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ABSTRACT: We report Ne atom scattering from clean
Ru(0001) and from Ru(0001) covered with a single layer of
graphene. For both systems, the quantum and classical regimes
are observed and analyzed. The quantum to classical boundary
is explored by varying both the surface temperature and the
incident Ne kinetic energy. The classical smooth surface model
is used to perform theoretical simulations in order to
reproduce the angular distributions in the classical regime
and determine the effective surface mass and hence allow
determination of the Debye temperature. The theoretical
calculations, in agreement with experiments, predict angular
distributions that are subspecular at low energies and shift to
supraspecular with increasing incident energy. The energy-resolved spectra in the classical regime exhibit only a single and
somewhat broad multiphonon peak, but this peak persists into the regime where quantum features are also observed; thus care
must be taken to avoid misinterpretation of the multiphonon background peak as a single phonon feature.

I. INTRODUCTION

The employment of rare gas scattering to investigate the
structural and dynamical properties of surfaces is a well-
established technique.1,2 The use of heavier projectiles is in
many cases unfavorable in atom scattering experiments.
However, Ne atoms have been shown to be very sensitive to
the surface structure when the incident energy and the surface
temperature are in the neighborhood of room temperature or
smaller.3−5 In fact, Ne scattering presented larger corrugation
amplitudes than those obtained with He atoms.6−9 This higher
sensitivity makes the Ne atom beam an interesting candidate to
be used as a probe in neutral atom microscopy,10−13 in addition
to its usage in fundamental studies. Investigation of the
Ru(0001) surface by means Ne and Ar scattering in the
quantum domain has already been reported in the past.14 These
early studies confirm how a normal corrugation effect is
observed with Ne, whereas anticorrugating effects are present in
the cases of He and Ar.
Furthermore, Ne being a heavier rare gas than He readily

allows the study of the scattering in the classical regime by
increasing the incident beam energy or the surface temper-
ature,15 permitting exploration of the decoherence mechanism
in atom diffraction from surfaces.16,17 A recent study by
Shichibe et al.18 demonstrated that using quantum and classical
rare gas (He, Ar, Xe) atom scattering from graphene on metal

substrates, it is possible to quantify the graphene−substrate
interaction in terms of Debye temperature. However, the
behavior of Ne scattering from metal and graphene-terminated
metal has not yet been thoroughly investigated in both the
quantum and classical domains in a systematic manner
providing angular distributions and time-of-flight measure-
ments.
In this work we use Ne scattering to explore the quantum

boundary, i.e., the transition between the coherent quantum
regime and the incoherent classical regime, on two different
surfaces, Ru(0001) and graphene-covered Ru(0001). For the
first time a systematic study of Ne atom scattering from solid
surfaces has been performed in the classical regime, recording
both angular distributions and time-of-flight spectra.
The Ne scattering measurements carried out in the classical

regime are analyzed with a classical theory of heavier rare gas
scattering, called the smooth surface model (SSM).19−23 The
comparison between the theoretical and experimental data
enables an evaluation of the effective surface mass as seen by
the Ne projectiles in the collision.
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This work also measures the surface Debye temperature of
Ru(0001) using a combination of measurements in the
quantum and classical regimes. Knowledge of the surface
effective mass obtained in the classical regime, combined with
quantum mechanical measurements of the Debye−Waller
attenuation of the specular diffraction peak, allows for an
unambiguous determination of the surface Debye temperature.
In addition, the behavior of the peak position and spectral

shape of the angular distributions has been explored as a
function of the incident beam energy by comparison of
experiment with calculations. Finally, in the classical regime
where no evidence of quantum features is detected, energy-
resolved scattering spectra exhibit only a single broad
multiphonon peak, similar to the situation reported previously
for Ne scattering on Ni(111).24

II. EXPERIMENTAL SECTION

Ne scattering measurements were carried out in two different
ultrahigh vacuum (UHV) chambers designed for atom
scattering located at LASUAM (Laboratorio de Superficies de
la Universidad Autońoma de Madrid). The first chamber
contains a Thermal Energy Atomic and Molecular Scattering
(TEAMS) apparatus which enables determination of absolute
diffraction reflectivities. The angular distribution of scattered
atoms, taken for fixed incident angle θi and variable final angle
θf, is recorded with a detector that is a quadrupole mass
spectrometer mounted on a two-axis goniometer which can be
rotated 200° within the X−Y plane and 15° out-of-plane.25

With the target crystal moved out of the incident beam, the
detector can be moved to receive directly the incident beam,
thus permitting measurements of absolute reflection intensities.
The second setup is a high-resolution helium atom scattering

apparatus with a time-of-flight arm (HAS-TOF) and a fixed
angle of 105.4° between incident and outgoing beams.26,27 The
angular distributions of diffracted beams are measured by
continuous rotation of the crystal with angular steps of Δθi =
0.04° around a normal to the plane defined by the incident and
the outgoing beams. After scattering, Ne particles travel
through three differentially pumped stages along a 1.7 m long
time-of-flight drift tube, where they are detected by means of a
mass-sensitive detector. At fixed angles the time-of-flight
capability allows measurements of energy-resolved spectra.
The energy resolution is about 0.5 meV.
In both systems the Ne beam is generated by introducing the

