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a b s t r a c t

The structure and the low-energy phonon dispersion of graphene (Gr) on Ni(111) have been experi-
mentally investigated with helium atom scattering (HAS). The Rayleigh mode observed for Gr/Ni(111) is
almost identical to the one measured on clean Ni(111). The energy of the flexural ZA mode at the G point
was found to be ~20 meV, significantly lower than the value predicted by recent DFT calculations. The
HAS diffraction spectra reveal that the graphene layer has a three-fold symmetry, with a lattice constant
a ¼ (2.48 ± 0.02) Å and shows an effective step-defect scattering reduction when the Ni(111) is covered
with a graphene sheet. Gr/Ni(111) surface is a very efficient and inert mirror for He atoms, with a specular
reflectivity of ca. 20%. The predominant role of inelastic scattering in Gr/Ni(111) is revealed by analysis of
the diffraction spectra background and DebyeeWaller measurements.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Surface phonon dispersion curves are quite sensitive to inter-
atomic forces of adsorbed layers, including the adlayeresubstrate
interaction. In the case of graphene (Gr) adlayers, phonon spectra
can provide valuable information on the Gresubstrate bond
strength, the Gr bending rigidity and the existence of Kohn
anomalies. This is especially interesting in systems with a strong
Gresubstrate interaction, like Gr/Ni(111), where the Raman signal
is suppressed due to strong hybridization of the carbon bands with
the substrate. The Gr/Ni(111) system is a very good example of how
changes in the strength of the grapheneesubstrate interaction
modify the corresponding phonon dispersion curves [1]. This sys-
tem is characterized by graphiteelike phonon modes, which are
softened due to the Gresubstrate interaction [2,3]. This softening is
removed after intercalation of Ag or Cu underneath the Gr layer,
rendering surface phonon modes which look quite similar to those
of graphite [4,5].

In addition, and owing to its low misfit, Gr forms a (1 � 1)
structure on Ni(111) [6]. Therefore, it provides an excellent scenario
to test stateeofetheeart calculations of surface phonon dispersion
de la Materia Condensada,
ain.
curves, which are more difficult to perform in systems where Gr
forms moir�e superlattices, like Gr/Ir(111), Gr/Pt(111) or Ru(0001)
[7e12]. In a recent study, Allard and Wirtz reported LDAephonon
calculations for Gr/Ni(111) [13]. They obtained good agreement
with previous HREELS data [2,14], including the softening of the ZO
mode and the suppression of the Kohn anomaly at G and K. How-
ever, the data available so far were limited to phonon energies
above 40 meV, and therefore did not allow testing the performance
of the calculations in reproducing the loweenergy acoustical
modes. In case of strong Gresubstrate interaction, for instance,
hybridization of the loweenergy Gr flexural mode with the Ray-
leigh wave of the substrate is expected to occur, as reported for Gr/
TaC(111) [15] and Gr/Ru(0001) [16].

The loweenergy acoustic phonon dispersionmodes of graphene
fall in the range easily accessible to Helium Atom Scattering (HAS).
Because of the low energies employed (10e100 meV), neutral He
atoms probe the topmost surface layer of any material in an inert,
completely nonedestructive manner [17]. In this paper, we present
a HAS study of the structure and phonon dynamics of the Gr/
Ni(111) system. Inelastic HAS spectra are characterized by a
comparatively strong intensity from the Ni(111) Rayleigh wave
(RW). This is quite surprising, since Ni atoms are completely
screened out by the Gr sheet. This helps to explain the high specular
reflectivity observed (ca. 20%) to He atoms, suggesting the use of
Gr/Ni(111) as a focusing mirror in scanning He atom microscopy
[18e20].
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2. Experimental

The experiments were performed with a high resolution He
atom scattering (HAS) timeeofeflight (TOF) spectrometer,
described in detail elsewhere [21,22]. Essentially, the He atom
beam, produced in a high pressure free jet expansion of the gas, is
modulated by a rotating disk chopper for TOF measurements. The
helium atoms scattered from the sample, after travelling trough
three differentially pumped stages along the 1.7 m long drift tube,
are detected by means of a mass sensitive detector. The angle be-
tween incident and scattered beam, in a planar geometry, is fixed at
a total angle qSD ¼ qi þ qf ¼ 105.4

