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Atom scattering as a quantitative surface probe:
Noble-gas monolayer and bilayer adsorbed on graphite
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Excellent agreement is found between measured and calculated H-atom scattering by (strongly
corrugated) Xe ovcrlayers on graphite. Elastic scattering is calculated exactly using a surface poten-
tial generated by summing gas-phase H-Xe potentials. The diffraction peaks are carefully simulated

by convolution over the velocity distribution, correcting for inelasticity and geometric effects, and
including an inelastic background generated by a new Inethod. Thresholds are found to affect
strongly the resonance data, and the behavior of resonances at some crossings is different from that
seen in weakly corrugated systems.

Light-atom scattering has been proposed as a very sen-
sitive technique for determining surface structure (see,
e.g., Ref. 1}. Unlike the probes of other diffraction tech-
niques [e.g., low-energy electron diffraction (LEED)] the
atom does not penetrate the outermost layer. This simpli-
fies the interpretation of the data and makes the scattering
sc11sltlvc to thc structure of 'thc surface 1Rycr only. Ally
diffraction technique that is sensitive to the surface can
give the size of the surface unit cell from the position of
diffraction peaks, as is commonly done with LEED. But
the structure within the unit cell can only be determined
from the diffraction data by analyzing the heights of the
diffraction peaks. Presently this cannot be readily done
for any technique, yielding the result that only in a few
cases has nontrivial surface structure been solved.

The problem of relating measured diffraction to surface
structure is twofold: First, a probe-surface interaction po-
tential must be generated given some configuration for the
surface atoms. Second, given this potential, a scattering
calculation realistic enough for a meaningful comparison
with experimental data needs to be done. In this paper we
address the second part. We want to demonstrate that for
light-atom scattering this can be done and to illustrate
what effects need to be included in the scattering calcula-
tion. Previously, good agreement has often been obtained
between calculated and measured scattering from weakly
corrugated surfaces. But in all cases the atom-surface po-
tential was adjusted to fit the data. Sonm progress has
been made in trying to generate the potential for clean
metal surfaces (see, e.g., Ref. 2}, but the most important
parameter, the surface-corrugation amphtude, cannot be
predicted. To minimize the number of unknowns, we
study a system that is special in that the surface potential
is quite we11 known, namely the scattering of H atoms
from Xe overlayers on graphite. The lattice constant is
the only unknown parametex in the scattering calculation
and is adjusted to make the position of calculated diffrac-
tion peaks agree with the measured ones. (There are,
furthermore„ two parameters in fitting the background).
Peak heights and shapes are found to be sensitive to 1%

changes in lattice constant, illustrating the sensitivity of
light-atom scattering to structural features. This system
is, furthermore, strongly corrugated and we particularly
identify some complications arising because of that. Al-
though many interesting surfaces are strongly corrugated
[e. g., Au(110), GaAs(110), Si(110)-(7)&7), and Si(111)],
good agreement between calculation and data for such
systems has not been obtained previously. There are basi-
cally two different kinds of data: resonance data and dif-
fraction data. We show that both are accurately predicted
from our assumed potential.

Resonance data for weakly corrugated surfaces have
previously provided valuable information about the
atom-surface interaction potential. The bound states of
the laterally averaged potential can be inferred from the
position of isolated resonance features and the corrugation
(and therefore structural information) from the splitting
of resonances at crossings. In analyzing such data it is
necessary to identify and assign the observed resonance
features. In strongly corrugated systems these features are
broad and usually not isolated, making the assignment
difficult. An understanding of the resonance behavior is
therefore valuable. We identify some new effects that are
not seen in data for weakly corrugated surfaces.

The characteristics of the apparatus and the layer-
growing procedures ' have been given elsewhere. The Xe
layers are not in thermodynamic equilibrium and there-
fore cannot easily be compared to those studied previously
using other techniques.

The theoretical calculation was carried out as follows.
Assuming that the surface is perfectly periodic and rigid,
the scattering probability for an incident plane wave can
be calculated exactly using close-coupling methods. 130
Fourier components (channels) were included in the
periodic part of the wave function to obtain convergence.
Typically half of these are open channels (diffracted out-
going beams), but the remaining half are closed channels
(cvallcsccil't waves). Thc computcl time was slgnlflicaI1'tly

reduced by taking account of symmetry and special prop-
erties of the surface potential. Only 61 Fourier com-
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ponents of the potential need to be included, some of
which extend only a short distance out from the surface.

