm periodicity forms spontaneously,”
originating a hexagonal pattern of 0.075 nm
high nanodomes. The hills show quantum-
dot-like localized electronic states, that is,
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an electronic structure that is different
from the one at the valleys.® Here, we have
characterized the mechanical response of
this system using atomic force microscopy
(AFM). The graphene elevations have been
periodically indented by the probing tip,
and the deformation is proven to be per-
fectly reversible. This conclusion is substan-
tiated by realistic density functional theory
(DFT) calculations, which confirm the elastic
response of the nanodomes in this distance
range. These results, combined with the
peculiar local electronic structure of the
nanodomes, suggest that the elastic proper-
ties of the nanodomes could be important
for developing novel electromechanical nano-
devices such as nanoresonators operating in
the THz range.

The graphene monolayer has been
grown epitaxially by thermal decomposi-
tion of ethylene on Ru(0001).” The carbon
superstructure obtained in this way presents
a high degree of perfection, as previously
shown by scanning tunneling microscopy
(STM) and by helium and X-ray diffraction.” "’
In order to quantify the nanomechanical
properties of this structure, we have used
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Figure 1. (a) Four AFM topographies (9.6 x 9.6 nm?) recorded at different frequency shifts Af= —7, —9, —10,and —11 Hz. The
electrostatic force was continuously compensated while scanning. Parameters: amplitude = 8 nm, Upjas = —512 mV. The cross
sections in (b), taken along the fast scan direction, show the elastic deformation of the hill sites marked by the corresponding
colored lines in (a). The valley site of every curve is adjusted to rel. Z=0 nm.

a home-built AFM under ultrahigh vacuum (UHV) con-
ditions operated in the frequency modulated (FM)
noncontact (NC) mode.'*'® In this mode, the tip—
sample relative distance is controlled by maintaining
a constant shift of the probe resonance frequency with
respect to the “free” value f,. The frequency shift Afis
determined by the normal force F between probing tip
and surface, and two-dimensional (2D) mapping of
the force field experienced by the tip can thus be
obtained by Z spectroscopy as discussed in the Meth-
ods section.'*'® DFT calculations have been performed
to simulate the tip—sample interaction at various dis-
tances, using a realistic supercell made of 11 x 11
graphene unit cells and a three-layer slab of 10 x 10
Ru(0001) unit cells for the substrate'® and a well-tested
model for the silicon tip."”

It is important to note that the periodic buckling of
the graphene monolayer is a direct consequence of the
mismatch between the lattice constant of Ru(0001)
(0.27 nm) and that of graphene (0.24 nm). This origi-
nates a moiré pattern in the adlayer that repeats
periodically every 3 nm. Depending on the particular
atomic registry of the carbon atoms with respect to the
ruthenium topmost layer, their mutual interaction
changes radically. If the graphene atoms or the C—C
bonds sit on top of a metal atom (“valley” site), the
interaction with the metal is covalent and strong with a
small (0.22 nm) average C—Ru distance.""'® Here, the
graphene electronic structure is heavily modified by
the underlying substrate. On the other hand, when the
Cring is centered above a ruthenium atom (“hill” site),
the interaction, mostly due to van der Waals forces,'%is

KOCH ET AL.

much weaker. The outcome of such strongly inhomo-
geneous environment is that the graphene layer tends
to relax outward in the weakly bound areas, forming
almost free-standing graphene nanodomes of about
0.1 nm in height. Due to the lateral confinement
imposed by the different bonding characteristics of
the surrounding areas, such hills are electronically
decoupled from the rest of the surface, as demon-
strated by the surface potential, which is ~0.25 eV
higher than in the valleys,'® and by the appearance of
localized electronic states both close to and well above
the Fermi level.”#2°