Ne gas from a 60 bar reservoir into a high vacuum chamber
(10−6 mbar) via a 10 μm platinum nozzle. The incident beam
energy can be varied in the TEAMS apparatus between 18 and
151 meV by regulating the nozzle temperature, with the
corresponding energy spread varying from 2 to 14%,
respectively, and similarly in the TOF machine up to a
maximum of 92 meV. The angular resolution of the TEAMS
apparatus is 1°, whereas that of the HAS-TOF apparatus is
0.13°.
The sample employed in this study is a Ru(0001) single

crystal disk 2 mm thick with a diameter of 10 mm. Clean
Ru(0001) surfaces were prepared in UHV by cycles of ion
sputtering (1 keV PAr ≃ 2 × 10−5 mbar), followed by oxygen
exposures at 1150 K plus final flashes up to 1500 K. In both
chambers, surface cleanliness and order were ensured by
frequent monitoring of the angular distribution in the
neighborhood of a specularly reflected He beam as well as
through low energy electron diffraction (LEED) measurements.

In order to obtain a graphene surface on the clean Ru(0001)
substrate, the sample was heated to 1100 K and maintained
there during exposure to ethylene at pressure PC2H4

= 5 × 10−6

mbar for 10 min with subsequent slow cooling in UHV.28−30

The target temperature was measured with a type-C
thermocouple spot-welded to the sample. The angular
distributions presented in this work were measured after
aligning the sample along the ΓM direction of Ru(0001), both
on clean Ru(0001) and for graphene (Gr) on Ru(0001).

III. THEORETICAL METHOD
In the classical regime and for a potential energy surface that is
flat except for small thermal vibrations, the smooth surface
model (SSM) holds.19−23 The transition rate w(pf,pi) for an
atom with incident momentum pi to be scattered into a final
state with momentum pf is

19

π
τ

π

∝
Δ

| |

−
− + Δ +

Δ

⎛
⎝⎜

⎞
⎠⎟

w
k T E

E E E v
k T E

p p

P

( , )
1

(4 )

exp
( ) 2

4

f i
B 0

3/2 fi
2

f i 0
2

R
2 2

B 0 (1)

where ΔE0 = (pf − pi)
2/2M is the recoil energy, M is the

effective mass of the surface, T is the surface temperature, Ei
and Ef are the initial and final energies of the atom, vR is a
weighted average of phonon velocities parallel to the sur-
face,31,32 and P is the surface-parallel component of the
scattering vector pf − pi. The scattering form factor |τfi|

2 is the
mod-squared transition matrix of the interaction potential. As
in other studies using the SSM, it is approximated by its value
for the potential of a hard repulsive wall, τfi ∝pfzpiz.
The expression which, in principle, should be compared with

the energy-resolved inelastic spectra measured here is the
differential reflection coefficient or intensity as a function of the
final solid angle and final kinetic energy dR(pf,pi)/dEf dΩf
which is obtained from the transition rate upon multiplying by
a Jacobian which is proportional to |pf| and dividing by the
incident flux which is proportional to piz. However, there is a
correction that must be applied due to the energy dependence
of the detectors. The detector efficiency is proportional to the
time that the final scattered particle takes to pass through the
ionization chamber, which is inversely proportional to the final
momentum. This means that, for comparisons with the present
experiments, the theoretical differential coefficient should
multiplied by the detector correction factor of 1/pf.
The quantity to be compared with the measured angular

distribution intensities is
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where the factor 1/pf is the detector correction and p0 is an
arbitrary constant having dimensions of momentum.

IV. RESULTS AND DISCUSSION
A. Quantum Decoherence of Diffraction. Figure 1a

shows angular distributions of Ne atoms scattered from a clean
Ru(0001) surface for an incident beam energy Ei = 64 meV,
measured with the TEAMS apparatus. The attenuation of the
specular peak with increasing surface temperature is readily
observed. Ne scattering allows a clear visualization of the
transition from the quantum to classical regimes. The black
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spectrum, corresponding to a surface temperature of 90 K,
exhibits an evident elastic peak, but no other diffraction
features. With increasing surface temperature, the intensity of
the specular peak decreases and the background, due to
inelastic scattering, begins to dominate (green and cyan
spectra). At the highest surface temperature, only a broad
classical peak is observed (magenta spectrum), and it presents a
most probable final angle (peak position) that is shifted
subspecular with respect to the specular diffraction position.
A detailed study of the behavior of the scattering as

independent functions of the incident angle and incident
energy has not been carried out, but the transition from
quantum mechanical to classical behavior occurs at lower
temperatures as both the incident angle is increased toward
normal and as the incident energy is increased. An example is
exhibited in Figure 1b, where four spectra have been collected

