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I. INTRODUCTION

An interesting and important series of measurements of the
scattering of Xe atoms from a clean and ordered graphite (0001)
surface has recently been reported.1,2 These experiments present
both energy-resolved spectra taken at fixed incident and detector
angles and angular distributions in which the total in-plane
scattered intensity is measured for a fixed incident angle as a
function of final scattering angle. The authors analyzed their data
using both the hard cubes model of scattering3,4 and a molecular
dynamics treatment that used Lennard-Jones interaction poten-
tials. Both methods of analysis indicated that the scattering
mechanism consisted of a single collision of the Xe projectile
with the surface and that the Xe interacted strongly with a
collective group of carbon atoms with a total mass of over 300 au.
The molecular dynamics calculations showed that there was
considerable deformation of the outermost graphite plane during
the collision, but the strong intraplanar forces prevented the large
and massive Xe atoms from penetrating through the outer layer.
Because of this strongly collective and strongly repulsive motion
of the outermost graphite layer, the authors gave it the name of a
trampoline mechanism.

The objective of this work is to analyze this same data with a
model of single collision scattering that has been successful for a
number of other systems involving molecular beam scattering
from surfaces. The theory is based on the classical mechanical
model for surface scattering developed by Brako and Newns5

with a scattering form factor for a hard repulsive interaction
potential.6,7 This theory has proven to be useful in explaining the
energy-resolved spectra and angular distributions of rare gas

atoms scattering from molten metal surfaces8 and has also been
useful in describing He and Ar scattering from graphene and C60

layers on a Pt(111) substrate.9 Extensions of this theory to
molecular scattering from surfaces have also been reported.10

Thus it is of interest to investigate how this theoretical model can
describe the scattering of the heavier projectile Xe from graphite.

The calculations with this model explain both the lineshapes
and incident energy behavior of the data, but only upon assuming
an effective surface mass that is considerably larger than the mass
of a single carbon atom. This is in contrast to the results for
scattering of rare gas atoms from low temperature melting point
molten metals for which the effective mass was found to be equal
to the metal atom mass for In and Bi and only slightly larger for
Ga, where it was 1.65 times the Ga atomic mass. The effective
mass ranged from 2.4 times the mass of a six-atom graphite ring
(173 amu) at the lowest incident Xe atom energies of 0.45 eV to
that of 4.2 graphite rings (302 amu) at the largest measured
incident energy of 3.62 eV. These effective masses are compar-
able to or somewhat smaller than those found earlier2 and
confirm the conclusion that the collision process mechanism is
primarily a single collision involving a large number of carbon
atoms with no penetration beyond the first graphite layer.
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ABSTRACT: Recently a series of experimental measurements for the
scattering of Xe atoms from graphite has been reported for both energy-
resolved spectra and angular distributions. This system is of fundamental
interest because the projectile Xe atoms are considerably more massive
than the carbon atoms making up the graphite surface. These measure-
ments were initially analyzed using the hard cubes model and molecular
dynamics simulations, and both treatments indicated that the scattering
process was a single collision in which the incoming Xe atom interacted
strongly with a large number of carbon atoms in the outermost graphite
layer. In this work we analyze the data using a single scattering theory
that has been shown to explain a number of other experiments on
molecular beam scattering from surfaces. These calculations confirm that the scattering process is a single collision with an effective
surface mass that is substantially larger than that of the basic graphite ring.
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II. THEORY

The theoretical model used here is most readily described in
terms of a differential reflection coefficient, dR(pf,pi)/dΩf dEf,
giving the probability of an incident beam of particles with
momentum pi being scattered into a final energy dEf and solid
angle dΩf intervals centered about momentum pf

5,11,12
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where m is the projectile atomic mass, piz is the surface-normal
component of the incident momentum, TS is the temperature, kB
is Boltzmann’s constant, the binary recoil energy is ΔE0 = (pf -
pi)

2/2MC, with MC being the effective surface mass, P is the
parallel component of the scattering vector pf- pi, and |τfi|

2 is a
form-factor determined by the interaction potential. The factor
Suc is the unit cell area associated with a single surface atom and
vR is a parameter having dimensions of speed that is completely
determined by the phonon spectral density at the surface. In a
classical mechanical derivation of eq 1, the quantity p is a
constant having dimensions of action, but a derivation starting
from quantum mechanics and then taking the classical limit
identifies this quantity as Planck’s constant divided by 2π.

Consistent with the classical limit of a quantum mechanical
derivation used to obtain eq 1, the form factor |τfi|

2 is the
transition matrix element for the elastic interaction potential
extended off the energy shell. If the repulsive part of
the interaction potential is flat and strongly repulsive, then

the leading term in the perturbation series for the matrix element
is

τf i ¼ 4pfzpiz=m ð2Þ

a limiting form that has been shown to be useful in other studies
of atomic and molecular scattering from surfaces.6,10

For experiments such as the ones considered here, typically
the detector is energy dependent, meaning that the probably of
detection of a scattered atom is proportional to the time spent in
the detector. This implies that for direct comparison with energy-
resolved data the differential reflection coefficient must be
corrected for the detector efficiency with a multiplicative factor
proportional to this time, which is also proportional to the
inverse of the final particle momentum.