RESULTS AND DISCUSSION

Figure 1a shows four AFM topographies of the
graphene superstructure simultaneously imaged with
increasing absolute values of Af (from —7 to —11 Hz)
on the same area (using the “multipassing” acquisition
procedure as discussed in the Methods section). Ap-
proaching the tip to the surface by using a more
negative frequency shift changes considerably the
topographies. The hills appear to be gradually com-
pressed until they resemble nanopits. Further details
can be inferred from the cross sections in Figure 1b.
The undistorted hills (black curve) show an apparent
height of about 0.075 nm with respect to the valley
sites. This value is in accordance with the corrugation
estimated by previous experiments'® and calcula-
tions.'® By further approaching the tip toward the
graphene layer, the hill site is continuously indented,
as shown by the blue, orange, and red cross sections,
while the valley sites remain unchanged. The inner
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Figure 2. Two-dimensional spectroscopy plots of (a) frequency shift Af(Z) and (b) energy dissipation E;. The insets of (a) and
(b) are site-dependent (hill, valley) 1D spectroscopy curves, extracted out of the 2D data, averaged over three curves.
Parameters: amplitude = 7 nm, Upjas = —819. (c) Topographic NC-AFM image of the area used for 2D spectroscopy on the
graphene/Ru(0001) subtrate. The yellow line represents the original spectroscopy path, while the blue circle is the tracked
position for the AtomTracking function. The red dots are drawn schematically, representing the 128 Af spectroscopy points
with a resolution of 512 points each. Parameters: Af = —7 Hz, amplitude = 8 nm, Up;,s = —556 mV.

diameters of the nanopits formed by the tip indenta-
tion are about 2 nm, and the relative deformation in
the Z direction reaches a maximum value of 0.12 nm
(red curve), that is, almost twice the size of the appar-
ent corrugation of the domes. The fact that the domes
perfectly recover their initial shape after each scan
suggests that their behavior under heavy deformation
is reversible.

The 2D spectroscopy in Figure 2a presents the lateral
distribution of the frequency shift, Af(Z), measured
along the path indicated in Figure 2c. The inset shows
the contrast inversion occurring at very small values of
relative tip—sample distance (Z < 0.15 nm). At the
minimum relative distance between the tip and the
surface, the frequency shift on the hills is larger than on
the valleys. Figure 2b shows the variation of the energy
dissipation, E., which accompanies the tip oscillations
when the surface is approached. This quantity was
estimated from the variation of the excitation ampli-
tude Aeyc of the microcantilever sustaining the probing
tip, as compared to the value of the free excitation
amplitude Acxco applied when the tip is far from the

surface:
A f kA [ A
Es = Eo| o — — |~ = 2 —1] ()
Aexc, 0 f] st O Aexc, 0

In eq 1, E, represents the intrinsic loss of energy per
oscillation cycle; fi is the resonance frequency of the
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first flexural mode of the cantilever; k is the cantilever
spring constant, and Q and f; are the quality factor and
resonance frequency of the free cantilever, respec-
tively. Since Af < fi, we have assumed that f ~ f;;
in eq 1.2" As a result, the dissipation turns out to be
approximately the same on the valley and hill sites. The
Z dependence shown in the inset in Figure 2b suggests
that the dissipation is presumably due to Joule heating,
caused by a charge modulation in tip or sample at large
oscillation amplitude.??

To further investigate the process of contrast inver-
sion, we have estimated the total normal force F
between the tip and the sample out of the Af signal
by using the Sader—Jarvis method.?* Figure 3a displays
the force F as a function of the relative tip—sample
distance. While on the valley sites the force F is
attractive and continuously increases in modulus up
to 0.5 nN with decreasing relative tip—surface distance
Z, the hills respond differently: after first increasing to
0.3 nN, F then decreases and becomes less attractive.
The crossing point in the inset curves for the hill and
valley sites (marked by an arrow) represents the point
of contrast inversion for the superstructure corruga-
tion. Additional insight can be gained by subtracting
the long-range van der Waals forces. These forces were
estimated by fitting the Af signal at large relative dis-
tances from the surface (Z = 1 nm), with a Hamaker-
like model for the interaction of a spherical tip with an
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Figure 3. Two-dimensional spectroscopy plots along the
same cross section of Figure 2: (a) total force F and (b)
intermediate force Finterm- The insets in (a) and (b) are site-
dependent (hill, valley) 1D spectroscopy curves, extracted
out of the 2D data and averaged over three curves. The
inversion point is again indicated by the crossing point of
the hill and valley curves in the inset. Parameters: ampli-
tude = 7 nm, Upj,s = —819 mV.

