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with temperature variation for specular and off-specular angles
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High-resolution inelastic He-atom-scattering experiments, employing a time-of-Aight energy resolution tech-
nique, have been carried out on LiF(001)(100) for a wide range of temperatures and for several different
incident beam angles. A quantum-mechanical multiphonon theory is used to explain the observed inelastic
background. Numerical calculations based on the theory produce good agreement with experiment.

I. INTRODUCTION

The first gas-surface diffraction experiments using atomic
and molecular beams were carried out in the early 1930s to
verify the wave nature of atoms. ' Single-crystal LiF(100)
was used for most of these early studies, since its cleaved
surface remains clean and ordered, and the scattering from it
produces a strong diffraction pattern due to the highly corru-
gated surface. Thermal-energy helium gas was used as the
beam probe not only because it is inert and nondestructive to
the surface but primarily because of its relatively small mass
which insures a de Broglie wavelength similar to the unit-
cell size of the LiF crystal. The interesting observations
made in those pioneering studies were soon followed by
various experimental and theoretical attempts to learn more
about atom-surface scattering.

With improved vacuum conditions, the field blossomed
during the 1960s and 1970s. ' More recently, the develop-
ment of high-intensity nearly monoenergetic helium-atom
beams has spurred further interest in gas-surface interactions.
Subsequent developments over the last fifteen years have
contributed to making He-scattering studies an exceptionally
versatile tool for surface studies. Today's high-resolution
atomic He beams can routinely achieve beam velocity
spreads of less than 1% and, with care, resolve features be-
low 0.1 meV. " ' These experimental and theoretical at-
tempts are discussed in a number of review articles. '

In the scattering of He from a clean crystal surface, such
as LiF, the scattered beam is composed of (1) coherent elas-
tic scattering (specular and Bragg peaks), (2) coherent
single-phonon inelastic scattering (single-phonon interac-
tions from surface- or bulk-projected phonons), (3) incoher-
ent elastic or diffuse elastic scattering (from defects), and (4)
diffuse inelastic scattering. This paper is mainly concerned
with the last of these. The diffuse inelastic scattering appears
as a broad background in the experimental energy exchange
spectra, especially at higher incident beam energies and el-
evated crystal surface temperatures, and consists of two

parts, incoherent inelastic scattering from defects and co-
herent multiphonon interactions. For clean, well-ordered sur-

faces the multiphonon contribution usually dominates. Al-
though this component of the scattering background has a
broad shape, it is not featureless. For example, it has been
recognized that multiphonon processes are responsible for
certain peaks observed in the inelastic spectrum of He
scattering. Moreover, a good knowledge of the form and

shape of the diffuse inelastic signal is essential for back-
ground subtraction in order to obtain the true intensities of
the elastic and single-phonon peaks.

In principle, the surface phonon spectral density which
depends on the surface bonding forces can be obtained from
measurements of the intensities from single-phonon scatter-
ing collisions. However, this information can be extracted
only when the inhuence of the He-surface interaction poten-
tial is understood since the scattering intensity depends on
both the spectral density and the interaction potential. Since
the multiphonon contribution is a collective average of the
effects of exchanging several phonons, it is not strongly de-
pendent on the details of the phonon spectral density. As a
result one can approximate the multiphonon scattering with
simple phonon models, such as the Debye model, in order to
extract the form factor for the interaction potential that
couples the projectile to the surface. Then one can use the
form factor from the multiphonon scattering to obtain the
phonon spectral density from the single-phonon scattering
intensities.

In this study, the variation of the scattered intensity with
crystal temperature as well as with the angle of incidence of
the He beam was measured. The temperatures ranged from
approximately 290 to 720 K. Since the bulk Debye tempera-
ture for LiF is 734 K, the inelastic intensity consists mostly
of single phonons at the lower end of the temperature range
investigated. At higher temperatures, however, the mul-
tiphonon contribution is quite significant and we have been
able to obtain reasonable agreement between the observed
multiphonon scattering and the theoretical predictions.
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The next section contains a description of the apparatus
and kinematical conditions that describe the scattering pro-
cesses in these studies. This is followed by a review of the
theory used to model the experimental results. Section IV
contains a discussion of the results of the modeling, which is
followed in Sec. V by the conclusions.