The two-body Xe-H potential has previously been deter-
mined by gas-phase scattering experiments. Since the in-
teraction of the Xe atoms with the underlying substrate
(graphite) is weak, the H-adlayer potential is calculated by
summing two-body potentials. The zero Fourier com-
ponent (lateral average) of the true surface potential also
contains the long-range hydrogen graphite attraction and
long-range three-body interactions. The former is includ-
ed as —C3/(z —zo) using literature values for clean
graphite. The uncertainty in this could cause an error in
the well depth on the order of 1 meV (5%). This will af-
fect the position of resonance features. But, because the
diffraction probability is convoluted over the rather wide
energy distribution in the incident beam, the diffraction
peaks are not very sensitive to this uncertainty. The
bound states of this potential agree to within 5% with
those determined from resonance data. This places a con-
straint on the magnitude of three-body contributions,
which are not included. We note, however, that small
changes in the well depth of the two-body H-Xe potential
lead to large changes in the well depth of the surface po-
tential.

As of yet there is no proven way of correcting calculat-
ed elastic intensities for inelastic effects. Because of mul-
tiple scattering a Debye-Wailer approach does not have as
sound theoretical justification as in x-ray or neutron
scattering. On the other hand, theoretical results suggest
that this approach works best for light projectile atoms
and low energy. Here we use Debye-Wailer (DW) correc-
tions determined by independent measurements of the
temperature dependence of the specular intensity. The
validity of this approach is supported by good agreement
between the mean displacement of Xe atoms found by hy-
drogen scattering and results of LEED measurements.

Finally, in order to compare the calculation with the
data, a convolution of the scattering probabilities over the
velocity distribution in the incident beam is carried out.
Commonly the reverse procedure is followed, i.e., decon-
voluted data are reported. In the present case this is not
possible. Because of the large surface corrugation, many
closed channels are strongly coupled to the incident beam
and the effects of resonances and thresholds cause the dif-
fraction probabilities to vary strongly with energy. Even
at normal incidence the diffraction probabilities oscillate
rapidly with energy, often changing by a factor of 2 over
1 meV. This can affect the position of the peak max-
imum so that the lattice constant cannot be reliably deter-
mined from the experimental peak positions alone. There-
fore, the scattering experiment has to be simulated and the
result compared to the data. The calculated detector sig-
nal is

S(8)=p g J dk D„(k)P„(k)f(k)A„(k, 8)+b(8),

I

where D„ is the Debye-Wailer factor and P„ is the elastic
transition probability for diffraction peak n. f is the
wave-vector probability distribution [here b,k/k=14%
full width at half maximum (FWHM)] and A is the frac-

tion of outgoing beam n that overlaps with the detector.
It is important to recognize that the different outgoing
beams have different cross-sectional area. This leads to a
geometric correction, even for a perfectly monochromatic
beam. The background is represented by a smooth func-
tion b(8) which is constructed by assuming, in accordance
with approximate theoretical results, that the inelastic
scattering removed from each peak by the DW correction
is distributed in a broad peak under it. We choose a
Gaussian distribution with decay length d„and height
ad„(1 D„)—P„T.he decay length, d„, is the sum of the
half-width of elastic peak n due to the spread in velocity
(0'—10') and an inelastic term. The inelastic term (19')
and a are the same for all peaks and are fitted to the ex-
perimental background. This two-parameter fit to the
background works well for different incoming angles. In
order to ascertain the validity of this approach we have
applied it to the energy-selected data for Ne scattering
from LiF. ' The inelastic scattering deduced from the
elastic scattering as described above is in good agreement
with the measured inelastic scattering, except for very
large outgoing angles (8&70'). Since the inelastic back-
ground is a common problem in analyzing atom-surface
scattering data, this is an encouraging result.

In Figs. 1(a)—(c) calculated results are compared to ex-
perimental data for a Xe monolayer. Initially we assumed
that the Xe layer formed a v 3&&v 3 lattice in registry
with the graphite substrate (lattice constant a =4.26 A).
As can be seen in Fig. 1(a) this makes the higher-order
diffraction peaks too small and their position is too far
from the specular peak. It was clear from these as well as
data taken at normal incidence that the lattice constant of
the Xe layer is larger. Excellent agreement was obtained
by increasing it to a =4.34 A as is shown in Fig. 1(b).
The shape of the diffraction peaks as well as their position
and size are all well reproduced by the simulation. The
large shoulder on the (1,0) peak is due to larger elastic dif-
fraction probability at lower energy. This illustrates well
the need to simulate the data. Similar behavior has been
observed when He is scattered from Xe on graphite. " In
this diffraction scan the convolution effects and the in-
elastic correction change the relative peak heights by as
much as a factor of 4 and 2, respectively.