at different surface temperatures, for a fixed nozzle temperature
of 700 K corresponding to an incident energy of the Ne beam
of 151 meV, and for an incident angle of θi = 30°. The existence
of low-intensity, but well-resolved (1 ̅, 0) and (1,0) diffraction
peaks can be seen in the lowest temperature (black curve)
spectrum. This is the fingerprint of the existence of well-
ordered Ru(0001) domains and of the quantum nature of
scattering under these conditions. The angular position of these
peaks allows us to derive the lattice constant, a = 2.70 ± 0.02 Å,
which agrees well with the value obtained by scanning
tunneling microscopy (STM)33 and density functional theory
(DFT)34 for clean Ru(0001). The absence of similar first order
diffraction peaks in Figure 1a appears to be due to a smaller
relative corrugation observed by the Ne under the conditions of
smaller energy and larger incident angle. When the temperature
is raised to 330 K, slightly above room temperature, the elastic
peak decreases and almost disappears and the broader inelastic
contribution begins to dominate (red spectrum). At this
temperature the situation is in the transition region between
quantum and classical behavior. Note that for Ei = 64 meV and
θi = 60° this transition situation happens at a higher
temperature (820 K, blue spectrum in Figure 1a). At
temperatures of 1100 K and higher the system has fully
transitioned into classical scattering and only a broad
multiphonon foot is observed. Also in this case an asymmetry
in this inelastic background is observed as well as a subspecular
shift of the peak position. However, this shift of this classical
peak to the left of the specular position is distinctly less than
that observed at a similar temperature for the lower energy case
of Figure 1a.
Similar results were also obtained for Ne scattering from the

Gr/Ru(0001) surface. Figure 2 shows several angular
distributions of Ne atoms scattered from Gr/Ru(0001) taken
at different surface temperatures from 90 to 980 K. The data in
Figure 2a were recorded for a fixed incident angle θi = 40° and
incident energy of 43.1 meV. The existence of well-ordered
domains can be appreciated in the black spectrum, where
diffraction peaks are clearly observed and their intensity has the
same order of magnitude as the specular peak. These peaks are
a convolution with the moire ́ superstructures resulting from the
mismatch of the lattice constant of the two surfaces, Ru(0001)
and Gr/Ru(0001). The positions of the diffraction peaks close
to the specular peak correspond to the 11th order of the Gr
moire ́ pattern and are labeled with m(−11,0) and m(11,0).
They are ascribed to a periodicity of the moire ́ lattice of 30
Å.33,35

The very large intensity of the m(11,0) and m(−11,0) peaks
in Figure 2a at the temperature of 90 K is not surprising as this
phenomenon has been observed previously for He atom
scattering from Gr/Ru(0001)36 and from Gr/Al2O3.

37 In the
previous case for He atom scattering the very strong m(11,0)
diffraction peak matches nearly exactly the positions of the
(1,0) peak of the clean Ru(0001) or Al2O3, respectively.
However, as shown in Figure 2b, when the incident angle is
increased, the positions of the diffraction peaks match with the
first order of the Gr pattern. By using the in-plane Bragg
diffraction condition for a hexagonal two-dimensional structure,
the derived value of the lattice constant of Gr on Ru(0001) is a
= 2.46 ± 0.02 Å, identical to that reported for Gr/Ru(0001),33

and agrees well with 2.4612 Å, the periodicity of a single carbon
layer in graphite.39

As opposed to the situation for clean Ru(0001) in Figure 1,
the two incident angles shown for the Gr/Ru(0001) system in

Figure 1. Attenuation of the specular peak with increasing surface
temperature of the Ru(0001) sample measured at two different
incident energies and angles: (a) incident beam energy Ei = 64 meV
and θi = 60°; (b) incident beam energy Ei = 151 meV and θi = 30°.
The vertical dashed line denotes the specular position.
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Figure 2 are similar: 40° for the incident energy of 43.1 meV
and 50.5° for 151 meV. This allows for a much clearer
comparison of the effect of increasing the incident energy on
the transition from quantum to classical behavior. At the larger
incident energy shown in Figure 2b, this system makes the
transition from quantum to classical at lower surface temper-
ature. The specular and the diffraction peaks of Gr were
detected only up to 150 K (magenta spectrum), due to the
strong attenuation caused by the Debye−Waller effect and the
high corrugation of Gr on Ru(0001). Also for this system broad
and asymmetric peaks centered at subspecular final angles were
detected for temperatures above room temperature. The value
of the peak shift in this range of temperatures is strongly
dependent on the translational energy of the beam. Similarly to
the case of clean Ru(0001), the shift of the spectra for Gr/

Ru(0001) is more pronounced for the lowest incident energy. If
the incident energy is raised to 151 meV, the most probable
angle is very near the specular angle (see Figure 2b).

