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Angular distributions of Ar reflected from molten metal surfaces
A. Muis and J. R. Manson
Department of Physics and Astronomy, Clemson University, Clemson, South Carolina 29634

~Received 11 December 1998; accepted 26 March 1999!

Recent experimental measurements of the angular distributions of monoenergetic beams of Ar
atoms, with incident energies of up to 1 eV scattered from a molten In surface, are compared with
calculated intensities. The data are described by classical scattering theory and the agreement
indicates that the shapes of the lobes are dominated by single collisions with the surface, and the
interaction potential has a smooth repulsive barrier similar to that commonly used to describe
rare-gas scattering from crystalline metals. The attractive adsorption well of the interaction potential
is considered, and is shown to have significant effects on the angular distributions at low incident
energy. The dependence of the angular distributions on surface temperature is also well described.
© 1999 American Institute of Physics.@S0021-9606~99!70124-8#
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I. INTRODUCTION

Understanding the scattering distribution of a sing
atomic or molecular projectile incident on a clean surface
the problem fundamental to a description of the energy tra
fer and forces acting at a surface under conditions of rare
gas flow. Clearly, the choice of a rare gas as the prob
projectile provides the least complicated atom–surface in
action potential and, hence, can produce surface sens
information with the simplest analysis.1,2 For example, He
atom scattering at thermal and hyperthermal energies
produced enormous amounts of detailed information on
face structure and dynamics for metals, semiconductors,
insulators.3 However, He atoms at energies of up a hund
meV or more act as quantum-mechanical particles. On
other hand, the more massive rare gases at these same
dent energies can often be treated with classical mecha
yet the energy is still sufficiently low that the probability o
excitation of atomic states or creation of surface damag
negligible.4 Thus the heavier rare gases such as Ar are
tentially a highly useful tool as a probe of surface struct
and dynamics.

A series of new and very interesting experiments
cently has been carried out for the scattering of the hea
rare gases Ne, Ar, and Xe from the molten metal surface
Ga, In, and Bi.5,6 The energy-resolved scattering intensitie5

have been examined with classical scattering theory4 and the
comparison with data indicates that the scattering can be
sically described as binary collisions with the substrate
oms with important contributions coming from multiple co
lisions with the surface. Further analysis of the temperat
dependence of this energy-resolved data7 indicated that these
molten metal surfaces act as smooth but corrugated repu
barriers similar to the types of potentials found for the ca
of He atom scattering from metal crystal surfaces.1,8

Recently, additional data have become available on
scattered total angular distributions for monoenergetic
beams incident on the liquid In surface at several differ
initial energies of up to one eV.5,6,9 Initial analysis of this
data using a molecular-dynamics simulation, in which
7300021-9606/99/111(2)/730/7/$15.00
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scattering process and the In liquid were described
Lennard-Jones pairwise potential models, indicated that c
sical scattering theory is adequate to describe this system9 In
this note it is suggested that these new data can be expla
in the context of a relatively simple classical scatteri
theory, but that these experiments further narrow the poss
scattering models, and hence, give a more precise pictur
the interaction.

II. THEORY

In the classical limit of large incident energies and hi
surface temperatures the scattering of an atomic projectile
a continuous, smooth, vibrating surface can be described
a differential reflection coefficient for scattering an incide
beam of particles with momentumpi into the small final
solid angledV f and small final energy intervaldEf . The
result is given by10–12

dR~pf ,pi !

dV fdEf
5

m2vR
2 upf u

4p3\2pizSu.c.
ut f i u2S p

DE0kBTS
D 3/2

3expH 2
~Ef2Ei1DE0!212vR

2P2

4kBTSDE0
J , ~1!

whereEf andEi are the final and initial energy of the pro
jectile whose energy in a given momentum statepq is given
by Eq5pq

