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Abstract
Calculations are carried out and compared with data for the scattering of
CH4 molecules from a LiF(001) surface and for O2 scattering from Al(111).
The theory is a mixed classical-quantum formalism that includes energy
and momentum transfers between the surface and projectile for translational
and rotational motions as well as internal mode excitation of the projectile
molecule. The translational and rotational degrees of freedom couple most
strongly to multiphonon excitations of the surface and are treated with classical
dynamics. Internal vibrational excitations of the molecules are treated with
a semiclassical formalism with extension to arbitrary numbers of modes
and arbitrary quantum numbers. Calculations show good agreement for the
dependence on incident translational energy, incident beam angle and surface
temperature when compared with data for energy-resolved intensity spectra and
angular distributions.

1. Introduction

The scattering of small molecules by surfaces is a widely investigated area of research because
it can give information on the molecule–surface interaction potential and provide insights
into trapping, adsorption and eventually surface chemical reactions [1–31]. To gain a better
understanding of the fundamental physical processes involved in the surface interaction, it is
clear that one must control the initial state of the incident molecule through the use of molecular
beams with well-defined energies and angles [32–34], and also measure the states of the final
scattered products as well as any products left on the surface [1, 15]. In many such studies
using well-defined incident beams it is found that a large and readily measurable fraction of the
incident beam is scattered back away from the surface, possibly after having been temporarily
trapped in a physisorption potential well [16, 32].

The purpose of this paper is to examine two of these recent experimental studies, the
scattering of O2 by Al(111) [35] and the scattering of CH4 by LiF(001) [15], and to analyse
this data using a mixed quantum-classical theory that has been developed for the scattering
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of molecules from surfaces [36, 37]. This theory uses classical dynamics to describe the
translational and rotational motion and semiclassical quantum mechanics to describe the
internal molecular vibrational modes. It is shown that both angular distributions and energy-
resolved spectra can be quantitatively explained by this theory. In addition to examining
the experimentally measured spectra, calculations are presented predicting the rotational and
internal mode excitation of the scattered molecules.

The O2/Al(111) system was investigated using a scattering experiment because of an
intriguing complementary experiment by Zoric et al that showed enhanced sticking of the
oxygen molecules at hyperthermal incident energies, but only for incident angles in the
neighbourhood of θi = 20◦ [38]. They measured oxygen sticking coefficients to be less
than 1% for incident energies less than 100 meV, rising to nearly unity for incident energies
of around 1 eV. The anomalous enhanced sticking near θi = 20◦ was measured for energies
over 100 meV. The scattering experiment measured a corroborating decreased total scattering
intensity at the same angles and similar incident energies at which the increased sticking
was observed, and it has been suggested that this observation is due to a steering mechanism
into a shallow molecular adsorption well localized on the surface unit cell [39]. Additional
measurements were made of the scattered angular distributions as functions of incident angle
and surface temperature at somewhat lower energies where the total reflectivity was measured
to be over 90%, and it is these latter measurements that are examined here.

High precision molecular beam experiments have demonstrated that scattering of CH4

can be measured from clean, controlled surfaces of the relatively non-reactive insulator
LiF(001) [15] as well as from certain metals [40, 41]. Contamination of the surfaces due
to dissociative reactions does build up but only over time periods of hundreds of seconds.
Thus, the initial scattering is from clean surfaces and its study should be useful in clarifying
the interaction dynamics of CH4. The scattering data generated by the experiments of [15]
was taken in the plane of scattering with the incident beam and detector separated by a fixed
angle of 90◦. The measurements consist of two types, total scattered intensities as a function of
incident beam angle (angular distributions), and time-of-flight (TOF) energy-resolved spectra
at fixed incident angle. Because this apparatus is constrained by a fixed angle of 90◦ between
the incident beam and detector directions the angular distributions are not of the usual type in
which the scattered intensity at all final angles is measured for a single fixed incident angle.
Instead, the intensity at each final angle corresponds to a specific incident angle according to
θf = 90◦ − θi.

For both of these systems the primary channels of energy exchange are expected to be
conversion of the incident translational energy into phonon excitation, rotational excitation of
the molecule and excitation of internal vibrational modes of the molecule. These data were
originally analysed in terms of two well-known theoretical models, the hard cubes model [42]
and the washboard model [43], and in many cases good qualitative explanations of the results
were obtained. Here, it is shown that both angular distributions and energy-resolved spectra
can be quantitatively explained by the present mixed quantum-classical theory.