infinite plane (note that since this method has been
developed for atomically flat samples, it may be in-
accurate in the present case, due to the corrugated
nature of the graphene/Ru(0001) surface).>* The vdW
background so determined was subtracted from the
Af(Z) data. The resulting curve (Figure 3b) represents
the “intermediate” tip—surface force Finierm. This force
is zero far away from the surface and, when the tip
approaches the surface at a valley site, it becomes
more and more attractive without changing its trend at
the minimum relative distance (Z= 0.1 nm) that can be
achieved without crashing the tip. In contrast, on top of
a hill site, the attractive force Fierm P€aks up to a
maximum value of 0.15 nN at a relative distance of
0.2 nm. After that, it decreases almost linearly until
Finterm = 0.08 nN at the minimum distance approach.
From the slope of the Fiyerm Versus Z curve, an overall
force gradient of keyp, = 0.65 & 0.4 N/m is estimated.
Note that this value cannot be directly interpreted
as the stiffness of the graphene membrane kyome
since ke also contains information on the gradient
of the tip—sample interaction force and on the tip
stiffness.?>2¢

The NC-AFM results show that the response of
the hills to an external perturbation (by means of the
probing tip) is qualitatively different from that of the
valleys and suggest that the process is reversible in the
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former. As discussed above, the complex nature of the
surface, the convolution of the information relative to
the stiffness of both the tip and the sample, and their
mutual interaction in the NC-AFM experiment prevent
a quantitative analysis of the mechanical properties of
the graphene nanodome based on the experimental
data only. Therefore, extensive DFT calculations of the
interaction between the graphene/Ru(0001) surface
and a silicon nanotip were performed. These model
simulations allow us to characterize the atomic-scale
response of the surface upon interaction with a prob-
ing tip, without taking into account the complex
dynamic problem involved in a NC-AFM experiment,
which would be unattainable at the DFT level. The
graphene/Ru(0001) surface is described using an 11 x
11/10 x 10 graphene/Ru(0001) supercell with three Ru
layers'® that accounts explicitly for the formation of the
domes and is capable of reproducing several crucial ex-
perimental observations.'®?° An asymmetric Si nano-
tip, based on the 2 x 1 Si(100) dimer reconstruction,'”
is employed. Indeed, it has been shown?’ that such
a nanotip is capable of providing semiquantitative
agreement with NC-AFM experiments at low tempera-
ture®® on carbon nanostructures. Similarly to ref 27, we
also include dispersion interactions®® (for a more de-
tailed description of the computational setup, see the
Methods section).

Figure 4a shows the calculated F(2) curves over the
hills (approach and retract) and valleys (approach) of
the corrugated graphene/Ru(0001) superstructure, as
well as the structures of the simulated indentation
process on the hill at Z = 0.2 and 0.0 nm above the
graphene (Figure 4b). It can be seen that the salient
features observed in the experimental F(Z) curves are
consistent with theory. When the nanotip is far away
from the surface (Z > 0.2 nm), the interaction is purely
attractive, due to the background provided by vdW
forces.?” On the hills, the attraction increases up to the
curve minimum (Z= 0.2 nm), where the force reaches a
maximum value of 0.5 nN. Up to this point, the shape of
the dome is hardly affected by the presence of the
nanotip (see right inset in Figure 4a). A further ap-
proach of the tip to the surface (Z < 0.2 nm) leads to
the onset of the repulsive forces, as evidenced by the
abrupt change of sign of the F(Z) curve slope. As the
contribution of the repulsive forces becomes more and
more important, the graphene dome starts to deform
under the nanotip compression, reaching a maximum
vertical deformation of 35 pm at Z=0 nm (see left inset
in Figure 4a). At Z < 0.2 nm, the tip also undergoes a
progressive deformation in the direction opposite to
that of the dome. The deformation increases with
decreasing Z, reaching 42 pm at Z = 0 nm. On the
other hand, the overall force on the valleys remains
attractive (i.e.,, F < 0 nN) over the whole range of tip—
surface distances explored. Due to the superstructure
corrugation, in this region, the onset of the repulsive
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Figure 4. (a) Calculated force (F) versus distance (2) curves for the hill site indentation (approach, black solid line; retraction,
red dashed line) and F(Z) curve for tip approaching the valleys (green) of graphene/Ru(0001). (b) Optimized geometries at the
minimum of the force curve on the hill site (top image, Z = 0.2 nm) and at maximum indentation (bottom image, Z= 0.0 nm).
The inset in (a) shows the height variation (Azg,) of the graphene atoms with respect to the geometry optimized in the
absence of the tip at the same two points of (b). Ru, Si, and H atoms are represented in silver, yellow, and white, respectively.
C atoms of the graphene monolayer are shown in different colors depending on their height. (c) Profiles of the indented
graphene hill (Z < 0.2 nm) along the moiré unit cell diagonal. The zero on the x-axis is set at the central atom of the graphene