II. EXPERIMENT

The experimental work for this study was conducted on a
helium-atom-scattering (HAS) apparatus that has been de-
scribed previously. Briefly, this instrument is designed with
a 90' source-target-detector scattering geometry. The source
is a high-intensity, nearly monoenergetic (AEIE=2 k) He
beam. The detector is a quadrupole mass spectrometer. The
inelastic scattering intensity is measured by chopping the
beam into 7 p, s pulses and using the time-of-tlight (TOF)
method to determine the energies and momenta of the scat-
tered atoms.

LiF was used in this work because it is a crystalline ma-
terial which can be cleaved in air to produce a nearly defect-
free surface that has been well characterized by previous
diffractive and inelastic atom-scattering studies. ' ' " After
cleaving, the LiF target (7X7X2 mm ) was immediately
inserted into the scattering chamber which was then evacu-
ated and baked at about 370 K for 24 h, by which time the
pressure had dropped to below 5&&10 ' torr. The target
temperature was then raised to 770 K for approximately 30
min to clean the surface. Following this treatment, the
helium-atom scattering yielded angular distributions with
sharp diffraction peaks and inelastic TOF peaks that agreed
with previous measurements.

The crystal temperatures in these studies were varied from
about 290 to 720 K. Although the temperature was allowed
to stabilize for each measurement, variations still occurred
which ranged from a few tenths of a kelvin at 290 K up to
approximately ~5 K at 700 K during a typical 2 h TOF
measurement. Since the temperature of the crystal was mea-
sured at the position of the stage onto which the crystal was
mounted, it is likely that the recorded temperature is slightly
different from that of the surface, especially at the higher
temperatures. We have made no attempt to correct for this.

For an incoming helium atom of mass m and wave vector
k; the incident energy E; is

and

A, k A, k
AE= — =A, g coi(g),2m 2m (4)

2 7T.

G „= (mx+ny),a

where a is the lattice constant of the surface unit cell and m
and n are integers.

The quantities AE and K characterize an inelastic scatter-
ing event. In a AE vs K plot, the locus of points which
satisfy the conservation of energy and momentum relations
for a single-phonon interaction [i.e., one in which the sum-
mations in Eqs. (3) and (4) contain only a single term] de-
fines the "scan curve" which for the present "in-plane" ex-
perimental geometry (in which the incident beam, the
scattered beam, and the normal to the surface lie in the same
plane) is given by

1
[sing, + (ICIE;)]j 1. —

sin Of
(6)

The intersection points of the scan curve with the extended-
zone plot of the phonon dispersion curves represent the ki-
nematically accessible phonons that can be observed as
single-phonon peaks in a time-of-Aight spectrum. Scattering
events which are described by Eqs. (3) and (4) with more
than one term in the summations are the subject of the theory
described in the next section.

III. THEORY

The quantum-mechanical theory for the analysis of the
multiphonon background has been developed previously.
We briefly review the important features here. The interac-
tion between an atomic projectile and a surface can be de-
scribed by a Hamiltonian of the form

where capital letters denote vector components in the surface
plane, AE is the energy transfer to the particle, K is the
parallel momentum transferred to the crystal by the particle,
l is an index of the phonons exchanged during a single scat-
tering event, and the convention is used that for annihilation
events col~0 and for creation events col~0. The reciprocal
lattice vector G „ is given, for the (001) surface of a face-
centered cubic lattice, by

Similarly, the scattered He atom with a wave vector kf has
energy Ef given by

6 k
Ef= f

The helium atom may scatter from the surface with the cre-
ation or annihilation of one or more phonons of frequency
co(Q), where Q is the surface projection of the phonon wave
vector q. The conservation of momentum in the crystal plane
and energy conservation then yield

(3)

H=H~+H'+ V, (7)

where H~ is the Hamiltonian of the free particle, H' is the
Hamiltonian of the unperturbed crystal, and V is the interac-
tion coupling the projectile and crystal.