This paper is organized as follows: the next section gives a description of the theory used
to analyse the experimental data, section 3 gives a discussion of the comparisons of calculations
with measurements as well as calculated results for the probabilities of rotational and internal
vibrational mode excitation, and some conclusions are drawn in section 4.

2. Theory

The interaction between a molecular projectile and the surface is described by a many-body
Hamiltonian of the form H = H p + H c + V , where H p is the Hamiltonian of the free projectile
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including all internal degrees of freedom, H c is the Hamiltonian of the unperturbed surface,
and V is the interaction coupling the projectile and surface. The state-to-state transition rate for
an incident molecular projectile with well defined initial translational momentum pi, angular
momentum li, and excitation quantum number α j i for the j th internal mode, which makes a
transition to a final state denoted by pf , lf , and αlf is given by the generalized Fermi golden
rule

w(pf , lf , αlf ; pi, li, α j i) =
〈〈

2π

h̄

∑
{nf}

|Tfi|2 δ(Ef − Ei)

〉〉
, (1)

where the average over initial translational and rotational states of the target surface is denoted
by 〈〈 〉〉, and the sum is over all unmeasured final states {nf} of the surface which can scatter
a projectile into its specified final state. The matrix elements of the transition operator T̂ are
given by Tfi and are taken with respect to unperturbed final and initial states of the system.
The initial and final energies Ei and Ef refer to the total energy of the system of the projectile
molecule plus the many-body surface target.

Taking the semiclassical limit, the transition rate is expressed as the Fourier transform of
a generalized time-dependent correlation function. At this same level of approximation, it is
assumed that the elastic part of the interaction potential commutes with the inelastic part, and
the transition rate is then expressed as [44, 45]

w(pf , lf , αlf ; pi, li, α j i) = 1

h̄2
|τfi|2

∫ ∞

−∞
e−i(Ef−Ei)t/h̄ exp{−2W} exp{Q(t)} dt, (2)

where |τfi|2 is the scattering form factor, which in the decoupling approximation used in
equation (2) is the square modulus of the off-energy-shell transition matrix of the elastic
part of the interaction potential. The Debye–Waller factor exp{−2W} includes contributions
from translational, rotational and internal mode excitations and Q(t) is the generalized time-
dependent correlation function. Within the decoupling approximation the Hamiltonian for
each channel for energy transfers (i.e. surface elementary excitations, rotational excitations
and internal vibrational modes) is considered independent and commutative with respect to
the others. This results in the generalized correlation function exp{Q(t)} being a product of
independent correlation functions for each energy exchange channel, and the problem reduces
to choosing models for the scattering kernels for each of these channels. However, each of
these energy exchange mechanisms takes place while considering the energy gain or loss due
to the other mechanisms. At this point it is interesting to make the connection to well-known
models for atomic scattering; if phonons are the only mechanism for energy transfer then the
approach of equation (2) leads to well-known transition rates that are Gaussian-like in both the
translational energy transfer ET

f − ET
i and the parallel component P of the momentum transfer

p = pf − pi [46–49].
Including all three energy exchange channels in the generalized correlation function of

equation (2), and taking the classical limits for translational and rotational motion, but retaining
semiclassical quantum mechanics for the internal molecular vibrational modes, leads to the
following general result for the state-to-state transition rate:

w(pf , lf ; pi, li) = 1

h̄2
|τfi|2

(
2π h̄2v2

R

�E0kBTS

) (
2π h̄2ω2

R

�ER
0 kBTS

)1/2

×
(

π h̄2

(�E0 + �ER
0 )kBTS

)1/2

exp

[
− 2P2v2

R

4�E0kBTS

]
exp

[
− 2l2

z ω
2
R

4�ER
0 kBTS

]

×
NA∑

κ,κ ′=1

{
ei(pf ·�r f

κ,κ′ −pi·�ri
κ,κ′ )/h̄ e−Wκ (pf ,pi) e−Wκ′ (pf ,pi)