III. CALCULATIONS

In Figure 1, calculations are shown compared with four
examples of energy-resolved scattering spectra with data ex-
tracted from ref 1. The relative scattered intensity is plotted as
a function of the time-of-flight (TOF) between the target crystal
and the detector. The incident angle is 35� with respect to the
surface normal and the final angles range from 45� to 80� in the
opposite quadrant, and all measurements were taken in the
scattering plane defined by the incident beam and the surface
normal. The incident energy was 1.56 eV and the surface
temperature was 550 K. The calculations shown as a solid curve
were carried out with eq 1 and then converted to a TOF scale.
The value of the effective surface mass is taken to be 3.8 graphite
rings (273.6 amu) and vR is 3000 m/s for all calculations
reported here.

Figure 1. Reflected intensity as a function of TOF for Xe scattering from graphite. The incident angle is θi = 35�, the incident energy is Ei = 1.56 eV and
the surface temperature isTS = 550K: (a) final angle θf = 45�, (b) final angle θf = 60�, (c) final angle θf = 70�, and (d) final angle θf = 80�. Data points are
from ref 1, and the present calculations are shown as a solid curve, with an effective surface mass equivalent to 3.8 graphite rings.
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The data exhibit a single narrowpeak at aTOF corresponding to a
typical total translational energy loss of more than 50% of the
incident energy. The width of the peak does not change appreciably
with final angle, but there is a pronounced energy shift toward longer
flight times (smaller final energy) as the final detector angle is
increased. Both the shape of the peak and the shift in energywithfinal
angle are reasonably well reproduced by the calculations. The
calculations are relatively insensitive to the value of the parameter
vR, but are quite sensitive to the effective surfacemass and for smaller
values of this mass the total energy loss becomes larger.

Figure 2 showsfive examples of in-plane angular distributions each
taken with a fixed incident angle of θi = 35� in which the relative
intensity is plotted as a function of final detector angle. The incident
translational energies range from 0.45 to 3.62 eV and the surface
temperatures are either 300 or 550 K as noted. The data points are
extracted from refs 1 and 2. The angular distributions consist of a
single broad peak whose most notable behavior is a a strong
narrowing of the full width at half-maximum (fwhm) with increasing
energy, a characteristic of a single scattering mechanism.

The calculations are shown as solid curves, and are obtained from
the integral of the differential reflection coefficient of eq 1 over all
final energies after first accounting for the detector correction. In
order to fit the calculations to the data, it was necessary to allow the
effective surface mass to increase with incident energy, as was also

found in the analyses of refs 1 and 2. As shown in Figure 2, the
effectivemass increases from that of 2.4 graphite rings (172.8 amu) at
the lowest energy of 0.45 eV up to 4.2 graphite rings (302.4 amu) at
the highest energy of 3.62 eV. Evenwith a constant effectivemass, the
calculations exhibit a significant narrowing of the fwhm with
increasing energy, and in fact previously reported results for Ar
scattering from graphite were well explained by a constant effective
mass.9 However, for the present case of Xe projectiles, the effective
mass must be allowed to increase with incident energy in order to
obtain agreement with the measurements. It is noticed that there is
some small disagreement at larger final angles for the three lowest
incident energies presented in Figure 2, with the experimental data
exhibiting larger intensity than that predicted by the calculations. It
has been suggested that this enhanced intensity observed in the data
at supraspecular angles may be due to defects and impurities on the
surface.13

The evolution of the effective mass as a function of surface
temperature and incident Xe energy is shown in Figure 3. The
data points shown as circles give the effective masses obtained in
ref 2 from an analysis of the angular distribution data for θi = 35�
using the hard cubes model, with filled circles taken at a surface
temperature TS = 550 K and open circles at TS = 300 K. The
effective masses obtained from the present calculations are
shown as filled and open square points for TS = 550 and 300
K, respectively. The present calculations are not shown for the
two experimental points at energies near 2.5 eV because the
corresponding angular distributions were not published. There is
a clear trend of increasing effective masses with increasing
energies, and the present calculations give values that are of the
same order or slightly smaller than those obtained previously
using the hard cubes analysis, except for the very lowest energy
where the present analysis predicts a substantially smaller mass.

IV. DISCUSSION AND CONCLUSIONS

This paper presents a new theoretical analysis of recently
published scattering data for a beam of Xe atoms interacting with
a graphite (0001) surface. This system is of particular interest

Figure 2. In-plane angular distributions for Xe scattering from graphite.
The incident angle is θi = 35�. Data points are from refs 1 and 2, and the
present calculations are shown as solid curves with the effective massmeff

given as the number of graphite rings. (a) TS = 550 K, Ei = 3.62 eV, and
meff = 4.2; (b) TS = 300 K, Ei = 3.44 eV, and meff = 3.9; (c) TS = 550 K,
Ei = 1.56 eV, andmeff = 3.8; (d) TS = 300 K, Ei = 1.36 eV, andmeff = 3.7;
and (e) TS = 550 K, Ei = 0.45 eV, and meff = 2.4.