B. Surface Debye Temperature. Measurements of the
thermal attenuation of the reflected beam provide information
on the nature of the scattering, for example, whether it is
quantum mechanical or classical, and can give an estimate of
the surface Debye temperature. The intensity I(T) of a
diffraction peak for a surface at a given temperature T is related
to its value I0 that it would have for a frozen lattice completely
at rest by the relation1

= −I T I( ) e W T
0

2 ( )
(3)

where exp{−2W(T)} is the Debye−Waller factor. A standard
procedure is to evaluate the Debye−Waller exponent using a
Debye model for the phonons at the surface, and then for
sufficiently large T and for the specular diffraction peak one
obtains

θ
=

+
Θ

W T
m E D T

Mk
2 ( )

24 ( cos )ii
2

B D
2

(4)

where m is the mass of the impinging atoms, D is the potential
well depth, kB is Boltzmann’s constant, and ΘD is the surface
Debye temperature. The appearance of the physisorption well
depth D added to Ei cos

2 θi, the energy associated with motion
normal to the surface, accounts for the larger energy of the
atomic projectile as it moves in the well.38

The typical way of evaluating the Debye temperature ΘD is
through evaluation of 2W(T) over a range of temperatures.
However, this is impractical for the system of Ne scattering
from Ru because, as is evident from Figure 1, at high
temperatures the specular peak is completely attenuated and
disappears while at lower temperatures the surface is rapidly
contaminated, most likely with adsorption of residual hydrogen
in the vacuum chamber. At the lower temperatures, during the
time needed to achieve a stable temperature, the reflection will
be affected by varying degrees of contamination. For this reason
we choose to obtain similar information from the incident
normal energy dependence of the specular beam at fixed
temperature as shown in Figure 3, which exhibits logarithmic
attenuation plots for both He and Ne scattering from

Figure 2. Attenuation of the Ne specular peak with increasing surface
temperature for Gr/Ru(0001), measured at two different incident
energies and angles: (a) Ei = 43.1 meV and θi = 40°; (b) Ei = 151 meV
and θi = 50.5°. Note that the quantum features are lost when the
surface temperature is increased and the maximum of the classical peak
is shifted toward subspecular positions. The specular position is
marked by the vertical dashed line.

Figure 3. Comparison of the thermal attenuation of the specular peak
between He (red diamonds) and Ne (blue circles) scattered from
Ru(0001). The specular intensity is represented as a function of Ei cos

2

θi. The surface temperature of Ru(0001) is maintained at 200 K for the
He measurement and at 90 K for Ne.
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Ru(0001). The Ru(0001) surface temperature was fixed at 90 K
in the measurement of Ne scattering and at 200 K in the
measurement of He scattering. The values used for D are 13
meV for He and 22 meV for Ne.28 By taking angular
distributions as functions of the incident angle, once the
incident energy has been set, more accurate and controlled
measurements are possible. Before recording each angular
distribution, a flash-annealing was made in order to ensure the
cleanliness of the surface, and when the thermocouple marked a
fixed temperature value, the measurements were started. In this
way, the same experimental conditions for each spectra were
assured. The logarithmic Debye−Waller attenuation of the
specular peak for scattering of He atoms at a temperature of

200 K (red curve) and for Ne at 90 K (blue curve) from
Ru(0001) is shown in Figure 3 as a function of Ei cos

2 θi. The
experimental points are the intensity of the quantum
mechanical specular diffraction peak only. The intensity I is
the area of a Gaussian fit to the specular peak after subtracting
off the background, in a manner similar to that applied
previously to the scattering of He atoms from graphite.41 This
was then normalized to the intensity of the direct incident
beam, denoted by I0. According to eqs 3 and 4, the logarithmic
plot of the normalized intensity versus Ei cos

2 θi gives rise to a
linear decrease in the logarithmic plot, and from the slope one
obtains the product MΘD

2. Thus, if the effective mass is known
an evaluation of the Debye temperature can be made. Previous

Figure 4. (left panels) Comparison of the angular distributions for Ne scattering from Ru(0001) (a and c) and Gr/Ru(0001) (e and g) between
experimental data (shown as blue points) and calculations (solid curves). Vertical arrows denote the specular position. (right panels) Most probable
final angle as a function of incident energy for Ne scattering from Ru(0001) (b and d) and from Gr/Ru(0001) (f and h). Calculations of the most
probable final angle for the angular distributions, shown as solid curves, predict subspecular scattering at low energies, shifting to supraspecular
scattering at higher energies.
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work on heavier rare gas scattering from Ru(0001) suggests
that a large effective mass needs to be considered,
approximately 2.5 times the mass of a single Ru atom (M =
253 amu).40 If such a mass is assumed, the surface Debye
temperature is 288 ± 20 K for He/Ru(0001) in close
agreement with the value of ΘD = 295 ± 10 K for the first
layer of Ru(0001) measured by Ferrari et al. using core-level
photoelectron spectroscopy.42 These values are to be compared
with the accepted bulk room temperature value of 415 K.43 For
Ne using this same effective mass the surface Debye
temperature would be 505 ± 20 K. This value for Ne is clearly
too large, implying that the effective surface mass should be
larger for Ne. To have the same ΘD as found for He, an
effective mass of approximately 8 Ru atoms (809 amu) would
need to be assumed.
However, the problem of independently measuring the