S2956 I Moroz et al

×
Nν∏
j=1

∞∑
α j =−∞

I|α j |(bκ,κ ′(ω j ))

[
n(ω j ) + 1

n(ω j )

]α j /2

× exp

[
− (ET

f − ET
i + ER

f − ER
i + �E0 + �ER

0 + h̄
∑Nν

s=1 αsωs)
2

4(�E0 + �ER
0 )kBTS

]}
, (3)

where NA is the number of atoms in the projectile molecule, each denoted by index κ and mass
mκ , ET and ER are the respective translational and rotational energies of the molecule, vR is a
calculated average of phonon speeds parallel to the surface [46] and ωR is a similar constant for
frustrated angular frequencies, n(ω j ) is the Bose–Einstein function for molecular vibrational
frequency ω j and Wκ (pf , pi) is the Debye–Waller exponent associated with internal mode
excitation. I|α j |(z) is the modified Bessel function of integer order α j . The argument of the
modified Bessel function of equation (3) is given by

bκ,κ ′(ω j ) =
3∑

β,β ′=1

pβ pβ ′
1

Nν h̄
√

mκmκ ′ω j
e(κj |β)e∗(κ

′
j |β ′)

√
n(ω j )[n(ω j ) + 1], (4)

where e(κj |β) is the vibrational polarization vector for the j th internal mode and Nν is the total
number of such modes.

The transition rate of equation (3) is expressed, for compactness, as a product over all
normal modes labelled by j and a summation over the excitation quantum number denoted
by α j . To obtain the discrete state-to-state transition rate to a particular internal mode final
state, or to a combination of states, one takes the corresponding ( j, α j)th term of equation (3).
This general expression is readily expanded term by term in numbers of quanta excited for
each of the internal modes, and often a consideration of only single quantum excitations is
sufficient. The basic theory was initially applied to the case of acetylene scattering from the
(001) surface of LiF [36, 50] in an attempt to explain state-to-state measurements taken by the
group of Miller [1]. Their measurements for scattered angular distributions and final rotational
temperatures were well explained by calculations based on equation (3) [50].

In many cases, such as where the incident molecular energy and the surface temperature are
not large compared to the energy of internal molecular vibrational excitations, the expansion
of equation (3) to only single quantum excitations is sufficient. This expansion is

w(pf , lf , pi, li) = 1

h̄2
|τfi|2

(
π h̄2

(�E0 + �ER
0 )kBTS

)1/2( 2π h̄2v2
R

�E0kBTS

)(
2π h̄2ω2

R

�ER
0 kBTS

)1/2

× exp

[
− 2P2v2

R

4�E0kBTS

]
exp

[
− 2l2

z ω
2
R

4�ER
0 kBTS

] NA∑
κ,κ ′=1

ei(pf ·�r f
κ,κ′ −pi ·�ri

κ,κ′ )/h̄

× e−Wκ (pf ,pi) e−Wκ′ (pf ,pi)

{
exp

[
− (ET

f − ET
i + ER

f − ER
i + �E0 + �ER

0 )2

4(�E0 + �ER
0 )kBTS

]

+
3∑

γ,γ ′=1

pγ pγ ′
Nν∑
j=1

1

2h̄ Nν

√
mκmκ ′ω j

e(κj |γ )e∗(κ
′

j |γ ′)

×
(

n(ω j ) exp

[
− (ET

f − ET
i + ER

f − ER
i + �E0 + �ER

0 − h̄ω j )
2

4(�E0 + �ER
0 )kBTS

]

+ (n(ω j ) + 1) exp

[
− (ET

f − ET
i + ER

f − ER
i + �E0 + �ER

0 + h̄ω j )
2

4(�E0 + �ER
0 )kBTS

])}
. (5)

Of the three terms in equation (5) the one proportional to n(ω j ) + 1 gives the single quantum
creation rate, the term proportional to n(ω j ) is for single quantum annihilation, and the third
term is the rate for scattering with no internal mode creation.