In these experiments, the experimentally measured quan-
tity is the three-dimensional differential reAection coefficient
d R/dAfdEf, which gives the fraction of the incident par-
ticles that are scattered into a small final solid angle deaf and
over a final energy interval Ef to Ef+dEf. The standard
approach is to start with the quantum-mechanical probability
density for the projectile to lose or gain an amount of energy
AE, or to start from the generalized golden rule for the tran-
sition rate for scattering from projectile state k; to state
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kf. ' ' In general, starting from the Hamiltonian of Eq.
(7) either approach leads to a differential refiection coeN-

cient which can be expressed in terms of a generalized dis-
placement correlation function 7W,

' '

d R kfkf t +co
dR'ei[(K+G) (R—R') —aE~I6]ltr l2+ eiK Rie —w(R, k)e —w(R', k)e2/vi(R, R', t) (8)

dAfdFf (27r)'&L G J —~ z J l

where we have denoted the scattering vector in the usual way, k= kf —k;, and where expl —W(R, k)] is the Debye-Wailer
factor whose argument is the self-correlation function of a point on the surface evaluated at equal times,
W(R, k) = 7&'o(R, R, t=o).

For carrying out tractable calculations, further approximations must be made. A combination of the trajectory approxima-
tion, with trajectories limited to classical paths, and the quick-collision approximation leads to an expression in which the
correlation function of Eq. (8) becomes the ordinary displacement correlation function:

dR kk I +~
i [(K+G) . (R—R') —EEtlE j

dAfdFf (2vr) A, L G J ~ J „, J „,
]2~ iK. R&

—W(R, k) —W(R', k) ((k uo(R, p)k u~(R', t)))
o~~ ~e e (9)

with the Debye-Wailer exponent taking on the classic form

2W(R, K) =(([k ui(R, t)] )), (IO)

A. Model calculations

In the semiclassical limit, the assumption that long-
wavelength phonons contribute most strongly to the mul-
tiphonon intensity ' leads to a further simplification. This
consists of expanding the lattice displacement in a series of
Q R, , where Ri is the component of ri parallel to the sur-
face. Then the differential reAection coefficient can be cast
into the following form, using the notation AF = Am:

where u.c. denotes a surface unit cell. Within these approxi-
mations the scattering amplitude o& of Eq. (9) is identified as
the transition matrix for a unit cell of the elastic part of the
perturbing potential V, extended off the energy shell. The
most severe of the approximations leading to Eq. (9) would
appear to be the quick-collision approximation which as-
sumes that the time spent by the projectile near the surface is
short compared to a phonon period. This condition is not
obeyed for high-energy phonons, and thus such an approxi-
mation is not well justified for calculating single-phonon ex-
changes. However, the multiphonon intensity is dominated
by exchange of low-energy phonons, and thus for this con-
tribution the quick-collision approximation becomes
reasonable.

The exponential of the displacement correlation function
in Eq. (9) can be expanded to yield different phonon contri-
butions. The elastic and single-phonon contributions are ob-
tained upon extending the exponential in a Taylor series in its
argument to zero and first order in the displacement correla-
tion function, respectively. The multiphonon part consists of
the remaining terms in the expansion.

namely, the product of a form factor
l r&l, a Debye-Wailer

factor, a structure factor S(K, cu) due to periodicity of the
surface, and an energy exchange factor I(K, co). For the pur-
poses of the present work it is sufficient to evaluate the struc-
ture factor and the energy exchange factor in terms of a
Debye phonon distribution, resulting in

S(K,co)=g e ' 'exp
l

2—copkgTRi

2' UR
(12)

and

+ co

1(K,~)= dt e ""'"»'exp 2W(k) sin(cunt)

CODt
(13)

2 —K i 2
UMt(~f I i).(14)

where Uz is a weighted average of phonon velocities parallel
to the surface and is approximately the Rayleigh velocity for
the surface modes near the zone center, coD is the Debye
frequency, and T is the surface temperature. The semiclassi-
cal energy shift is given by A, cup=6 k /2M where M is the
crystal atom mass. In deriving Eqs. (11), (12), and (13) the
high-temperature limit has been employed for the calcula-
tions to compare with the data. The high-temperature ap-
proximation to the semiclassical limit is applicable when the
temperature is above one-half the Debye temperature of the
crystal.

For the form factor le~i, we have adopted expressions
obtained from the distorted-wave Born approximation for
single-phonon scattering, namely, a Mott-Jackson matrix el-
ement for perpendicular motion and a cutoff factor for par-
allel motion:
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The Mott-Jackson factor vMJ is the mahe matrix element of the
one-dimensional potential U(g) = exp(—=ex (—Pz) taken with re-
spect to its own distorted eigenstates.
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FIG. 4. Comparison of the relative multiphonon peak intensity
vs temperature for different angles of incidence for the He/LiF(001)
(100) scattering system. The dashed lines are the theoretical fits to
the data which are represented by solid lines.

to near the bulk Debye temperature of LiF. The theory does
an even better job of predicting the temperature and angular
dependence of the global features of the diffuse inelastic dis-
tribution, namely, its maximum intensity and full width at
half maximum.