2/2m with m the projectile mass.TS is the surface
temperature andkB is the Boltzmann constant,Su.c. is the
area of a surface unit cell,vR is a weighted average of pho
non velocities at the surface,10 ut f i u2 is the scattering form
factor,\ is the Planck constant, andDE0 is the recoil energy.
The momentum of a projectile is decomposed into com
nents parallel and perpendicular to the surface accordin
pq5(Pq ,pqz) with the z axis taken as normal to the surfac
andP5Pf2Pi is the parallel momentum transfer. The reco
energy appearing in Eq.~1! is, in the simplest case, given b
DE05p2/2M wherep5pf2pi is the scattering vector andM
is the mass of a surface atom. The Gaussian-like term in
© 1999 American Institute of Physics
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parallel momentum transferP in Eq. ~1! arises from vibra-
tional correlations of adjacent parts of the smooth repuls
surface due to vibrations polarized both parallel and perp
dicular to the surface, and this is the only dependence of
~1! on the actual form of the surface phonon spectral dens
The parametervR appearing in this Gaussian-like term ca
be calculated from the phonon spectral density and
smooth, close-packed metal surfaces is expected to be o
order of the Rayleigh phonon velocity.10 However, for
rougher and less correlated surfaces such as the liquid m
considered here, it is expected to have smaller values refl
ing the smaller range of correlation for the surface vibratio
A table of values ofvR obtained for a number of differen
surfaces and atomic projectiles is given in Ref. 13.

Another model, which has also been used to disc
rare-gas scattering from surfaces, regards the surface
collection of discrete scattering centers. In this case, the
relation between different scattering centers is lost and
parametervR50. However, the correct classical differenti
reflection coefficient is not obtained from Eq.~1! simply by
taking the limitvR→0. The correct derivation for this mode
produces an expression which differs from Eq.~1! not only
in that the Gaussian-like term in parallel momentum trans
disappears, but also the prefactor involvingDE0 andTS ap-
pears raised to the power12 instead of 3

2. The differential
reflection coefficient for this discrete model is given by

dR~pf ,pi !

dV fdEf
5

m2upf u
8p3\4piz

ut f i u2S p

DE0kBTS
D 1/2

3expH 2
~Ef2Ei1DE0!2

4kBTSDE0
J . ~2!

Equation~1! has been shown to give the correct temperat
and energy dependence for He atom scattering from m
surfaces in the classical limit of high incident energies a
large surface temperatures.13,14 For ion scattering at much
higher energies the discrete model of Eq.~2! appears to
apply,15 and this is reasonable because high-energy i
would be expected to interact with the hard cores of
substrate atoms and not with the much weaker electron
sity extending outside the surface layer which is the origin
the repulsive force experienced by low-energy atomic p
jectiles.

The final quantity needed in order to fully specify th
differential reflection coefficient of Eq.~1! is the form factor
ut f i u2. A constant form factor is correct for classical har
sphere scattering, however, this is not appropriate for s
tering from a smooth repulsive barrier. Instead, the se
classical form factor can be obtained from the quantu
mechanical transition matrix in the appropriate limit. T
quantum-mechanical form factor is given by the transit
matrix of the elastic part of the interaction potential extend
off the energy shell to final momenta corresponding to
inelastic translational energy loss.16 For example, a widely
utilized form factor for elastic and inelastic He atom sc
tering is the Jackson–Mott form which is the matrix e
ment of an exponentially repulsive potential, e.g.,V(z)
5V0exp(2bz), taken with respect to its own eigen
e
n-
q.
y.
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functions.17 In the semiclassical limit of a hard, repulsiv
barrierb→` this ~and all other similar matrix elements! go
to the limit18

t f i54pf zpiz /m. ~3!

The differential reflection coefficient of Eq.~1! combined
with the form factor of Eq.~3! constitute a smooth, flat sur
face, classical model for the scattering which depends
only the single parametervR and this is the primary mode
used here to compare with experiment.

However, there are other more elaborate forms that c
sical models can take. An intermediate model, which c
nects the discrete model of Eq.~2! and the flat surface mode
of Eq. ~1!, has been obtained by considering a smooth
corrugated potential barrier.7 By using models based on th
form of the scattering source function for a hard wall corr
gated surface, this intermediate classical model produc
differential reflection coefficient of the form

dR~pf ,pi !

dV fdEf
5

m2upf u
8p3\4piz

ut f i u2S p

DE0kBTS
D 1/2

3expH 2
~Ef2Ei1DE0!2

4kBTSDE0
J

3F g2

kBTSDE0/2\2vR
21g2G

3expH 2
P2

4~kBTSDE0/2vR
21\2g2!J , ~4!

whereg is the corrugation parameter of the source functio
In the limit of smallg ~nearly flat surface! Eq. ~4! reduces to
the continuum model of Eq.~1!, while in the limit of large
g it goes to the limit of Eq.~2!. For the scattering of Ar
from liquid In and Ga, the temperature dependence of
energy-resolved scattering data has been explained by
intermediate model of Eq.~4! with a value for the paramete
g520 Å21 andvR5400 m/s.7