Molecule scattering from insulator and metal surfaces S2957

The experimental quantity usually measured in a surface scattering process is the
differential reflection coefficient d3 R/d�f dET

f giving the fraction of the incident particles
which are scattered into a final solid angle of d�f and energy interval dET

f . This is obtained
from the transition rate by dividing by the incident flux crossing a plane parallel to the surface
and multiplying by the density of available final particle states

d3 R

d�f dET
f

(pf , lf , αlf , pi, li, α j i) = L4

(2π h̄)3

m2|pf |
piz

w(pf , lf , αlf , pi, li, α j i). (6)

Many experiments use a velocity dependent detector for which a correction must be applied.
In the case of a density detector in which the detection probability is inversely proportional
to the time of traversal, which is the case for the experiments of interest here, it should be
divided by the final molecular translational speed. Also for the experiments considered here
the incident molecular beam is in a mixture of rotational states corresponding approximately to
an equilibrium distribution with a low temperature. Thus the differential reflection coefficient
of equation (6) must be averaged over a Maxwell–Boltzmann distribution of incident energies
as well as averaged over the molecular orientation and orientation of the angular momenta.

Equations (3) and (5) are appropriate to a smooth surface whose only corrugation is due
to the thermal vibrations and rotations of its constituent molecules. The quantity vR is a
weighted average of phonon velocities parallel to the surface, whose value should be of the
order or smaller than the Rayleigh mode speed [46]. Similarly, the quantity ωR is a weighted
average frequency for the parallel components of the frustrated rotational vibrations of the
surface molecules [37]. The constant vR is taken as a fitting parameter, just as has been done
in all earlier work [46, 48]. In principle, vR is well specified and can be calculated from basic
principles, but this requires knowledge of the phonon spectral density at the position of the
classical turning point of the potential energy. Knowledge of the spectral densities would also
allow evaluation of the constant ωR; however, thus far our calculations have used values of
ωR < 1010 s−1, sufficiently small that the results are independent of its choice.

The form factor |τfi|2 appearing in equations (3) and (5) depends on the interaction
potential. In many treatments of inelastic surface scattering the interaction potential is taken
to be the repulsive part of the total molecule–surface interaction, which is approximately an
exponentially decreasing function of the molecule–surface separation [51]. Thus the form
factor amplitude τfi appropriate for use here is the transition matrix for the repulsive inelastic
interaction. An expression which has been extremely useful, both for multiphonon scattering
and for single phonon studies of atom–surface collisions [52, 53], is an expression given by the
distorted wave Born approximation for an exponentially repulsive potential, first discussed by
Jackson and Mott [54]. The Jackson–Mott matrix element, τfi = vJM(pfz, piz), is the matrix
element of an exponentially repulsive potential V (z) = V0e−βz taken with respect to its own
eigenstates. Defining qi = piz/h̄β and qf = pfz/h̄β, it is given by

τfi = vJM(pfz, piz) = h̄2β2

m

πqiqf(q2
f − q2

i )

cosh(πqf) − cosh(πqi)

(
sinh(πqf) sinh(πqi)

qiqf

)1/2

. (7)

In the semiclassical limit of a strongly repulsive surface barrier, which here corresponds to
β → ∞, the Jackson–Mott matrix element becomes [54, 55]

vJM(pfz, piz) → 2 pfz piz/m. (8)

The same expression as equation (8) is obtained for other potentials in the limit of a strongly
repulsive surface barrier, including the Morse potential and a simple Heaviside step potential.

For this work, equation (8) was used as the form factor, after modification by the addition
of an attractive well. For classical translational motion, such as considered here, the major
effects of the adsorption well in the potential are to accelerate the incoming projectiles and to
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refract them into directions more normal to the surface plane. The acceleration and refraction
are independent of the shape of the attractive part of the well, so we have used the simplest
approximation, that of a square well. Upon entering the attractive well the energies are
transformed according to E ′T

q = ET
q + |D|, where D is the well depth, but all of this increased

energy is associated with the perpendicular motion, hence

p′2
qz = p2

qz + 2m|D|. (9)

The differential reflection coefficient of equation (6) is then modified by multiplying by the
Jacobian determinant relating energy and solid angle inside and outside of the well.