dome. Each color is relative to a different value of Z.

forces occurs at a value of Z lower than in the hills
(Z = 0.1 nm). Therefore, at the onset of the repulsive
forces over the hills (0.1 nm < Z< 0.2 nm), the attractive
forces in the valleys are still increasing. These results
qualitatively reproduce the behavior observed in the
experimental F(2) curves, supporting the idea that
the change of slope in the Fierm(Z) curve over the
hills can be associated with the mechanical deforma-
tion of the graphene dome. Figure 4c shows the profile
of the graphene hill at different values of Z. It can be
seen that the deformation is symmetric for relatively
small deformations (0.1 nm < Z < 0.2 nm) but becomes
highly asymmetric at Z < 0.1 nm, due to the asymmetric
character of the tip. Nevertheless, when the tip is
retracted back to its initial position, the system re-
covers its initial shape, moving backward along the
steps followed during the approach. This last observa-
tion, reflected in the absence of a hysteresis loop in the
overall process (the approach and retraction curves
overlap each other), confirms the reversibility of the
indentation process.

Previous calculations®’ revealed that, for a nanotip
interacting with both graphene and carbon nano-
tubes, the overall shape of the force versus distance
curve is almost independent of the precise nanotip
apex position. The small modulations, arising from the
highest Pauli repulsion at the top sites with respect to
hollow sites of the carbon lattice, were found to be
important to determine the atomic-scale contrast,
which is not of interest in the present work. In our
case, the topmost region of the ripple, due to its weak
coupling of graphene to the Ru(0001) surface, is likely
to behave similarly to pristine graphene, with small
variations of the tip—sample interaction among the
different high-symmetry sites of the honeycomb.
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This consideration is also supported by the fact that
the force versus distance curves shown in Figure 4a are
very much like those calculated at the top site of
pristine graphene.?’

Some additional considerations have to be done
regarding the possible influence of the position and
orientation of the nanotip with respect to the under-
lying graphene hill. In some cases, the precise align-
ment of the nanotip can strongly influence its interac-
tion with the surface.>**" In our case, we have checked
for this by calculating the F(2) curves for two additional
alignments of the nanotip with respect to graphene. In
our calculations, the nanotip is positioned over the
graphene hill so that the lowest atom of the nanotip
and the highest one of graphene are one on top of the
other. For the results presented in Figure 4, the tip apex
dimer is oriented antiparallel to one of the three C—C
bonds connecting the highest graphene atom (see
scheme named “® = 0°" in Figure 1 of the Supporting
Information). Starting from this geometry, a rotation of
the tip around the surface normal of 180 and 30°
results in the apex dimer being oriented parallel to
the graphene C—C bond and tilted by 150° with
respect to the graphene C—C bond, respectively (see
schemes “® = 180°" and “® = 30°” in Figure 1 of the
Supporting Information). The F(2) curves calculated for
the ® =180 and 30° orientations of the tip (see Figure 1
of the Supporting Information) show a very similar
behavior to those in Figure 4 and no hysteresis loop.
Additionally, it can be noticed that for Z< 0.2 nm (i.e., in
the repulsive regime), the calculated force shows a
monotonous increase going from the antiparallel to
the parallel orientation. This can be associated with the
increasing repulsion between the electron clouds of
the dimer apex and the graphene since in this region
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Figure 5. (a) Profile of the artificially deformed graphene
hill along the simulation cell diagonal. The zero on the x-axis
is set at the central atom of the graphene ripple. (b) Force
on the central atom of the graphene ripple as a function of
Z — Zo. The different colors are relative to different values of
Z — Zy (same colors in a and b). The dashed line is a linear fit
to the data.