effective mass can be resolved by making measurements in the
classical regime of high incident energies and large surface
temperatures. As shown in eq 1, in the classical regime all
quantum diffraction is completely attenuated, and what remains
is a broader inelastic distribution which is the consequence of
large numbers of phonon excitations. This classical intensity of
eq 1 depends on the effective mass M through the recoil energy
ΔE0, but does not depend on the Debye temperature. The
physical reason why the Debye temperature does not appear is
because in the classical regime so many phonons are transferred
that the nature of the phonon distribution becomes
unimportant; i.e., basically any reasonable distribution of
phonons at the surface will lead to a result similar to eq 1.
The value of the effective mass M for Ne atoms scattering

from clean Ru(0001) was chosen as the mass of 8 Ru atoms as
mentioned above. This choice was based on fits of the SSM
theory to the full widths at half-maximum (fwhm’s) of the most
basic measurements, i.e., the energy-resolved spectra such as
shown in Figure 5. Although the choice of 8 Ru masses for the
effective surface mass can be considered as only approximate, it
gives reasonable predictions for the fwhm’s of the energy-
resolved spectra as discussed below in connection with Figure
6. This choice also gives quite reasonable fits to the less basic
energy-integrated angular distributions such as shown in Figure
4. However, it must be verified that use of the classical SSM
model of eq 1 is valid. As stated above, the nature of the
thermal attenuation can be used to indicate when a particular
scattering system is in the classical regime. If the exponent
2W(T) is sufficiently large, then the Debye−Waller factor
becomes so small that all quantum effects such as diffraction are
suppressed and what remains is a classical scattered spectrum.
Thus, in order to evaluate the effective mass M in the classical
regime, what is necessary is to be assured that 2W(T) is
significantly larger than unity. As an example, for Ne impinging
with an incident energy Ei = 64 meV, on a clean Ru(0001)
surface, the value of 2W(T) calculated using eq 4 at the
specular position and at a surface temperature of 1100 K ranges
from 4 (corresponding to θi = 60°) to 6 (corresponding to θi =
30°). Thus, even for the rather large effective mass equal to that
of 8 Ru atoms, all of the measurements taken at temperatures as
large as 1000 K have values of 2W that are greater than 1,
although not necessarily much greater than 1. Nevertheless,
even though the value of 2W in these experiments is not always
much greater than unity, it is sufficiently large that the SSM of
eq 1 can be expected to supply at least a reasonable qualitative
prediction of the scattering behavior.

The physical meaning of an effective mass is that it indicates
the approximate number of atoms that the incoming Ne
interacts with in the collision. The value of approximately 8 Ru
atoms found here is somewhat larger than the value previously
found for Ar scattering from Ru(0001) which was, as indicated
above, approximately 2.5 Ru atoms.40

With the independent evaluation of the effective mass M, the
Debye temperature measured through Ne scattering is
determined to be about 282 K. This is a bit smaller, but still
in reasonable agreement with the value of 295 K for the
outermost layer of Ru(0001) as measured by core-level
photoelectron spectroscopy.42

C. Scattering Behavior in the Classical Regime. The
left-hand column of Figure 4 shows a series of angular
distributions measured on the TEAMS machine with fixed
incident angle as marked, and plotted as a function of total
scattering angle θi + θf between the incident beam and detector
position. Figure 4a shows an angular distribution taken with an
incident energy of 151 meV, an incident angle of 60°, and a
surface temperature of 1100 K. All spectra were recorded along
the ΓM direction of the Ru(0001) substrate. Ne scattering from
Ru(0001) exhibits a broad and symmetric peak centered at the
total final scattering angle of approximately 119°. The
calculation is shown as a solid line, and it was carried out
assuming, as stated above, an effective mass of 8 Ru atoms. The
value of vR used in the simulation is 2500 m/s. Under these
conditions, the experimental spectrum is well reproduced by
the SSM. Figure 4b shows the most probable final angle θfMP as
a function of incident energy for Ne scattering from Ru(0001)
for the same fixed conditions of θi = 60° and TS = 1100 K. The
experimental points fall close to the calculated curve with the
exception of the single outlying point at Ei = 100 meV. Figure
4b shows that for incident energy less than approximately 450
meV the most probable final angle is predicted to be
subspecular. However, if the incident energy is raised to
about 450 meV, the most probable angle is very near the
specular angle, and for larger energies it is predicted to become
supraspecular. Whether the angular distribution peaks are
predicted to be subspecular or supraspecular depends primarily
on the incident energy and angle. Calculations indicate it is not
strongly dependent on other parameters such as the effective
surface mass. For this reason, it is quite interesting to
investigate this behavior for different angles of incidence θi.
Figure 4c presents data recorded at a smaller incident angle, θi
= 45°, but otherwise with similar experimental conditions, Ei =
151 meV and TS = 1200 K. The experimental spectrum consists
of a somewhat sharper peak than the one measured for θi = 60°,
at a final total angle of approximately 90°. Furthermore, the
experimental points present a visible asymmetry with respect to
the peak maximum. This shoulder is well reproduced by the
SSM, as shown in the solid curve. As shown in Figure 4d, the
tendency of the most probable final angle as a function of the
incident energy is also predicted. The behavior is similar to the
one previously observed for θi = 60°, but the predicted recovery
energy, i.e., the incident energy at which the most probable final
angle is at the specular position, decreases to about 400 meV.
Similar results were also obtained for Ne scattering on the