III. RESULTS

Figure 1 shows experimental data points for a series
three polar plots exhibiting the scattered total angular int
sities for three different incident energy monoenerge
beams of Ar incident at an angle of 55° with respect to
surface normal on a liquid In surface at a temperature
436 K ~6 K above the melting temperature!. One is immedi-
ately struck by the fact that this data clearly shows behav
which is far from an equilibrium distribution, as a gas
equilibrium with the surface would have the Knudsen cos
distribution which appears in a polar plot as a circle tang
to the origin. The lobes shown as solid curves in Fig. 1
calculated from Eq.~1! with the form factor of Eq.~3!. The
theoretical curve plotted isdR/dV f , which is the integral of
Eq. ~1! over all final energies.

Quite good agreement with the data is achieved wit
value ofvR'450 m/s at the incident energiesEi536 and 96
kJ/mole~373 and 995 meV!. At the lowest incident energy o
6 kJ/mole ~62 meV! a smaller value ofvR5100 m/s was
used. In solids the value ofvR is expected to be smaller tha
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the bulk or surface wave velocity~the sound velocity in liq-
uid Ar is 2215 m/s at its melting temperature19!, and for
liquids where the correlation between atoms is less tha
solidsvR is expected to be even smaller. Thus the values
vR obtained here are well within expectations.

It is argued below in connection with Fig. 4 that th
smaller value ofvR required for the lowest incident energ
using the simple flat repulsive barrier model of Eq.~1! is
primarily due to neglect of the attractive van der Waals
sorption potential. The depth of this potential well is pro
ably similar to that expected for typical metal surfaces wh
for Ar it has been variously estimated at roughly 40–1
meV,1,20 thus the well depth may be comparable to the in
dent energy in this case.

It is of interest to note that for the angular distributio
lobes of Fig. 1, good agreement is found with the continu
model of Eq.~1!, but not with the discrete model of Eq.~2!.
The discrete model produces lobes which are too broad
whose most probable intensities are not at the correct p
tions, regardless of which of the two form factors are use
constant or the hard wall expression of Eq.~3!. In principle,
of the two form factors, only the constant form factor
appropriate for the discrete model on physical grounds,
this gives quite poor agreement with the angular distri
tions. At first glance this result seems to be in disagreem
with the fact that in earlier work the energy-resolved tim
of-flight ~TOF! intensity distributions for this same Ar–I
system were explained rather well using the discrete mo
with the inclusion of multiple scattering with the surfac
atoms.15 The explanation for this apparent contradiction
that both the discrete and continuum models produce v
similar results for the energy-resolved intensities if one li
its the comparison to scattered angles near to the maxim
~or most probable! intensities and for a single surface tem

FIG. 1. Polar plots of angular lobes for Ar scattered by liquid In atTS

5436 K for the three incident energiesEi56, 36, and 96 kJ/mole as
marked. The incident angle is 55°. The solid curves are the theore
calculations with the corresponding values ofvR indicated.
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perature. Such a comparison is shown in Fig. 2 which co
pares the TOF data~converted to energy transfer! at an inci-
dent energyEi'1 eV at three angles near the most proba
intensity of aboutu f550° with both the discrete and con
tinuum models. The three calculated curves are for the
crete model with a constant form factor, and two curves
the continuum model usingvR5450 m/s, one with the con
stant form factor and one with the hard wall form facto
Only the single scattering contribution is shown in each ca
It is immediately apparent that all of these calculated cur
are quite similar in shape and are distinguished only b
slight difference in the position of the maximum. Only if th
correlation parametervR is raised to values larger than 50
m/s does the continuum model produce an intensity p
appreciably narrower than the discrete model.

Thus, on the sole basis of TOF data taken at angles n
to the maximum intensities~which in this case is also near t
the specular direction! it appears difficult to distinguish be
tween the discrete and continuum models. Of course, the
models do have a different dependence on surface temp
ture which is clear from the envelope factors of Eqs.~1! and
~2!, and we discuss this aspect further below in connect
with Fig. 5.