the interaction is dominated by the short-range repul-
sive forces. A representative example of this trend is
the force calculated at Z= 0.0 nm, which changes from
0.64 nN for the antiparallel orientation to 1.10 nN for
the parallel orientation. However, these small differ-
ences do not change the main result that the indenta-
tion maintains its reversible character independently
of the precise nanotip orientation.

From a linear fit of the Z < 0.2 nm part of the F(2)
curve calculated for the tip approaching the graphene
hills, a force gradient kprr=7.6 == 1 N/m is estimated for
the tip—nanodome system. Due to the approximate
description of the NC-AFM experiment provided by the
calculations, this value is much higher than the corre-
sponding value of k., experimentally determined in
a distance range where the repulsive forces set on,
but still do not prevail. As in the case of keyxp kprr
cannot be directly related to the elastic constant of
the graphene dome. We have thus extracted the latter
by performing a set of DFT calculations in which the
graphene dome has been deformed artificially (i.e.,
without the nanotip). This has been done by constrain-
ing the position of the central and highest atom of the
graphene dome (having an initial position z;) and
displacing it stepwise of a quantity z — z, toward the
ruthenium surface. This is equivalent to applying
point-like load at the center of the graphene hill (see
Figure 5a). The range of displacements considered

METHODS

Experimental Details. The graphene monolayer on Ru(0001)”
was prepared under UHV conditions by cleaning a single crystal
substrate by several cycles of 20 nm Ar-ion sputtering at
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(0 nm < z — z5 < 0.033 nm) is similar to that obtained
during the simulations of the indentation of the dome.
At each step, the structure has been relaxed and the
component normal to the surface of the force acting
on this atom has been calculated. The results (Figure 5b)
show that the force increases linearly with the atom
displacement z — z,. From a fit of these data, a value of
Kdome = 43.6 = 0.5 N/m has been extracted. This value
can be compared with the stiffness k.one = 1677Eh%/3R>
from classical elasticity theory,*> where h = 0.335 nm is
the monolayer thickness, R = 1 nm is the radius of the
dome, and E is the Young's modulus of graphene.
Taking the value £ = 1 TPa from ref 4, kcont ~ 150 N/m.
Although the use of continuum mechanics is question-
able for nanoscale graphene samples,®® we can still use
a classical formula to estimate the order of magnitude
of the resonance frequency f, of the nanodomes.
Assuming that the density of graphene is p = 2.1 x
1072 kg/m?, the frequency fy = (h/4R% x (E/p?)"? is
expected to be on the order of 2 THz. This value can be
further increased by tensile stresses.

CONCLUSION

In summary, the mechanical response of graphene
nanodomes on Ru(0001) has been investigated by
direct force measurements using noncontact atomic
force microscopy. Topographical information using a
multipassing procedure shows that the nanodomes
are periodically indented by the probing tip. A max-
imum relative displacement AZ of about 0.012 nm is
measured in the normal direction. Two-dimensional
force spectroscopy strongly suggests that the defor-
mation of the nanodomes is reversible. Density func-
tional theory calculations with a quasi-static tip move-
ment were performed down to much closer distances
and verified the elastic response of the hill deforma-
tion. Since the expected resonance frequency of the
nanodomes is in the same terahertz range as the
frequency response of graphene transistors, these
results can be exploited in the design of a new gen-
eration of nanoelectromechanical resonators.>® They
may also stimulate fundamental experimental and
theoretical studies of mechanical properties of non-
rigid surfaces. In particular, it would be quite interest-
ing to apply scanning probe techniques such as force
modulation®* or contact resonance force microscopy®®
to characterize the mechanical response of the nano-
domes when the forces between sample and probing
tip are fully repulsive.