Figure 3. Effective mass of the graphite surface as a function of incident
Xe energy. Filled and open circles are values for surface temperatures of
550 and 300 K, respectively, obtained by Shobatake et al.2 The filled and
open squares are the corresponding values obtained from the present
calculations.
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because of the large mass ratio between the projectile Xe atoms
and the C atoms of the graphite target. Although other atom-
surface scattering experiments have been carried out with Xe
projectiles, the targets have usually been metals whose atoms are
more massive than Xe.14,15 A binary collision model with a single
Xe atom colliding with a single C atom, or even a small cluster of
C atoms would predict that the Xe atoms would follow a forward
trajectory, which would imply penetration into the bulk. How-
ever, the energy-resolved TOF measurements show a single,
relatively narrow peak in the scattered distribution at an energy
loss of more than half of the incident energy. The angular
distributions show a single broad peak at angles greater than
the specular angle, and this peak has a fwhm that becomes smaller
with increasing incident energy. These properties are indicative
of a single collision, direct scattering mechanism.

As originally published, the data was analyzed in two ways,
using the hard cubes model and a molecular dynamics treatment
with Lennard-Jones interaction potentials.1,2 The major conclu-
sions were that the scattering mechanism was a single collision
with the outermost layer of graphite and no penetration of the Xe
atoms into the bulk. The use of the hard cubes model, which
assumes that the collision is with a perpendicularly vibratingmass
and allows for no energy exchange in the directions parallel to the
surface, indicated that the energy transfer was primarily due to
changes in the perpendicular momentum. The effective mass of
the hard cube had to be substantially larger than that of a carbon
atom, up to over 300 amu, which was indicative of the Xe atoms
interacting with a large number of carbon atoms during the
collision. The molecular dynamics simulations appeared to
confirm this picture and indicated that the strong intraplanar
forces in the graphite layer constrained the Xe and did not permit
penetration, but caused substantial deformation involving a large
number of carbon atoms, hence a large effective mass. The
authors called this the trampoline model, since the outermost
graphite layer of strongly linked carbon atoms flexes like a large
sheet under collision with the Xe projectile.1 In order for the hard
cubes analysis to explain the data, the effective mass had to be
increased with increasing incident energy, implying participation
of a greater number of surface carbon atoms with larger energy.

This paper treats the same data with a somewhat different
approach, a fully three-dimensional theory appropriate for a
surface that is flat except for time-dependent thermal displace-
ments due to the vibrations of the underlying surface atoms. This
theory has been successful in explaining the energy-resolved and
angular distribution scattering data for a number of other
systems, including a recent treatment of scattering of He and
Ar atoms from graphite.9 The calculations do a good job of
explaining both the measured energy-resolved TOF spectra and
the angular distributions. As opposed to earlier treatments of
scattering of rare gases from molten metal surfaces, the present
analysis required the use of an effective mass much larger than
that of a single carbon atom, in agreement with the original
conclusions from the hard cubes analysis. With the use of a large
effective mass, the present calculations correctly predict the
energy losses observed in the TOF measurements, and correctly
predict the positions, line shapes, and narrowing with energy of
the angular distributions. The energy loss is found to be primarily
due to the large change in normal momentum, i.e., the energy
loss is predominantly associated with motion in the normal
direction. The good agreement with all of these aspects of the
data confirms the original conclusion that the scattering process
is a single collision involving a large number of C atoms.

It is interesting to note that the present analysis, as well as the
original analysis using the hard cubes model,1,2 obtains reason-
able agreement with the data under the assumption that the
surface has no static corrugation. This appears to imply that
corrugation at the length scale of the displacement between
carbon atoms is relatively unimportant in causing the angular
width of the observed angular distributions, a view that is
consistent with a large number of carbon atoms being involved
in the collision. The authors have recently developed an exten-
sion of the classical theory used here that includes surface
corrugation,16 and preliminary calculations seem to confirm that
the corrugation plays a relatively small role in forming the shape
of the angular distributions.

The effective mass necessary to obtain good agreement with
the angular distribution data increases slightly with incident Xe
atom energy, a fact that was also observed from the hard cubes
model analysis.1,2 This is interpreted as a consequence of the
strong intraplanar forces in a graphene layer; with higher collision
energy, a larger area of the graphene layer is deformed leading to
more and more of the carbon atoms involved in the collision,
hence a larger effective surface mass. For a given energy, the
effective mass obtained in the present calculations tends to be
slightly smaller than that resulting from the hard cubes model
analysis. In both cases, the effective masses were primarily
obtained from analysis of the angular distributions. The angular
distributions, since they are a summation over all final energies at
each final angle, necessarily contain less information about the
scattering process than the energy resolved spectra at a given final
angle. In the present analysis, the four available energy-resolved
TOF spectra are reasonably well explained with the same
effective mass as was derived from the angular distribution for
the same incident angle and energy. Clearly, it would be of great
interest to have a much larger collection of energy resolved TOF
spectra for a wide range of incident angles and energies and final
angles. Such measurements, when compared with theoretical
calculations, would provide a much clearer picture of the effective
mass and consequently the collective many-body nature of the
collision process.
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