It is also of importance to note from Fig. 2 that the sing
scattering contribution alone does a moderately reason
job of matching the width and shape of the measured ene
resolved intensities and appears to dominate the area u
the intensity curve. In the earlier work it was found that t
multiple scattering contributions were important in matchi

alFIG. 2. Comparison of three different classical models with the experim
tal data at 96 and 92 meV and for the three incident angles ofu i545°, 55°,
and 65°. The calculations are for single scattering only, in which the s
curve is the discrete model of Eq.~2! with a constant form factor, the dashe
curve is the continuum model of Eq.~1! with the hard wall form factor of
Eq. ~3!, and the dash–dot curve is the continuum model with a cons
form factor. Each panel contains calculations using all three of these mo
The discrete model contains no parameters, while for both of the contin
model curvesvR5450 m/s.
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the calculations to the high- and low-energy tails of t
data,15 while the single scattering term was the domina
contribution to the total intensity.

Figure 3 shows calculated predictions at the incid
beam energy of 36 kJ/mole~373 meV! for the dependence o
the angular distributions on the parametervR . Figure 3
shows that the effect of increasing the value ofvR is to
narrow the scattered angular distribution lobe and to shift
center away from the normal direction~supraspecular shift!.
This is to be expected because, as seen from the Gaus
like term in the parallel momentum transfer in Eq.~1!, the
effect of a largevR is to restrict the final parallel momentum
to values very close to the incident parallel momentu
However, the dependence onvR is not strong, and reasonab
agreement with the data is still obtained ifvR is varied by as
much as 10% about its optimal value.

Up to this point the scattering data has been treated w
a theory based on a purely repulsive interaction poten
However, the van der Waals force between the surface
the incident atomic projectile creates an attractive well
front of the surface. In the case of purely classical scatte
the primary effect of the van der Waals attractive potentia
to accelerate the incoming particle in the direction norma
the surface. This is a refractive effect quite similar to t
familiar Snell’s law of optics in refractive media. Since r
fraction is the dominant effect, the potential can be mode
by a one-dimensional potential well and for a given w
depthD the refraction does not depend on the shape of
attractive part. Thus, this attractive force can be modeled
an attractive one-dimensional square-well potential in fr
of the repulsive barrier. If the well is made wider than t
selvedge region of the surface, where the selvedge regio
bounded by the maximum and minimum extents of the c
rugation of the hard repulsive wall, then its width is unim
portant, and the effect on the collision process is to repl
the perpendicular component of the momentumpqz near the
surface by an enhanced valuep̃qz which includes the well
depthD

p̃qz
2 5pqz

2 12mD. ~5!

This model of the attractive potential refracts all projecti
at the leading edge of the well and causes them to col
with the barrier with a higher normal energy. The effects
the attractive potential well on the scattering are displaye

FIG. 3. Calculated dependence onvR of the angular distribution lobe of Ar
scattering from liquid In withEi536 kJ/mole~373 meV! as in Fig. 1. The
parametervR takes on the valuesvR51, 250, 450, and 650 m/s as marke
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Fig. 4 for the smallest and largest incident energies,Ei56
and 96 kJ/mol, shown in Fig. 1. The angular distribution d
are compared to the continuum model calculation with w
depths ofD50, 50, and 100 meV~0, 4.8, and 9.6 kJ/mol; the
solid, dashed, and long-dashed curves, respectively!, all with
the samevR5450 m/s value used for the two higher ener
angular distributions in Fig. 1. Clearly the effect of the p
tential well is to give a considerable broadening to the c
culated angular distribution. The calculation with a rath
large well of depthD5100 meV is not far from being in
reasonable agreement with the data, and ifvR is reduced to
350 m/s~dash–dot curve! the agreement is rather good, as
also shown in the top panel of Fig. 4. The bottom panel
Fig. 4 shows similar calculations compared with the expe
mental lobe data for the highest energy ofEi596 kJ/mol and
here it is seen that the well, which in this case is mu
smaller than the incident energy, has little effect on the
sults. Thus, it appears that the van der Waals attractive
tential well can explain much of the reason why a sma
value ofvR was needed at low energy in order to match t
angular distribution data with a simple repulsive barrier.