�
. The angular distributions are

measured by rotating the crystal by angle steps of Dqi ¼ 0.04
�

around a normal to the plane defined by the incident and the
outgoing beams. For the thermal attenuation (DebyeeWaller)
measurements reported in next section a second HAS system has
been also used. This apparatus enables determination of absolute
diffraction reflectivities by measuring directly the incident beam
intensity [23]. In both HAS machines, the beam energy can be
varied by changing the nozzle temperature. The beam energies
used in the current work were between 26 meV and 80 meV, with
the corresponding energy spread varying from 2.2% to 5%,
respectively.

The Ni(111) simple crystal used in the study is a disk with a
diameter of 8 mm and a thickness of 2 mm. The crystal was
mounted on the sample holder which can be heated by electronic
bombardment or cooled to 100 K using liquid nitrogen. Sample
temperature was measured with a C type thermocouple spot wel-
ded to the sample edge. Clean Ni(111) surfaces were prepared in
UHV by repeated cycles of ion sputtering (1.5 KeV
PAr x 1 � 10�5 mbar) and flash-annealing at ca 1400 K. After the
final annealing the sample was cooled down to 750 K and main-
tained there during exposure to ethylene at a pressure PC2H4

¼ 5�
10�7 mbar for 20 min. The cleanliness and azimuthal alignment of
the sample have been monitored by means of the analysis of HAS
angular distributions, as well as by low electron energy diffraction
(LEED). The inertness of the Gr/Ni(111) surface was checked by
monitoring the specular Heeintensity while dosing oxygen from
the background. Graphene-passivated samples exhibited a con-
stant Heereflectivity, even one week after sample preparation.
Fig. 1. Angular distribution of He scattering from Ni(111) (blue) and Gr/Ni(111) (black)
along the GM direction. The pink curve is a normalized 1/DK2 form factor. The incident
beam energy is Ei ¼ 66 meV and the surface temperature is 100 K. (A colour version of
this figure can be viewed online.)
3. Results and discussion

Fig.1 shows a comparison of He angular distributions from clean
Ni(111) and Gr/Ni(111) samples, measured at the same incident
beam energy Ei ¼ 66 meV and along the GM direction. Sharp
diffraction peaks and the high specular intensity indicate the ex-
istence of a well-ordered Ni(111) surface and the excellent quality
of the graphene monolayer. First order (1 0) and (10) diffraction
peaks are clearly visible from both surfaces; their appearance at the
same angular position for both systems confirms the formation of a
(1� 1) graphene layer. These peaks are an order of magnitudemore
intense in the case of Gr/Ni(111), indicating a higher surface
corrugation. The relative-to-specular intensity of the first order
diffraction peaks I01/I00 is 1.4% for Gr/Ni(111) and 0.02% for bare
Ni(111). Fitting these values using eikonal approximation gives the
corrugation values 0.07 Å and 0.009 Å for Gr/Ni(111) and Ni(111),
respectively. These corrugations agree well with the recently pub-
lished [24] 0.06 Å and 0.005 Å for Gr/Ni(111) and Ni(111), respec-
tively. The measured surface corrugation by HAS follows a surface
of constant total electron density at the classical turning point of
the He atoms [17] which, in turn, is a function of the He kinetic
energy [25]. In other words, He atomswith higher energies can take
a closer look at the surface where the charge density is more
corrugated. This can explain the slightly smaller corrugation values
obtained using a He beamwith energy 8meV [24] compared to our
data using 66meV. The angular position of the diffraction peaks
corresponds to a lattice constant a ¼ (2.48 ± 0.02) Å for Gr/Ni(111).
This means that graphene is stretched by ca. 1.6% compared to the
value (2.44±0.02) obtained also by HAS for Gr/Cu(111) [26] and by
0.8% compared to the periodicity of a single carbon layer in graphite
measured by x-ray diffraction 2.46 Å [27,28]. The specular reflec-
tivity of Gr/Ni(111) compared to the intensity of the directly
measured incident He-beam is I/I0 ¼ 20% at TS ¼ 100 K, Ei ¼ 28meV
and qi ¼ 60