The final quantities to be specified are the polarization vectors e(κj |γ ) for the internal
vibrational modes of the molecule. For the case of the diatomic molecular projectile O2

there is only one normal mode and its polarization vector is unity. For the case of CH4 the
polarization vectors were calculated using a standard classical normal modes analysis in the
harmonic approximation [56–58]; there are a total of nine normal modes that have four different
frequencies called ν1, ν2, ν3 and ν4 at the energies of 361.7, 190.2, 374.3 and 161.9 meV,
respectively [57]. The ν1 and ν3 modes are singly and triply degenerate stretching modes at
higher frequencies that are not expected to be appreciably excited at low collision energies.
The double and triply degenerate bending modes ν2 and ν4 at lower energies are of interest
in the present study because they are the ones that will be excited for incident translational
energies of up to 0.5 eV. The parameters involved in this normal modes calculation are the
length of the C–H bond, which is lCH = 1.0862 Å [59]; the H–C–H equilibrium angle of
109◦28′, and five force constants [59–61] with the following values: two stretching force
constants F11 = 5.435 aJ Å−2 and F33 = 5.378 aJ Å−2 where a = 10−18, two angle bending
force constants F22 = 0.584 aJ rad−2 and F44 = 0.548 aJ rad−2, and one mixed constant
F43 = −0.221 aJ Å−1 rad−1.

3. Results

3.1. Methane scattering from LiF(001)

The experimental measurements discussed here for scattering of CH4 from a clean ordered
LiF(001) surface were carried out with an incident molecular beam whose translational energy
varied between 190 and 500 meV by heating the supersonic jet nozzle and seeding with helium
gas [15]. Surface temperatures were varied from 300 to 700 K. The impinging molecules were
reflected from the LiF(001) surface, and all measurements were carried out in the scattering
plane, which contains the incident beam and the surface normal. With the detector positioned
at a fixed angle of 90◦ from the incident beam, the incident and final angles at which all
measurements were taken are related by θf = 90◦ − θi.

An example of TOF energy-resolved spectra compared with calculations based on
equation (5) is shown in figure 1. The experimental data are exhibited as points for three
incident energies: 500, 350 and 190 meV as marked,and for θi = 30◦. The surface temperature
is 300 K and the crystal azimuthal direction is 〈110〉. The vertical lines indicate the TOF time
for elastic scattering (dashed line) and the time corresponding to recoil energy loss for hard
sphere scattering at these angles (dashed–dotted line).

The calculations from equation (5) are shown as solid curves in figure 1. These calculations
are the sum of the differential reflection coefficient over all final rotational angular momenta
and all molecular internal modes, and are for a potential well depth of zero, a rotational
temperature of the incident beam of 30 K, and an incident beam vibrational temperature of
10 K. The rotational temperature of the incident beam is estimated to be about 30–40 K, while
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Figure 1. Time of flight distributions of CH4 molecules scattered from a LiF(001) surface in the
〈110〉 azimuthal direction for three different translational energies: 500 meV (a); 350 meV (b);
190 meV (c). The incident angle is θi = 30◦ and the surface temperature is 300 K. The experimental
measurements are shown as data points and the calculations are shown as solid curves. Two vertical
lines indicate recoil energy loss (dashed–dotted line) and elastic scattering (dashed line).

the experimental vibrational temperature is estimated to be near room temperature [15]. The
calculated results are insensitive to either of these parameters within these ranges. The principal
moments of inertia of the CH4 and LiF molecules were calculated classically with the known
atomic masses and molecular bonding distances, leading to values of the principal moments
of inertia of IM = 5.26 × 10−47 kg m2 for CH4 and IC = 3.41 × 10−46 kg m2 for LiF. As
explained above in section 2 the velocity vR was taken as a parameter, since a realistic evaluation
requires knowledge of the complete phonon spectral density at the classical turning point. vR

is expected to be of the order or smaller than the Rayleigh speed, which is approximately
4000 m s−1 for LiF(001) [62]. For the calculations on the CH4/LiF(001) system the value
vR = 1500 m s−1 was used as this provides a reasonable fit to all data for both TOF spectra
and angular distributions. Interestingly, decreasing vR by a factor of two has very little effect
on the position of the maximum in the calculated TOF distribution, but it increases the width
by about 10%, particularly on the large time side. Conversely, increasing vR by a factor of
two narrows the distribution by about 10% but again leaves the maximum in nearly the same
position. For the value of MC, the effective mass of the surface molecules, we have used
three times the mass of a LiF molecule. A larger effective mass indicates a collective effect
in which the incident projectile is colliding with more than a single LiF molecule. The initial
analysis using the washboard model carried out by Yamamoto et alalso required surface masses
several times larger than that of a single LiF [15]. The good agreement between calculations
and experiment seen in figure 1 holds over the entire range of incident angles measured, from
θi = 30◦ to 50◦.