The temperature dependence of the angular distribut
are shown in Fig. 5 for the two different incident energi
Ei56 and 96 kJ/mol and two surface temperatures,TS

5436 and 586 K. Also shown in each panel of Fig. 5 are t
calculated curves forTS5436 and 586 K as explained i
more detail below. In the experimental measurements ta
at the higher energy there is a noticeably strongTS depen-
dence, however, this is much less apparent at the lower
ergy where in fact at some angles the experimental error
are overlapping for the points taken at the two differe
temperatures.6 As TS is increased the angular distributio
lobe broadens, and its most probable intensity decreases

FIG. 4. Dependence of the scattered angular distribution on the depth o
attractive potential well for the scattering of Ar from liquid In atTS

5436 K. ~a! Ei56 kJ/mol, and~b! Ei596 kJ/mol as in Fig. 1. The three
calculated curves are for well depths ofD50 ~solid curve!, D550 meV
~short-dashed curve!, and D5100 meV ~long-dashed curve!, all with the
parametervR5450 m/s. Additionally, on graph~a! for Ei56 kJ/mol the
dash–dot curve shows a somewhat better fit withD5100 meV andvR

5350 m/s.
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shifts toward the surface normal~subspecular shift!. The
broadening of the lobe is due to the larger range of fi
states available to a scattered particle at higher temperat
and concomitant with the broadening, the magnitude of
most probable intensity must decrease as is required by
unitarity of the ratio of numbers of incident to outgoing sc
tered particles. The shift towards the subspecular directio
expected because the average energy of the scattered
ticles increases with the surface temperature.

The calculations shown at high incident energy in F
5~b! are for the simplest continuum model without a pote
tial well. The broadening, shift, and absolute decrease
maximum intensity observed in the data at the higher te
perature ofTS5586 K are correctly predicted by the con
tinuum model calculation as seen in Fig. 5~b!. If a well is
included in the calculation the results change very little,
indicated previously in connection with Fig. 4.

The calculations shown in Fig. 5~a! for the smaller inci-
dent energy are done with the parameters from Fig. 4~a!
~vR5450 m/s and a well depthD5100 meV!. In this case,
the broadening, subspecular shift, and the decrease in m
mum intensity are much less pronounced than for the hig
energy case of Fig. 5~b!. Again, the calculations match th
small temperature-dependent changes in the data reaso
well. The presence of the attractive potential well is not e
pected to have an appreciable effect on the temperature
pendence of the calculations, and in order to check this
culations were also carried out for the parameters of Fig. 1~a!
~vR5100 m/s andD50! as well as for the better-fit param
eters of Fig. 4~a! ~vR5350 m/s andD5100 meV! and in all
cases the agreement with the experimental data is very s
lar to that of Fig. 5~a!.

FIG. 5. Dependence of the scattered angular distribution on surface
perature for Ar scattering from liquid In at the two incident energies~a!
Ei56 kJ/mol, and~b! Ei596 kJ/mol. On each polar plot are shown th
experimental data for the two temperaturesTS5436 K ~open circles, same
as in Fig. 1! and 586 K ~3!. The calculations are as follows: forEi

56 kJ/mol the solid curve is the continuum model withD5100 meV and
vR5450 m/s as in Fig. 4 and forEi596 kJ/mol the solid curve is the con
tinuum model with D50 and vR5450 m/s, both forTS5436 K. The
dashed curves are the same calculations withTS5586 K.
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It is interesting that the temperature-dependent chang
the shape and intensity of the scattered lobe at low incid
energy is much smaller than for the higher incident ener
The primary reason for this is that at the lower energy
average energy of an incident Ar atom is smaller than
average vibrational kinetic energy of a surface atom. Th
the average fractional energy loss of the incident beam
significantly less when making a single collision than is t
case for incident energies which are much higher than tha
a typical surface atom. It should also be noted that at
lower incident energy of 6 kJ/mol it is difficult to exclude th
possibility of a contribution to the scattered intensity due
trapping in the adsorption well with subsequent thermal d
fuse emission.21 Previous energy-resolved TOF measu
ments at incident energies higher than 6 kJ/mol have d
onstrated that there is no significant diffuse signal for tho
larger energies,4,5 but for the combination of surface tem
peratures and the low incident energy used here, it is diffic
to distinguish the direct scattered and thermal diffuse sign
in a TOF experiment. Thus despite the reasonable agreem
shown in Fig. 5, a small contribution due to thermal diffu
emission cannot be ruled out.