�
, whereas, at the same conditions, the bare Ni(111)

reflectivity is 40%.
A quite remarkable result from the comparison of the spectra in

Fig. 1 is the observation of a sharper specular peak for the
graphene-covered substrate. By performing Gaussian fits to the
specular peaks, we obtained peak widths FWHM¼ 0.13

�
for Ni(111)

and FWHM ¼ 0.08
�
for Gr/Ni(111). The latter corresponds roughly

to the angular resolution of the instrument, revealing the extremely
high surface quality of the sample where the graphene sheet
softens the step edges of the substrate. The reduced FWHM value
obtained for Gr/Ni(111) can be further understood by investigating
the different shapes of the background measured from the two
samples. The form of the background is determined by inelastic
single- and multiephonon scattering as well as diffuse elastic
scattering by defects on the surface.

If the diffuse elastic contribution is from point defects wewould
expect to see a decay consistent with a 1/DK3 envelope, as opposed
to a 1/DK2 envelope expected for step edges normal to the sagittal
scattering plane [29]. The background of the bare Ni(111) surface
fits well an envelope of 1/DK2, indicating the importance of scat-
tering from step edges in the broadening of the specular peak. On
the other hand, the background of Gr/Ni(111) does not fit any of
these forms, but rather has a shifted Gaussian shape, which is well
explained by inelastic multiephonon scattering. To better illustrate
this effect we compare in Fig. 2 different angular distributions from
Gr/Ni(111) with different scattering conditions. When helium
atoms with a high incident energy (“hot particles”) hit a “cold
surface” as in the blue AD, they lose energy on average and thus the
background is higher on the energy loss side which is the phonon
creation direction (DK ¼ ki(sin(qf)�sin(qi)) > 0). Contrarily, when
cold particles hit a hot surface (green AD) they gain energy on
average and the background is shifted to DK<0. Otherwise, cold



Fig. 2. Angular distributions of He scattering from Gr/Ni(111) for different beam en-
ergies and surface temperatures. The horizontal axis has been normalized using Bragg
condition to give the change of parallel momentum DKjj(Å�1) relative to the reciprocal
lattice vector of graphene bGr(Å�1) to normalize the positions of diffraction peaks from
measurements with different incident energy Ei. (A colour version of this figure can be
viewed online.)
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particles hitting a cold surface and hot particles hitting a hot surface
(black and pink ADs) lose and gain energy with similar probabilities
and the background is more symmetric relative to the specular
peak [30,31]. This also can be noticed in the small asymmetry of the
background of the clean Ni(111) spectrum shown in Fig. 1. In
conclusion, the graphene layer on Ni(111) reduces elastic scattering
from step edges, while the lower surface mass results in increasing
the inelastic scattering through the Debye-Waller factor.
Fig. 3. Top view (a) and side view (b) of real and (c) reciprocal crystalline structure formed
atoms of the two sublattices. The equal unit cell of Gr and Ni(111) is indicated by orange.
symmetry directions, the spectrum colors correspond to the color of directions in c. The su
Fig. 3 shows the structure of the (1 � 1) graphene layer on
Ni(111) proposed by Gamo et al. [6] on the basis of LEED IeV
measurements. According to thismodel, a C atom (A) sits on top of a
Ni atom, and a second C atom (B) occupies a three-fold fcc hollow
site in Fig. 3aeb. These two inequivalent C atoms have a different
distance from the 1st Ni-layer Dd ¼ 0.05 Å [6]. DFT calculations for
the GreNi(111) bonding [32] showed that there is an electron
transfer of ~0.14 electrons per unit cell from Ni(111) to graphene
and that only the C atoms located directly above surface Ni atoms
accumulate electrons. This indicates that the two C atoms in the
graphene unit cell are not only topologically unequivalent, they also
have different electronic densities in their vicinities. Although the
fcc(111) surface and graphene both have sixefold symmetry, the
different positioning and interaction of the C atoms with the Ni
atoms results in a triangular rather than hexagonal surface and the
overall symmetry is reduced from C6 to C3. However, in principle it
is not clear if this small asymmetry could be detected by HAS, as the
He atoms are scattered by the surface electrons where their density
is of the order of 10�4 a.u. about 3 Å far from the topmost ion cores
[17].