3 x 107® mbar and annealing at 1400 K for 40 min followed
by an additional oxygen dosing (4 x 10~% mbar, 1300 K, 40 min)
and a final annealing at again 1400 K for 40 min. After this
procedure, the temperature has been lowered to T = 1300 K,
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and the ruthenium was exposed in situ to ethylene gas having a
pressure p=10~" mbar for 10 min. After stopping the exposure,
the sample was heated again for 1 min at T = 1400 K and then
cooled at room temperature.

The NC-AFM measurements were carried out in UHV at
room temperature, employing highly n-doped silicon cantile-
vers with integrated tips as force sensors (Nanosensors:
PPP-NCL). The typical resonance frequency and spring constant
were fqe = 170 kHz and k = 28 N/m, respectively. The micro-
scope was controlled by a Specs-Nanonis SPM controller in
combination with two Specs-Nanonis OC4 PLL. The oscillation
amplitude was set between 6 and 10 nm. The cantilevers were
annealed for 30 min at 450 K, and the tip was cleaned by argon
sputtering for 1—2 min at 680 eV with a gas pressure of 3 x 107°
mbar. Two-dimensional force field spectroscopy'®'> was per-
formed using a dedicated LabView script, which controlled the
Specs-Nanonis scanning software as well as the implemented
AtomTracking function.>3” The 2D spectroscopy data were
recorded along a straight line of 128 points on the graphene
surface. Each of these points corresponds to a spectroscopy
curve (512 points each) taken along the Z direction by reducing
the tip—sample distance. In the insets of Figure 2 and Figure 3,
the curves correspond to values averaged over three hill (black)
and three valley (red) sites in the force map. Additionally,
images at different set points (Af) were recorded at each fast
scan line (the so-called “multipassing function” in the Specs-
Nanonis scanning software). During these measurements, am-
plitude modulated Kelvin force probe microscopy (AM-KFPM)
was used for a continuous and reliable compensation of the
local contact potential difference (CPD). In contrast, in the 2D
force spectroscopy measurements, the CPD compensation of
the electrostatic force was feasible at only one single point
above the surface, where it was not possible to differ between
the two contrast sites. Changing the relative tip—sample dis-
tance, the actual compensation voltage slightly differs from the
CPD, leading to the observed dissipative Joule background.
Since the time correlation is high, the thermal drift has no
impact in the recorded data. The images were analyzed using
the WSXM software.®

Computational Details. All of the calculations were performed
using density functional theory (DFT), as implemented in
Vasp.324° The Perdew, Burke, and Ernzerhof (PBE) functional®!
was used. The vdW forces were taken into account by means of
the DFT+D2 method.?® Due to the dimensions of the supercell
employed, the sampling of the Brillouin zone was restricted to
the I'-point. The tip was initially positioned at the center of the
hill (valley) with its lowest atom lying above the carbon atom at
the Ru(0001) hollow site. On the valley, we verified that, in the
region of the F(Z) curve explored by the experiment (i.e., when
F = 0 nN), the behavior of the calculated F(Z) curve is indepen-
dent of the precise tip position. In both cases (hill and valley), the
tip was initially positioned with its lowest atom lying 0.8 nm
above the highest one of graphene. Therefore, on the hill
(valley), the initial tip—sample distance is 0.8 nm (0.92 nm). This
shift reflects the one between the force versus distance curves
measured on the hills and the valleys, obtained by matching the
tails of the experimental force versus distance curve (0.093 nm).
The force versus distance curves were calculated using a step-
wise, quasi-static approach, moving the tip of 0.05 nm at each
step, and relaxing the lowest 15 atoms of the tip, together with
graphene and the topmost Ru layer. The convergence criterion
for the forces was set to 0.01 eV/A. The force acting on the tip at
each step was calculated summing up the vertical forces on the
tip atoms that were not allowed to relax.
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