The theoretical temperature dependent behavior fo
here for the angular distributions is somewhat surpris
when compared to the temperature dependence found fo
energy-resolved data.5 As was demonstrated in Ref. 4, at
given temperature the discrete model predicts rather well
forms of the TOF intensities as a function of final energy,
does also the continuum model as shown in Fig. 2. Howe
the decrease of the most probable intensity with increas
TS was not correctly given by either of these models, t
TS

23/2 dependence predicted by the continuum model of
~1! being too rapid, and theTS

21/2 behavior of the discrete
model of Eq.~2! being not rapid enough. The intermedia
model ~4!, however, with parametersvR5400 m/s andg
520 Å21 gave good agreement with the available TOF d
for both Ar–In and Ar–Ga, thus the temperature depende
of the energy-resolved TOF data would indicate that the
uid metal surface is corrugated as expected. However,
temperature-dependent data for the angular distribution lo
considered here~albeit, currently limited to only two tem-
peratures! are consistent with the predictions of the simp
continuum model.

It is of interest to use the continuum model to ma
further predictions of the temperature-dependent charact
tics of the angular distributions. The subspecular shift of
most probable intensity with increasing temperature is rat
substantial and amounts to about 10° between the me
point of In andTS51000 K. The decrease of the most pro
able intensity of the calculated angular distribution lobes
rather strong, and follows approximately aTS

23/4 depen-
dence. The full width at half maximum~FWHM! of the lobe
increases withTS approximately with the power lawTS

1/3

under the conditions of Fig. 5. It is interesting to note that
temperature dependence as a function of final angles of
FWHM for the angular distribution lobe is, as expected, le
strong than the FWHM as a function of energy of the TO
energy-resolved peaks, which for all the classical models
creases very nearly asTS

1/2.

m-
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IV. CONCLUSIONS

One of the conclusions that one can draw from
agreement shown in Fig. 1 is that the primary shape of
scattered lobes is determined by single scattering eve
This conclusion is consistent with the fact that the lob
show distinctly nonequilibrium behavior. In order to achie
equilibrium, incoming particles would have to make ma
collisions with the surface in order to attain a Maxwel
Boltzmann distribution, which is clearly not the case here.
first glance this conclusion about the predominance of sin
scattering would appear to be in contradiction to earlier t
oretical comparisons with the energy-resolved data for th
same systems, where it was found that additional mult
scattering was necessary in order to fully agree with the m
sured TOF data.4 However, in this previous work the singl
scattering contribution was dominant, and the multiple sc
tering was needed mainly to obtain agreement with the
served intensity in the low- and high-energy tails of the d
tribution. Thus these measurements of total angu
distributions, which at each final angle consist of the integ
over all final energies, also appear to be dominated by
single scattering contribution.

An equally important conclusion is that the range
classical scattering models which can explain the meas
ments is rather severely restricted by these new experime
The model which agrees with the current angular distribut
data taken at temperaturesTS5436 and 586 K is the con
tinuum model of Eq.~1! for a smooth repulsive barrier take
together with the semiclassical hard wall form factor of E
~3!, and at low incident energy the adsorption well must
included in the potential. Similar calculations carried o
with the discrete particle model, which was previously us
to analyze the earlier energy-resolved TOF data for this s
Ar–In system,4 do not agree with the observed lobes. T
single parametervR contained in the smooth barrier mod
takes on values which are well within the expected ran
Furthermore, this velocity has an important physical me
ing, it is a measure of the correlation between nearby po
on the surface, and can in principle be calculated indep
dently of the scattering process.10,11

Clearly, a smooth, flat repulsive barrier as embodied
the form factor of Eq.~3! is an overly simplistic view of the
molten metal surface, which must in reality be somew
rough. In fact, the importance of the surface roughnes
evident in the fact that the earlier analysis of the TOF d
required a corrugated surface in order to obtain agreem
with the temperature dependence.7 However, the success o
the simple flat-surface model for the form factor utilized he
can be understood by examining its theoretical origins. T
form factor can be identified from the full quantum versi
of multiphonon theory as the transition matrix of the elas
part of the interaction potential evaluated off the elastic
ergy shell.12,16 The Jackson–Mott matrix element of Eq.~3!
is exactly this transition matrix element, evaluated in t
distorted wave Born approximation and for a flat hard w
barrier. The logical way to treat the problem of a corruga
surface is to expand the elastic interaction potential in a F
rier series. The quasi-periodicity of the liquid surface w
produce higher order Fourier components, and the zero o
e
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Fourier component will describe a flat surface potential~the
average surface! and the limiting hard wall form for its semi
classical matrix elements will be identical with that of E
~3!. Thus, if the surface is not too rough, implying that th
higher order Fourier components are not large, then the
rent continuum model can still give a good description of t
integrated angular lobes considered here. However, eve
the case in which the higher order Fourier components
not small, implying a rough surface, thez-dependence of the
repulsive part of all Fourier components of the potential w
be approximately exponential in form. Since the Jackso
Mott matrix element is the matrix element of an expone
tially repulsive potential, all Fourier components would
multiplied by the Jackson–Mott matrix element, which in t
hard wall barrier limit becomes Eq.~3!. The above argumen
implies that the form factor of even a rough surface, in t
hard wall limit, will contain as an approximate multiplicativ
factor, the Jackson–Mott function of Eq.~3!.