Gr/Ru(0001) surface, as shown in Figure 4e−h. Figure 4e
shows angular distribution data for Ne scattering from
graphene covered Ru(0001) at an incident energy of 151
meV, at a surface temperature of TS = 1000 K, and for an
incident angle of θi = 50.5°. The calculation using an effective
mass M = 8 Ru atoms and the same value of vR = 2500 m/s
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taken for the clean Ru(0001) surface is shown as a solid curve.
The most probable final angle is well reproduced by the
calculation, but the spectral shape of Ne scattering from Gr/
Ru(0001) is not as well reproduced by the SSM. The tail of the
experimental data appears with a noticeable asymmetry with
respect to the peak maximum, even to the point of suggesting
the presence of two peaks. The same effect has been observed
for Ar scattering on Gr/Ru(0001) by Shichibe et al., where it
was explained with a stronger bond in the valley of the Gr
moire ́ corrugation with respect to that in the region of the hill.
This effect could be reproduced with two different effective
masses, one corresponding to the tightly bound regions of
graphene and a smaller effective mass associated with the more
loosely bound moire ́ “hill”.18 Figure 4f presents how the most
probable final angle changes as a function of the incident
energy in the same experimental conditions for the angular
distribution in Figure 4e. From the comparison of the
experimental points with the calculations, it is evident that
the dependence of the most probable final angle is well
reproduced by the theory. As pointed out in a previous section,
Ne scattering from Gr/Ru(0001) presents a shift to the
subspecular angle more pronounced than the one presented in
Ne scattering on Ru(0001). This behavior can also be seen
from the spectrum in Figure 4g, taken at a lower incident
energy, Ei = 43.1 meV. Also in this case a clear asymmetry in
the shape of the peak at supraspecular angles is evident. The
SSM calculations shown as a solid curve qualitatively explain

the subspecular position, as shown in Figure 4h, where the
theoretical calculations predict subspecular scattering at low
energies, that shift from subspecular to supraspecular with
increasing incident energy.
As mentioned above, both the parameter vR and the effective

mass are the same for clean Ru(0001) and graphene covered
Ru(0001). This implies that the changes in the phonon
spectrum introduced by the graphene monolayer do not
appreciably change the multiphonon energy transfers in the
classical collisions with Ne projectiles.
This subspecular to supraspecular shift as a function of

energy in the angular distributions is apparently caused by a
subtle shift in the fractional momentum transfers parallel and
perpendicular to the surface. For collisions at low incident
energies the fractional momentum transfer is larger in the
perpendicular direction. At the recovery point, when the most
probable final angle is at the specular position, the fractional
momentum transfers in the parallel and perpendicular
directions are equal. At larger incident energies the fractional
momentum transfer in the parallel direction becomes dominant
and the most probable final angle shifts to become supra-
specular.
As stated above, the calculations of the peak shift in the right-

hand panels of Figure 4 are only weakly dependent on the
choice of effective mass. For example, if in Figure 4b,d the
effective mass is increased to 12 Ru masses the calculated curve
comes slightly closer to the experimental data, while if M is

Figure 5. Time-of-flight spectra, converted to an energy-transfer scale, for Ne scattered from Ru(0001) at incident energies ranging from 70 to 96
meV and temperature T = 1000 K. The values of the incident angle Δθi relative to the specular position are −2 and 2° as noted. The theoretical
calculations, normalized to the data at each energy, are presented as black dashed curves, using an effective mass M = 8 Ru and a value of 2500 m/s
for vR.
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taken to be 4 Ru masses the agreement is significantly worse. In
both cases the recovery temperature is almost unchanged.
However, with either the smaller or larger value of M the
calculated energy-resolved spectra such as in Figure 5 become
significantly worse. As stated above, our choice of approx-
imately 8 Ru masses for the effective mass was based mainly on
the widths of the energy-resolved spectra such as shown in
Figure 5. This is because the energy-resolved spectra are the
measurements that provide the most detailed information on
the collision.
D. Time-of-Flight Measurements. Energy-resolved spec-

tra were taken on the HAS-TOF apparatus with a fixed source-
to-detector angle of 105.4°, and a series of representative
results, converted from time-of-flight to energy transfer ΔE is
presented in Figure 5. This series of TOF spectra was recorded
by scattering Ne atoms on the clean Ru(0001) surface for three
incident angles, Δθi = −2, 0, and +2°, relative to the specular
position. For each incident angle, three different high surface
temperatures were used at 750, 800, and 1000 K. The incident
energies range from Ei = 70 to 91 meV, as marked in Figure 5.
These spectra are characterized by the absence of quantum
coherence features such as single-phonon or diffuse elastic
peaks, as also observed for Ne scattering from the Ni(111)
surface at 420 K.24