Figure 2 shows experimental data for angular intensity distributions for methane scattered
from LiF(001) 〈110〉 together with the calculated curves represented by solid curves. The
surface temperature is 300 K. Three different incident energies are shown in figure 2,
ET

i = 190, 350 and 500 meV as marked. At the smallest incident energy the angular
distributions are broad and the angular position of the most probable intensity is somewhat
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Figure 2. Angular intensity distributions for methane CH4 scattered from a LiF(001) surface in the
〈110〉 azimuthal direction together with the calculated curves. The incident translational energies
are: (a) 500 meV; (b) 350 meV; (c) 190 meV. The surface temperature is 300 K. The solid curves
are the calculations. The vertical line marks the specular position.

larger than the specular position of 45◦ denoted by the solid vertical line. With increasing
incident energy the width of the angular distribution narrows and the most probable final
angle increases, and at all energies the theoretical curves give a reasonable explanation of the
data. This decrease with energy of the full width at half maximum (FWHM) and concomitant
supraspecular shift of the most probable final angle is very similar to the behaviour previously
observed in the typical fixed incident angle distributions for rare gas scattering [63] and
molecular scattering [1, 35].

Measurements of the angular distributions were made over a range of surface temperatures
from 200 to 700 K. As a function of temperature the most probable scattering angle of the
angular distribution decreases slowly (subspecular shift), and the full width at half maximum
of the distribution shows a monotonic increase. Both of these effects were well explained by
the calculations.

Measurements of rotational excitation were not made in the experiments of Yamamoto
et al, however, figure 3 shows a prediction of the calculated scattered intensity as a function of
rotational energy ER

f for incident angle θi = 41◦ and for incident translational energies 75, 190,
350 and 500 meV, respectively. The quantity calculated is the differential reflection coefficient
of equation (6) averaged over an initial Maxwell–Boltzmann distribution of rotational states
with a temperature TR = 30 K, and summed over final translational energies and all internal
vibrational mode excitations. All parameters are the same as were used in the calculations for
figure 2. For the three highest incident energies the intensity falls off rapidly as a function
of ER

f for the first 15 meV, and then takes on nearly exponentially decreasing behaviour as
indicated by the curves becoming nearly straight lines in this logarithmic graph. For the nearly
straight-line region for ER

f > 30 meV we can extract an effective final rotational temperature
for each incident energy through comparison with a Maxwell–Boltzmann distribution. The
final effective rotational temperature increases with increasing incident energy and the values
are 359, 595 and 838 K for ET

i = 190, 350 and 500 meV, respectively.
These final rotational temperatures are consistent with the range measured for the scattering

of C2H2 from LiF(001) by Miller et al [1]. That group also made an independent measure of
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Figure 3. Scattered intensity versus final rotational energy for CH4 scattering from a LiF(001)
surface at room temperature. The incident translational energy is Ei = 75, 190, 350 and 500 meV
as marked.

the effective final rotational temperature for CH4 /LiF(001) at a lower incident translational
energy of 75 meV [64]. This measurement gave the rotational temperature of scattered methane
molecules of 240 K. Our calculations at 75 meV show nearly exponential behaviour at all final
rotational energies and give a final rotational temperature of 212 K, in reasonable agreement.

3.2. Oxygen scattering from Al(111)

Figure 4 shows comparisons of angular distribution data [35] with theory for the O2/Al(111)

system. The solid curves are calculations for a potential with well depth D = 50 meV and the
dash–dotted curves are for D = 0. The calculations are averaged over an incident beam with
a Maxwell–Boltzmann distribution of rotational energies with rotational temperature 35 K,
and the parameter vR = 2300 m s−1. Direct measurement of the rotational state of the O2