Fig. 3d presents angular distributions recorded along the [112]
(blue) and [211] (black) high symmetry directions, equivalent to
GM in the reciprocal space shown in Fig. 3c. The different in-
tensities observed for the first order diffraction peaks in each
spectrum prove that, even at the low densities sampled by He
atoms, the Gr/Ni(111) surface exhibits a threeefold symmetry. This
asymmetry in the measurements is not a result of bad azimuthal
alignment of the Ni(111) crystal, as could sometime be the case. In
fact, for each spectrum shown in Fig. 3d the azimuthal orientation
has been adjusted to maximize the diffraction peak with the lowest
intensity even though this resulted in lowering the intensity of the
by graphene on Ni(111). Red and yellow circles correspond to the inequivalent carbon
(dee) Angular distribution of He scattering from Gr/Ni(111) along the two main high
rface temperature is 120 K. (A colour version of this figure can be viewed online.)



Table 1
Debye-Temperature values in K for Gr/metals, calculated using a surface effective
mass of 1 or 6C atoms.

System QD(1C) QD(6C)

Gr/Ru(0001) 1045 ± 2533, 1130 ± 507 408
Gr/Ni(111) 687 ± 12, 784 ± 1424 280
Gr/Cu(111) 412 ± 10 168
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other diffraction peak. Fig. 3e reproducesmeasurements performed
along [101], where the second order diffraction peaks (11) and (11)
are detected. This confirms the larger corrugation of Gr/Ni(111) as
compared to clean Ni(111) as well as the good quality of its long
range crystalline order.

More insight about graphene's interaction with the substrate
can be gained from measurements of the thermal attenuation of
the specular reflectivity, where the intensity of the reflected beam
I(T) is related to the incident beam intensity I0 by the Debye-Waller
(DW) factor [17]:

lnðIðTÞ=I0Þ ¼ �2WðTÞ ¼ �24m
�
Eicos2qi þ D

�
T

MkBQ
2
D

(1)

wherem andM are the atomic masses of the projectile and surface,
respectively, Ei and qi are the incident energy and angle of the beam,
kB is the Boltzmann constant, T is the surface temperature, D is the
well-depth of the projectile-surface potential and QD is the Debye-
temperature. Fig. 4a shows the thermal attenuation of He specular
intensity as a function of surface temperature for Gr/Ni(111), Gr/
Cu(111) [26] and Gr/Ru(0001) [33]. Previous and current data
except closed blue circles have been measured using the same HAS
system [23] which allows measuring the incident beam intensity
and thus the absolute reflectivity. The blue closed circles were
measured by the HAS-TOF spectrometer and the reflected intensity
was normalized by the absolute reflectivity measured in the other
HAS system at the same experimental conditions (ca. 20%). By
assigning the mass of one carbon atom to the atomic mass of the
surface, and D ¼ 15.7 meV to the surface attractive potential well
[34], we get a value of the Debye-temperature QD ¼ (687 ± 12) K,
which is intermediate between QD ¼ 1045 K for Gr/Ru(0001) [33]
and QD ¼ 412 K for Gr/Cu(111) [26]. On the other hand, using the
surface effective mass Meff ¼ 6 C reported for He scattering from
graphite [35], reduced QD values are obtained, as shown in Table 1.