Theoretical calculations using the smooth-surface model are
represented in Figure 5 as black dashed lines, using the same
effective mass M = 8 Ru atoms and vR = 2500 m/s as for the
angular distributions. For each energy, the calculations were
normalized to the data at the maximum of the corresponding
experimental spectrum. The calculations show qualitatively the
same general shape and width as exhibited by the data, although
the calculations show consistently a shift of about 5 meV
toward smaller final energies. The widths of the calculated
peaks are quite sensitive to the chosen value of the effective
mass, and this was the principal basis for the choice of taking M
to be approximately 8 Ru atomic masses. The peak position of
the calculations is rather insensitive to the effective mass and is
essentially unchanged if M is either increased or decreased by
the mass of 4 Ru atoms. For example, for Ei = 80 meV and Δθi
= 2° the peak position decreases by only 0.08 meV if the
effective mass is taken to be 4 Ru atoms and increases by 0.07
meV if the mass is increased to that of 12 Ru atoms. On the
other hand, the respective changes to the widths are significant.
The smaller mass of 4 Ru atoms increases the 15 meV fwhm
shown in Figure 6 by 4 meV, and the larger mass of 12 Ru
atoms causes it to decrease by 3.5 meV. The insensitivity of the
peak position to the effective mass is contrary to what would be
predicted by a hard sphere collision model, where if the mass M
were assigned to the target sphere the Ne projectile would lose
less energy as M increased. This behavior appears to be due to
the fact of the large angle of 105.4° between the incident beam
and the detector direction. The discrepancy of roughly 5 meV
in peak position between calculations and measurements may
be a consequence of the experimental conditions not being fully
into the classical regime. As discussed above, for these
conditions the Debye−Waller exponent 2W is larger than
unity, but not necessarily always much larger; thus the classical
theory is not clearly applicable and may give only qualitative
behavior.
Although the measured peak positions cannot be made to

match the SSM theory, the shapes and widths of the broad
peaks are similar. The widths increase with both temperature
and incident energy, and this is exhibited in Figure 6, in which

the fwhm’s are shown as a function of energy for the two
incident angles of Δθi = 2° and Δθi = −2° measured relative to
the specular position. The theory predicts the fwhm’s
reasonably well, particularly for Δθi = 2°.
The classical multiphonon peaks such as exhibited in the

inelastic spectra of Figure 5 can persist even at low
temperatures and incident energies where quantum features
such as diffuse elastic peaks or single surface phonon peaks can
be observed. It has recently been shown, if care is not taken,
that it is possible to misinterpret multiphonon features as being
single-phonon peaks.24 Figure 7 shows how the classical
multiphonon peaks in Figure 5 can appear as an anomalous
single-phonon dispersion curve. Plotted in Figure 7 is the
energy transfer ΔE as a function of the parallel momentum
transfer ΔK. In an atom−surface scattering event involving
excitation of a single surface phonon of frequency ω(ΔK), the
conservation law for energy is Ef − Ei = ℏω(ΔK) and
conservation of parallel momentum demands that Kf − Ki =
ΔK, where ℏKf and ℏKi are the final and initial parallel
momenta of the atom, respectively. Combining the two
conservation laws results in a quadratic equation for ΔE =
ℏω(ΔK) as a function of ΔK which is called the scan curve. For
a given set of initial conditions, meaning incident energy and
angle, only surface phonons with both ΔE = ℏω(ΔK) and ΔK
lying on the scan curve can be observed. By systematically
varying either the incident energy or angle, complete dispersion
curves for all surface phonons can be mapped onto a graph
such as in Figure 7. In Figure 7, for the fixed incident angles of
Δθi = −2, 0, and +2°, the solid curves with colors
corresponding to different incident energies as indicated are
the respective scan curves. The experimental data points, shown
as blue diamonds, are positioned on each scan curve at the
energy equal to the most probable final energy (peak position)
of the corresponding energy-resolved spectrum such as in

Figure 6. Comparison between experimental and theoretical fwhm’s of
time-of-flight spectra converted to the energy-exchange domain as a
function of the incident energy. Two different incident angles Δθi = 2
and −2° relative to the specular position are shown. The surface
temperature is 1000 K.
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Figure 5. The predictions of the SSM classical theory are also
shown as black filled circles. Although only three different
incident angles Δθ are shown in Figure 7, it is clear that if a
large enough range of Δθ values were plotted the most
probable final energies would form a curve that resembles a
single-phonon dispersion. A more extensive example for the
case of Ne scattering from Ni(111) is discussed in ref 24.
However, such a curve is a false, or anomalous dispersion
because the energy transfers ΔE extracted from the most
probable final energies such as exhibited in Figure 5 are due to
multiphonon transfers and are not at all due to single-phonon
features. Such multiphonon features are less expected for the
case of He atom scattering, although they have been
discussed.44 On the other hand, for Ne scattering, and by
extension for scattering of heavier rare gas projectiles, we have
demonstrated here that many experimental measurements may
be carried out at or near the decoherence boundary between
quantum and classical physics. Thus, care must be taken to
avoid misinterpretation of such anomalous dispersion features
which are really due to multiphonon transfers.