Figure 1(c) shows the effect of changing the two-body
H-Xe potential in an effort to fit the diffraction peaks,
keeping the lattice constant at a =4.26 A. We found the
distance, cr, to the zero of the two-body potential to be the
important parameter. By decreasing o. by 2% the peak
heights were made to agree with the data but the peak po-
sitions are consistently too far from the specular peak,
showing that the lattice constant is too small.

Figure 2 shows measured and calculated diffraction
when two layers (a bilayer) of Xe are adsorbed on the
graphite. Since the Xe-H two-body and three-body forces
are the same as for the monolayer, the measured differ-
ence in diffraction peak heights can only be due to a
difference in the inelastic scattering and a different lattice
constant. The best agreement, shown in Fig. 2, was ob-
tained with a larger lattice constant, a=4.40 A. The
background is different from the monolayer background
because of changes in DW factor and elastic intensity. It
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FIG. 1. Measured and calculated scattering from a mono-
layer of Xe. k=6. 15 A ', T=13 K, 8;=33.2'. (a) Pair poten-
tial from gas-phase measurements, a =4.26 A. (b) Same pair
potential, a =4.34 A. (c) Adjusted pair potential, a =4.26 A.
All calculations use the same background which was deduced
from calculation (b).

ts constructed in the same way as for the monolayer, ad-
justing only a. The increased height of the ( —3,0) peak
over the overlap region (at 8= —10') is well reproduced
by the calculation as well as the appearance of a second
maximum in the (1,0) beam.

Calculated and measured resonance structure in the

Fi .
specular scattering from a Xe monolayer is corn ared

'
par in

tg. 3. By gradually reducing the corrugation in our cal-
culation we have determined that the resonance features
in Fig. 3 satisfy the rules originally derived by Wolfe and

12Weare for weakly corrugated surfaces. At the threshold
of the ( —1,0) channel there is an abrupt change in the
direct scattering (nonresonant) contribution to the specu-
lar intensity (at /=85. 6') and the (1,0) and ( —1,0) reso-
nances are minima coming down from the higher baseliase ine.

ecause of this prior assignment of resonance features in
th e data were incorrect. An approximate averaging over13

the energy distribution was carried out by assuming that
each resonance feature has the same shape at a different
energy but is found at a different angle. The displacement
was taken to be proportional to the difference in wave
vector. The proportionality constant was determined
rom calculated resonance positions distributed around

the mean energy. As can be seen from Fig. 3 the narr
eature at the threshold, which moves rapidly with energy,

is averaged out.
The resonance data also provide information about the

corrugation of the surface. The ( —1,0) and the (1,0) reso-
nances are split about the symmetry direction, /=90'.
Figure 3 shows the closest approach of the two minima

Th
where their positions change only slowly withi energy.

e calculation shown assumes that the monolayer is in
registry (a =4.27 A) and predicts too small a splitting be-
cause the corrugation is too small. When the lattice con-
stant is increased to get agreement with diffraction data,
t e position of this minimum moves to the experimental
position.

The behavior of this splitting is qualitatively different
rom that expected from band-structure calculations as

used previously in analyzing data for weakly corru ated
sui i~aces. These predkct the trajectories of the minima to14 ~ ~ ~
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FIG. 2. Measured scattering from a bilayer of Xe (filled cir-

cles) and the monolayer data from Fig. 1 (open circles). The ex-
perimental conditions are the same in both cases. Solid line
shows calculated results using a =4.40 A. The (0,0) peak has
the same height in all cases.
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FIG. 3. Measured resonance structure in the (0,0) beam (open

circles). Solid line: calculated intensity for k =6.25 A
Dashed line: energy averaged intensity. Dotted line indicates
the direct scattering baseline. P =90' is a symmetry direction
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cross the symmetry line. At this crossing direct coupling
between the two resonances (through the VO2 Fourier
component) is weak compared to second-order coupling
through continuum states. In weakly corrugated systems
this splitting is too small to be seen. A second-order per-
turbation'2 calculation including the continuum states in
the pole approximation gives the right behavior and a
closest approach at /=89. 0', in reasonable agreement
with ihe exact calculation.

To summarize, the good agreement obtained here be-
tween experimental data and a calculation based on a
known surface potential demonstrates that even for
strongly corrugated surfaces the scattering of light atoms
can be calculated accurately enough for this technique to

give detailed structural information. It can be important
to convolute the calculation instead of deconvoluting data,
especially for strongly corrugated surfaces. Geometric ef-
fects as well as inelastic corrections must be included and
a simple rule for generating the inelastic background can
be used. A different kind of splitting of resonances can be
expected and thresholds are an important consideration
when data for strongly corrugated surfaces are analyzed.
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