Determination of the effective surface mass Meff and the surface
Debye temperature QD is still a matter of debate in rareegas atom
scattering [36]. For instance, an increased effective mass was used
to fit Ar and N2 scattering data from the Ru(0001) surface, whereas
this effect was not observed in other metal surfaces. This was
Fig. 4. (a) Thermal attenuation of Heespecular intensity for Gr/Cu(111) [26]
(Ei ¼ 28 meV, qi ¼ 60

�
) (green triangles), Gr/Ru(0001) [33] (Ei ¼ 32 meV,qi ¼ 60

�
)

(black diamonds) and Gr/Ni(111) (Ei ¼ 36.6 meV,qi ¼ 52.7
�
) (open and closed blue

circles). (b) Heespecular intensity dependence versus incident normal energy for Gr/
Ni(111). The data correspond to two different incident energies and a surface tem-
perature Ts ¼ 120 K. (A colour version of this figure can be viewed online.)
interpreted as due to the different layer stacking (fcc or hcp) of the
metallic surfaces investigated, whereby the mass increase in the
case of Ru(0001) is caused by Ru atoms in layers beneath the sur-
face [37]. Ar scattering from Gr/Ru(0001) has also shown that an
increased Meff is sensed by the scattered atoms [7]. The measured
Meff values are 230 and 281 amu for Ru(0001) and Gr/Ru(0001),
respectively. The higher Meff of graphene covered metals (mass
loading effect) also explains the softening of the RW branch of Gr/
Ru(0001) [16]. Additionally, the surface Debye temperature ob-
tained by HAS involves only the outeofeplane acoustic phonon
modes, since the optical phonons contribution is assumed to be
zero in the Debye model [30,38]. If we assume amass loading effect
in Gr/Ni(111) similar to that observed in Gr/Ru(0001), which is
reasonable due to the similar, strong grapheneemetal interaction
in both systems [9], then Meff is equal to 6 carbon atoms and 1
nickel atom, i.e. 131 amu. The choice of 6C atoms has been attrib-
uted to the stiffness of the CeC bond; in HOPG, the measured value
is Meff ¼ 72 amu [35]. It has been suggested that DebyeeWaller
attenuation measurements can be used as a probe of the graphe-
neesubstrate interaction [7]. However, using the value of QD

derived by using the effective mass of 1 carbon atom one can
deduce that the out-of-plane lattice vibration of Gr/Ru(0001) are
quite different from those of Gr/Ni(111). This is not the case, how-
ever, as proved by the phonon dispersion curves presented below.
The difference in the DW factor 2W(T) can thus be explained by
considering a difference in the effective mass of the surface which
appears in the DW factor multiplied toQD. A smaller effective mass
allows for amore efficientmomentum and energy transfer from the
impinging atoms to the surface, reducing its specular reflectivity.
Fig. 4b shows Heespecular scattering data as a function of incident
normal energy, measured at a fixed surface temperature Ts ¼ 120 K
and two different incident energies Ei ¼ 28 and 64 meV. The two
data sets exhibit quite similar slopes when represented in a log
scale, indicating that Heescattering from Gr/Ni(111) obeys normal
energy scaling, as expected from a lowecorrugated surface.

Fig. 5 shows representative time-of-flight (TOF) spectra con-
verted to energy transfer scale taken at different incident condi-
tions along the GM and GK directions, for Gr/Ni(111) and bare
Ni(111). Each spectrum has been fitted with multiple Gaussian
peaks. The diffuse elastic peak (shaded blue) has been taken as the
zero in the energy transfer scale. Multiephonon peaks (grey)
appear as broad features that dominate the energy exchange be-
tween He-atoms and the studies surfaces. Peaks corresponding to
the different phonon modes are labeled: Rayleigh Wave (RW),
Longitudinal Resonances (LR) and outeofeplane acoustic mode
(ZA). Each peak indicates a phonon energy, the corresponding
phononwave vector is calculated from a scan curve that gives DK as
a function of DE and the other experimental parameters [39]. Scan
curves are shown by black solid lines in each panel of Fig. 5. The
vertical axes show the values of the momentum transfer corre-
sponding to each scan curve; the intensities of the TOF spectra are
not shown as they are usually normalized for calculations. The
shape of the diffuse elastic peak is an indicator of the energy spread
of the He-beam. The width of this peak increases from 1 to 4 meV
when increasing the beam energy from 34 to 80 meV, so clearly a
lower incident energy is the best choice for resolving phonon