Not surprisingly, it is found that the adsorption potent
well in front of the surface barrier plays a large role in sha
ing the scattered angular distribution when the incident
ergy is small. Although the simple square-well mod
adopted here does not have the correct 1/z3 behavior of the
leading term of the attractive van der Waals potential, it do
correctly produce the refraction effects and the higher ene
of collision into the repulsive barrier due to the well. Th
refraction and higher normal energy of collision are the m
jor effects of an attractive well in classical scattering, sin
the backscattering of incoming projectiles by the attract
van der Walls force will be negligible. The main effect of th
inclusion of an attractive well, as compared to a poten
with no well, is to broaden the scattered angular distribut
lobes when the incident energy is comparable to or not
much larger than the well depth.

The present theoretical analysis of the data curren
available for the scattering of Ar from liquid In surfaces h
produced a clearer picture of the scattering process.
shape of the energy-resolved scattered intensities is ra
well explained with a classical model in which single sc
tering events are dominant, but multiple scattering is nec
sary in order to describe the high- and low-energy tails of
energy distribution.4 As shown in Fig. 2, either the discret
or continuum surface models of Eqs.~1! or ~2! is adequate to
describe the energy-resolved TOF data taken at a single
perature and at final angles near to the maximum in the
gular distributions. The newly available data for the to
scattered angular lobes analyzed here are explained w
smooth-barrier classical single scattering model with the
ditional features of an attractive well and a hard wall for
factor. In fact, the good agreement obtained with the ang
distribution data using the continuum model, and the ina
ity to match the same data with the discrete model, appe
to exclude the discrete surface model.

The model used here is quite similar to potential mod
which have been successful in describing He atom scatte
from crystal metal surfaces,1,3 where the potential has
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smooth but corrugated repulsive barrier. This repulsive b
rier is due to the Pauli exchange forces arising from
overlap of the He atomic electrons and the decaying e
tronic density in front of the metal surface. He atom catter
from insulator surfaces, for example, alkali halides, is a
characterized by a continuous corrugated repulsive ba
but analysis of multiphonon scattering experiments sho
that the values ofvR obtained for such insulator surfaces a
significantly higher than those obtained for metals.22 The
similarity of the present models to the He scattering pot
tials, in particular the use of the smooth-surface model wit
relatively small value ofvR , indicates that the In surface i
still metallic in nature even in the liquid state.

The fact that this newly available data on the scatter
lobes of the Ar–In liquid system leads to further restrictio
on the scattering models and a better understanding of
scattering process clearly points out the need for more
periments on both the energy-resolved and angular distr
tions for a larger range of initial conditions, i.e., incide
angles, energies, and surface temperatures. This work w
suggest that more data on the temperature dependenc
both the angular distribution lobes and the energy-resol
spectra would be extremely helpful in determining the nat
and extent of the surface corrugation. Future theoretical w
on this and related rare gas scattering systems will su
need to take into account more sophisticated models for
interaction potential between the incoming projectiles a
the surface, and classical molecular-dynamics simulati
are probably the method of choice.9,23 However, the rela-
tively straightforward scattering models used here ag
quite well with the available experimental data and have
additional benefit of producing analytical solutions, such
Eqs. ~1! and ~2!, which are extremely useful for predictin
the physical responses of systems over a wide range of in
conditions. Furthermore, the success of these models in
plaining the experimental results demonstrates the comp
validity of using classical dynamics for more detailed n
merical simulations of this system.
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