V. CONCLUSIONS

The scattering of atoms from surfaces presents an interesting
system for examining the decoherence transition from coherent
quantum mechanical behavior at low temperatures and energies

to the fully classical regime of high temperatures and energies,
with the driving mechanism being excitation of increasingly
larger numbers of phonons. In this work we consider the
scattering of Ne atoms from clean Ru(0001) and from single
layer graphene covered Ru(0001). Ne is an especially useful
projectile for this study because its mass is sufficiently small so
that, for both translational energies and target temperatures in
the neighborhood of room temperature or smaller, its scattering
spectra exhibit quantum features such as diffraction, single
phonon excitation peaks, or diffuse elastic reflection due to
defects and disorder. However, by increasing the target
temperatures or incident beam energies to higher values readily
obtainable in most experimental configurations, all quantum
features are attenuated and what remains are scattering spectra
that are explained by classical physics.
In this paper angular distributions of Ne scattered from both

clean Ru(0001) and Gr/Ru(0001) taken at temperatures below
ambient and energies below 100 meV showed clear specular
diffraction as well as off-specular diffraction peaks. As either the
temperature or incident Ne translational energy was increased,
the quantum diffraction was suppressed by the Debye−Waller
attenuation. At higher temperatures and larger energies only
broad features were observed, and these were reasonably well
described by the classical theory of the smooth surface model.

Figure 7. Anomalous dispersion curve plot for Ne scattering from clean Ru(0001) showing the energy transfer value of the most probable final
energy as a function of parallel momentum transfer of an assumed single surface phonon transfer of the same energy. The blue diamond data points
were collected for T = 1000 K; they are the experimental anomalous dispersion points obtained from Figure 5. Black circles are theoretical
calculations predicted by the SSM model. Single phonon scan curves for incident beam energies used in the experiment are calculated for Δθi = −2,
Δθi = 0, and Δθi = 2 for each incident energy as marked.
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Interestingly, the Ne atom scattering characteristics were
rather similar for both the clean Ru(0001) and Gr/Ru(0001)
targets. In the quantum regime both surfaces exhibited clear
specular diffraction peaks as well as nonspecular diffraction.
The nonspecular diffraction from Gr/Ru(0001) was strongly
enhanced when the diffraction peak positions of the moire ́
overlayer pattern coincided with the diffraction peaks of the
clean Ru(0001), and they became nearly as large as the specular
peak. In the classical regime Ru(0001) exhibited broad peaks
both in the angular distributions and in the energy-resolved
spectra. The classical behavior of both Ru(0001) and Gr/
Ru(0001) is reasonably well described by the smooth surface
theoretical model using the same set of parameters for the
effective mass M and vR.
The combination of successive measurements in either the

quantum or classical domain allowed an evaluation of the
surface Debye temperature as measured by Ne atom scattering.
Measurements of the Debye−Waller attenuation factor in the
quantum regime allow for evaluation of the product of the
Debye temperature ΘD and the effective surface mass M in the
form MΘD

2. Measurements in the classical regime depend on
the same effective mass, but do not depend on the Debye
temperature or on any other specifics of the phonon
distribution. Thus, with an independent measure of M
evaluated from fits to the classical scattering features, it is
possible to make an evaluation of ΘD for Ru(0001). This value
is in agreement with a previous independent measurement
using core level photoelectron spectroscopy.
An interesting observation is that for small incident Ne

energies the broad classical angular distribution peaks, observed
in the classical regime induced by high surface temperatures,
were not centered about the specular angles, but were shifted
distinctly in the subspecular direction. This behavior occurred
for all measured incident angles, and as the incident energy
increased, the most probable final angle of the broad classical
peak shifted toward the specular position. Calculations with the
smooth surface model agree well with this shift, and even
predict that at a distinct energy called the “recovery energy” the
most probable final angle would appear precisely at specular.
For energies larger than the recovery energy, the classical peak
would become supraspecular.
It is also noted that at or near the decoherence boundary

investigated here, both quantum features and residual classical
peaks in the background can appear simultaneously. Because
the quasi-classical multiphonon feature appears in the energy-
resolved spectra as a peak, albeit somewhat broad, it is possible
to mistake it as a putative single phonon quantum feature.
Complicating this issue is the fact that the classical peak often
shifts position as a function of controllable experimental
parameters, notably changes of the incident angle, in a way that
mimics a single phonon dispersion curve. Thus, care must be
taken not to mistake multiphonon peak features as anomalous
single phonon dispersion behavior.
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