Fig. 5. Selected TOF spectra converted into energy exchange scale for Gr/Ni(111) (a, b and c) and bare Ni(111) (d); the intensity scale of the TOF spectra is not shown. TOF spectra
were fitted by multiple Gaussian peaks: diffuse elastic (blue shaded) and broad multiephonon peak (grey); the other peaks indicate phonon energy losses. Solid black lines
represent scan curves; the corresponding momentum transfer DK can be read from the vertical scale. Data points extracted from these spectra are indicated for Gr/Ni(111) (black
circles) and for Ni(111) (crossed blue diamonds). (A colour version of this figure can be viewed online.)
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modes with small energy differences, but a higher energy is
required to avoid the HAS intensity cutoff at large energy transfers
[40]. The intensity of the diffuse elastic peak decreases for higher
beam energies while the intensity of the multiephonon peak in-
creases; therefore, up to 6 h of data accumulationwere required for
Fig. 6. Surface phonon dispersion of Gr/Ni(111) along the GM and GK directions. Black circle
Dashed grey lines are ab initio calculations of the Gr/Ni(111) modes [13]. Blue circles are me
lines along GK for visual comparison. (A colour version of this figure can be viewed online
these measurements. Series of TOF spectra have been recorded
under different incident angles for various values of the incident
energy, ranging from 34 to 80 meV, and the surface temperature
(from 120 K to 400 K), in order to explore the acoustic phonon
dispersion curves of Gr/Ni(111) along the two main symmetry
s are current loweenergy data for Gr/Ni(111). Red circles: HREELS data from Refs. [2,14].
asured data of Ni(111) surface phonon dispersion in GM, which are mirrored as dashed
.)
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direction. TOF spectra presented in Fig. 5aec show two clear peaks:
the largest corresponds to the RWmode of the substrate, while the
smallest one belongs to the ZA mode of the graphene layer. The
dominant feature observed in the TOF spectra of clean Ni(111)
corresponds to the RWmode; the LRmodewas usually very hard to
detect since its energy falls in the bulkmodes' energy band. In some
cases, a peak originated in the bulk edge could be detected, as the
one close to the RW peak in Fig. 5d.

In this work, we have measured the loweenergy part of the
dispersion curves of the acoustic phonon modes for Gr/Ni(111) in
the GM and GK directions of the surface Brillouin zone (SBZ) and
the phonon dispersion of bare Ni(111) along GM. Fig. 6 shows the
measured data as black circles for Gr/Ni(111) and blue circles for
Ni(111); LR and RW dispersion have been determined experimen-
tally andmirrored to the GK direction as blue dashed lines for visual
comparison. For completeness, we have also included the low-
eenergy data measured by HREELS along GM [14] and GK [2] (red
circles) as well as results reported by ab initio calculations (dashed
lines) [13].

The most pronounced feature in the measured phonon disper-
sion is the presence of the same RWof Ni(111) up to half the SBZ in
the GM direction, where it undergoes a hybridization with the LR
mode. No hybridization between LR and RW modes was observed
for the bare Ni(111) surface. Also, a few data points of the LR mode
have also been detected in the Gr/Ni(111) measurements. Since the
He-phonon interaction is directly related to the electronephonon
coupling strength [41] and due to the strong CeNi bonding, it is not
surprising to detect the RW mode of the metallic substrate as has
been the case for Gr/Ru(0001) [16], although, unlike the latter no
data points of RW of Gr/Ni(111) could be measured in the second
half of the SBZ due to the momentum cutoff for out-of-plane vi-
brations at largewave vectors, and thus no information on themass
loading effect could be obtained from the phonon dispersion. Even
more surprising is the different behavior of RW along the GK di-
rection, where the data points appear at slightly higher energies.
We note that the sagittal plane is not a mirror symmetry plane for
the atomic displacements of the Shear Horizontal (SH) mode of
Ni(111) in the GK direction, and thus the coupling to the impinging
He-atoms' momentum to this mode is not forbidden by symmetry.
Only two data points corresponding to the LA mode have been
resolved along GM, while in the GK direction the large scattering of
the data points at ca. 20 meV near G could be a result of the avoided
crossing of the LA and ZA modes. Welleresolved peaks were not
obtained because the elastic scattering is dominated by the mul-
tiephonon scattering. The few resolved data points are in good
agreement with the dispersion curves measured by HREELS and
calculated for LA mode of Gr/Ni(111).