incident beam was not possible in the experiment, but an indirect measure was provided by
substituting NO gas under the same experimental conditions. An unseeded, room-temperature
NO beam had a rotational temperature of 36 K, and it is expected that the rotational temperature
of O2 under the same conditions will be comparable. However, as with the case of CH4 the
calculations are insensitive to such small incident rotational temperature values. It is seen that
the theory predicts broad angular distributions with FWHMs of about 20◦ and peak maxima
located near the specular positions or slightly supraspecular, in reasonable agreement with
experiment. The anomalous sticking behaviour observed with this system has been associated
with a weak physisorption well that varies in depth depending on surface position, with its
deepest point of about 100 meV at the same site in the surface unit cell as the maximum in
the barrier towards dissociative adsorption [39]. In the present calculations, a simpler uniform
square-well model of depth roughly the average of the previous work [39] is used in order to
test the effects of a physisorption well on the scattering behaviour. Including a well in the
interaction shifts the calculated angular distribution slightly in the supraspecular direction and
broadens the peaks. This shift can be understood on the basis of the larger average energy
losses caused by the molecule colliding with the repulsive surface at a higher effective energy
and a more normal collision angle inside the well. Overall, the calculations with a 50 meV
well seem to agree somewhat better with the experiment than those without a well.
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Figure 4. Angular distributions of the O2/Al(111) scattering intensity for different incident angles
as shown with an incident energy Ei = 90 meV and surface temperature TS = 298 K. The
experimental data points are shown as symbols. The calculated results are shown as solid curves
for a potential with well depth D = 50 meV, and as dash–dotted curves for D = 0. The vertical
dashed line marks the specular position.

It is noticeable that for the smaller incidence angles in figure 4 the experimental points
appear to lie below the calculated curves at final angles near normal. This disagreement may
be an artifact of correcting the scattered intensity for the small fraction of the incident beam
that can enter the detector when the detector and incident beam directions are close to each
other. The design of the detector consists of a tube open at both ends, so it will count O2

molecules that enter from either direction. When the detector is brought near to the incident
beam direction, which is the case for the scattering angles near the surface normal measured
for incident beam angles also near normal, a small number of O2 molecules in the tail of
the angular spread enter the detector from the back end and are counted before striking the
surface. A correction for this has been made, but in the case of incident angles smaller than
20◦ an over-compensation of the correction may account for the apparent discrepancy between
experiment and theory.

Measurements were also made for angular distributions at fixed incident angle as a function
of surface temperature. The most noticeable effect was a subspecular shift of the peak
intensity with increasing surface temperature. This subspecular shift was well described by the
calculations [65], and the physical explanation of this shift is discussed in the paragraphs below.

Near specular and certainly subspecular angular distribution lobes, such as seen in figure 4,
are not expected on the basis of predictions from simple theoretical models that do not allow
for parallel momentum exchange with the surface. In situations such as this where the mass
ratio of the projectile molecule to that of the surface atoms is large, and where the incident
energy is large compared to the temperature of the surface, the typical molecule will lose a
large fraction of its energy. In fact, energy-resolved calculations show that under the present
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Figure 5. The calculated excitation probability of the O2 internal stretch mode as a function of
incident translational energy; θi = 15◦, θf = 45◦ and the surface temperature is TS = 300 K .

conditions the O2 may lose substantially more than half its incident energy upon collision.
Thus, if the parallel momentum of the projectile is not allowed to change, the perpendicular
momentum will become much smaller, which would predict a distinctly supraspecular angular
distribution lobe.

However, the theoretical models of equations (3) and (5) allow for the correct transfer
of momentum parallel to the surface, i.e. the parallel momentum of the scattered particle is
equal to the parallel momentum of the incident particle plus whatever parallel momentum is
gained or lost to the phonons exchanged. Perpendicular momentum, on the other hand, is not
conserved due to the broken symmetry presented by the surface. Perpendicular momentum is
indeed exchanged with the surface, but there is no conservation law in that direction. Thus,
the projectile’s final perpendicular momentum is determined by the combined laws of energy
conservation and parallel momentum conservation. The behaviour of the angular distribution
with increasing temperature is explained by the fact that, at higher temperatures, the incoming
projectiles lose less energy on average. Thus, perpendicular momentum loss is decreased
relative to the exchange of parallel momentum, resulting in a subspecular shift.