For the actual calculations carried out in this study the
phonon spectral density of LiF was represented by a Debye
frequency distribution. The satisfactory results obtained by
using such a simple model for the phonons indicate two im-
portant aspects of the diffuse inelastic background. First, for
such clean and ordered surfaces as the cleaved LiF studied
here, the diffuse inelastic background at temperatures above
half the bulk Debye temperature is largely due to the mul-
tiphonon contributions. Secondly, the multiphonon contribu-
tion to the diffuse inelastic background for such surfaces
appears nearly independent of the details of the phonon spec-
tral density. This latter point is important to the analysis of
He scattering data because it suggests that in many cases the
inelastic background can be predicted using simple phonon
models such as the Debye frequency distribution. If mul-
tiphonon calculations required using more realistic phonon
spectral densities, they would involve very lengthy numeri-
cal calculations and extensive amounts of computer time,
which would be distinctly disadvantageous.

The comparison of theory with experiment also gives im-

FIG. 5. FWHM vs temperature for different angles of incidence
for the He/LiF(001)(100) scattering system. The dashed lines are
the theoretical fits to the data which are represented by solid lines.

portant information about the interaction potential between
the He projectiles and the surface through determination of
the form factor for inelastic scattering. Here, as a theoretical
model, we have adopted the form factor which has been
widely used for single- as well as multiphonon scattering
from metal surfaces, namely, the product of a cutoff function
and the Mott-Jackson matrix element for an exponentially
repulsive potential. The values of the parameters determined
by fitting the data to the theory over a large range of incident
polar angles 8; are p= 6.0 A ' for the stiffness parameter of
the potential and Q, =4.5 A. ' for the cutoff parameter. The
value of p comes at the upper end of the range determined in
single- and multiphonon scattering studies of metal
surfaces, and is consistent with previous measurements of
multiphonon scattering from alkali halide insulators. This
large value of p implies a stiffer potential than that which is
normally determined from purely elastic diffraction studies
of similar surfaces. Our value of Q, is substantially larger
than the 1—2 A ' range usually found for metals, but is
consistent with previous studies of other alkali halides. A
large value of Q, implies a negligible cutoff with parallel
momentum exchange and this is consistent with a highly
corrugated surface which is capable of scattering incoming
particles out to large angular deviations away from the
specular direction. In the previous measurements and com-
parisons to theory, the Q, value was found to be large and
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somewhat insensitive to the fit. However, in this work which
covered a wide range of incident angles, the range of this
parameter was considerably narrowed. Thus in determining
the parameters of the form factor, P and Q, , it is important
to carry out the multiphonon experiments at angles other
than the specular incidence.

These two properties of the multiphonon inelastic back-
ground, that it is relatively independent of the details of the
phonon distribution and that it gives the form factor for in-
elastic scattering, have important implications for more de-
tailed studies of the single-phonon scattering intensities. In
principle, a study of the intensities of single-phonon transi-
tions is a method for measuring the surface phonon spectral
density. However, the theoretical interpretation of such ex-
periments is complicated by the fact that the intensity de-
pends directly on both the phonon spectral density and on the
form factor. The form factor for atom-surface scattering is
not simple, and, like the phonon spectral density, is also a
rapidly varying function of energy and momentum. Thus

without prior knowledge of the form factor it is not possible
to unambiguously extract the phonon spectral density from
the data. As is evident from the present work, the mul-
tiphonon intensity does give an unambiguous determination
of the form factor (in the semiclassical regime) because the
multiphonon intensity is essentially independent of the pho-
non spectral density. Furthermore, in the context of the semi-
classical theory presented here this form factor is the same as
that for the single-phonon part of the scattering intensity.
Thus the multiphonon intensity provides a first-order ap-
proximation to the form factor needed, in combination with
more detailed theoretical analysis, to extract the phonon
spectral density through comparisons with measured single-
phonon scattered intensities.
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