The major difference between Gr/Ni(111) and graphene con-
cerns the ZA branch, which does not go to zero forDK/0 due to the
symmetry breaking induced by the GreNi interplanar force con-
stants. Our data along the two symmetry directions, considering
also previously reported HREELS data [14,2], gives an energy of
~20meV for the ZA mode at the G point. This is close to the 16meV
reported for Gr/Ru(0001) [16], but it is much lower than the 30meV
reported by recent LDAephonon calculations [13]. The dispersion
of the ZA mode can be fitted (as shown by the green solid line in
Fig. 6) using [42]:

u
coupled
ZA ðDKÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k

r2D
DK4 þ u2

0

r
; (2)

where u0 ¼ g/r2D, r ¼ 7.6 � 10�8 g/cm2 is the two-dimensional
mass density of graphene; g is the coupling strength between
graphene and the substrate and k is the bending rigidity of the
graphene sheet. Fitting Eq. (2) to our data gives
g ¼ (7.15 ± 0.7) � 1020 N/m3 and k ¼ (0.43 ± 0.07) eV. These values
can be compared with the ones obtained for Gr/Cu(111) also with
HAS [26]: g¼ (0.57 ± 0.04)� 1020 N/m3 and k¼ (1.30 ± 0.15) eV. It is
clear that the grapheneeNi coupling is much stronger, and that the
graphene bending rigidity is reduced as a consequence of being
forced to follow the surface vibrations of the Ni atoms.

It is worth pointing out that the DFT calculations reported in
Ref. [13] of Gr/Ni(111) provide a good description of the optical
phonon branches, including the softening of the ZO mode and the
suppression of the Kohn anomaly observed by HREELS [2,14] along
GM. Actually, from the overestimation of the ZA/ZO gap at G and K
the authors of Ref. [13] concluded that their LDA calculations may
be overestimating the adsorption strength of graphene on the Ni
substrate. Our current results seem to confirm this view. Finally, the
fact that the lowest observed branch on Gr/Ni(111) is actually the
substrate RW accounts for the observed high specular reflectivity
(ca. 20%) to He atoms, and confirms that systems with a strong
Cesubstrate interaction are the best candidates to be used as
focusing mirrors in scanning He atom microscopy.

4. Conclusions

We have presented a helium atom scattering study of the
structure and acoustic phonon modes of graphene on Ni(111). The
lattice constant of graphene on Ni(111) determined from
Heediffraction spectra is a ¼ (2.48 ± 0.02) Å. A quite surprising
result is the observation of essentially the same Rayleigh mode on
both clean Ni(111) and Gr/Ni(111) surfaces. This is interpreted as
due to the strong CeNi bonding, which allows graphene to closely
follow the vibrations of the substrate Ni atoms. This finding pro-
vides an explanation for the high specular reflectivity (ca. 20%) of
Gr/Ni(111) to He atoms, suggesting its use as inert focusing mirror
in scanning He atom microscopy [18]. Finally, the energy of the ZA
mode at the G point was found to be ~20 meV, well below the
30meV reported by recent DFTcalculations [13]. It is hoped that the
present results will stimulate more accurate calculations of the
phonon dynamics of Gr/Ni(111).
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