It is of interest to show predictions of the full molecular scattering theory of equation (3) for
the excitation probability of the molecular internal vibrational mode. At the incident energies
involved in the present experiments, the O–O stretch mode, which in the gas phase has a value
of 193 meV, is not appreciably excited. However, shown in figure 5 is a calculation of the
excitation probability for the first excited state of this mode as a function of incident translational
energy. As for the previous calculations, a rotational temperature of 35 K is assumed for the
incident beam, and the incident and final angles are θi = 15◦ and θf = 45◦. No correction
has been made for the fact that the dissociative sticking becomes large at energies approaching
1 eV. It is seen that the internal mode excitation probability does not become appreciable until
well above the mode excitation energy, after which it increases, reaches a maximum and then
eventually decreases, as expected. However, it is interesting to note that due to energy supplied
by the surface phonons there is a small but non-zero probability of excitation even for incident
translational plus rotational energy less than the excitation energy, in the range where the
observed sticking is still small compared to unity. This is clearly observed in figure 5 where
the excitation probability is small but non-zero for incident energies substantially less than the
190 meV threshold.
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Such behaviour is reminiscent of recent observations of phonon energy coupling to the
rotational motion as was recently reported by the group of Sitz (University of Texas, Austin)
for the case of molecular hydrogen and deuterium reflected from metal surfaces [2]. They
observed scattered molecules leaving the surface in rotational states having energy greater
than the incident translational energy, which is possible only if thermal energy from the
surface is transferred to the rotations, and such energy transfers have been supported by recent
calculations [66, 67].

Our theory, even at its present level, contains mechanisms for coupling energy transfer
between the various degrees of freedom, as is clearly seen in calculations of the probability of
excitation of internal vibrational modes. Internal mode excitation probabilities are calculated
to be non-zero at incident translational energies smaller than the hν required to create a single
quantum due to conversion of rotational energy and energy from the phonons of the surface
into vibrational energy [65, 68].

4. Conclusions

This paper presents a theoretical analysis of recently available data for the scattering of CH4

from a clean, ordered LiF(001) surface and O2 scattering from Al(111). The theory used is
one that treats the translational and rotational motion of the projectile molecules with classical
mechanics while using a semiclassical treatment for the excitation of internal molecular
vibrational modes [36]. The origins of this theory lie in classical treatments that have been
successful in describing atom–surface scattering under conditions in which the numbers of
exchanged phonons is large [46, 48, 63]. The molecular scattering theory was first applied to
the case of scattering of C2H2 from a LiF surface [37] where it gave a reasonable description
of the observed measurements [64] for angular distributions and rotational energy excitation.
The present work shows that for two additional systems the theory is capable of describing
the basic dependence of the observed angular distributions and translational energy-resolved
spectra as functions of the experimentally controllable parameters, i.e. the incident angle, beam
energy and surface temperature.

In addition to carrying out calculations for comparison with available data, results of a
more predictive nature are shown giving probabilities for excitation of the internal degrees
of freedom of the molecular projectile. These indicate that measurements of the intensity
as a function of final rotational energy, or measurements of molecular vibrational excitation,
can provide important physical information on the coupling of translational, vibrational and
rotational motion during the collision process.

In general, the theoretical model used to analyse these scattering experiments demonstrates
how far one can go towards obtaining quantitative agreement with available data for scattering
of small molecules from the LiF(001) surface without introducing a great amount of detail
into the scattering potential. The dependence of the measured angular distributions and energy
resolved spectra on incident angle,surface temperature and incident translational energy appear
to be largely governed by the mechanism of transfers of large numbers of phonons, and this
mechanism is well treated by the present formalism.

An overall conclusion of this work is that the physical mechanism causing the shapes and
behaviours of the measured angular distributions is largely dominated by energy exchange with
the phonon distribution of the surface. Rotational energy exchange in the collision process
has a noticeable effect, but is much less influential than the conversion of translational energy
to surface vibrational energy. The energy-resolved calculations show that for translational
energies large compared to the surface temperature,on average energy is lost when the molecule
strikes the surface and that the typical energy loss can be large compared to the incident energy.
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Such large losses of translational energy to the phonon field, as observed in that fraction of
incoming atoms that are scattered, will surely also have a strong effect on chemisorption which
is an important interaction channel for these systems. The present approach demonstrates that
the exchange of phonon energy with the surface can be handled in a straightforward theoretical
manner.
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