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A theory for light-atom scattering by low-coverage adsorbates on metal surfaces is presented. A model
including attractive adatom potentials successfully explains data for CO and Xe adsorption. The radius of
the repulsive potential for CO is found to increase by 10-20% upon adsorption. It is shown theoretically
that random adsorption and island formation can be distinguished, all data for CO being consistent with
the former. Xe data show both mechanisms, depending on coverage.

Recent experiments have shown light-atom scattering to
be a very promising tool for studying surface adsorbates at
low coverage.!-7 This technique is sensitive to very small
amounts of adatoms on smooth metal substrates (coverage
about 1%) and can, therefore, give unique information
about isolated adatoms and their interaction. Poelsema, de
Zwart, and Comsa! measured the specular scattering from
CO adsorbed on very smooth Pt(111) and analyzed the limit
of zero coverage in terms of a total cross section for the ad-
sorbed CO. This cross section was somewhat larger than
the gas-phase cross section (about 25%) but showed similar
energy dependence. They concluded that the scattering by
the adsorbate is dominated by the long-range attractive
forces as is the gas-phase scattering. However, no theoreti-
cal support for this has been given. Light-atom scattering is
very sensitive to surface defects. Poelsema, Verheij, and
Comsa? measured the scattering from CO adsorbed on sur-
faces with defects and showed that light-atom scattering may
provide a method for quantitative titration of defects as well
as a method to study the migration of adsorbates on single-
crystal surfaces. The scattering is also very sensitive to the
arrangement of adatoms on the surface. Mason, Caudano,
and Williams® measured the incoherent elastic scattering as
well as the specular intensity for CO and Xe adsorption on
Cu(001) and found the coverage dependence in these two
cases to be very different, showing different adsorption
mechanisms. Poelsema, Verheij, and Comsa* found a break
in the specular versus coverage curve for Xe adsorption on
Pt(111) at very low coverage (about 0.01) and ascribed this
to a two-dimensional-gas—two-dimensional-solid phase tran-
sition which has not been seen using other techniques.

In previous theoretical work the light-atom scattering was
formulated within the eikonal approximation and the sur-
face and adsorbate represented by a hard wall with bumps
corresponding to adatoms.”® The results provide interesting
qualitative information but following the suggestion of
Poelsema and co-workers that the long range attractive po-
tential dominates the scattering, it is a question whether this
model can be used to interpret data. Ibaflez and co-
workers’ fitted this model to their data for CO on Ni(001)
and found that the bumps on the hard wall had to be very
large (one ““CO-bump”’ covering 65 A2).

In this Rapid Communication we present a theory for
atom scattering from adsorbates at low coverage which in-
cludes long- and short-range adatom potentials. This model
is found to give good agreement with both CO and Xe data.
We find it essential to include the attractive part of the ada-
tom potential. Using the gas-phase potentials for the ada-
toms we get excellent agreement for Xe and surprisingly
good agreement for CO. Analyzing IR data® we have deter-
mined that the effective electronic polarizability of CO ad-
sorbed on Pt(111) is twice the polarizability of gas-phase
CO. This implies that the attractive London force between
the probe and CO is doubled. In order to agree with the
scattering data, this increase in the attractive potential must
be balanced by an increase in the repulsive potential. Very
good agreement is obtained over the whole energy range
both for He and H, scattering if the radius of the repulsive
CO potential is increased by about 15%. This provides evi-
dence for the predicted!? increase in electron density!! at the
CO upon adsorption.

It has often been argued from indirect evidence that CO
molecules adsorbed on metal surfaces form islands (e.g.,
Ref. 9). We have found theoretically that light-atom
scattering gives direct information on the arrangement of
adatoms. Random adsorption leads to exponential decrease
of the specular intensity with coverage while the growth of
large islands is consistent with linear dependence. All the
scattering data for CO adsorption!~” shows exponential
behavior and, therefore, no sign of island formation. The
data for Xe, however, show linear dependence at higher
coverage.>* At lower coverage there is a much steeper de-
crease which agrees very well with our calculations based on
random adsorption. Our results, therefore, provide theoret-
ical support for the interpretation of Poelsema et al* that a
two-dimensional-gas—two-dimensional-solid phase transition
was observed.

We consider the metal surface to be flat and characterized
by perfect specular reflection, i.e., the surface potential only
depends on the distance from the surface. In the asymptot-
ic region the wave function has the form
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K is the incoming wave vector and E, the specularly reflect-
ed wave vector. If I, is the incident intensity and A4 the
cross-sectional area seen by the probe, the intensity falling
into a solid angle dQ in the direction of Q' is
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where ), is the solid angle in the specular direction. A re-
lation similar to the optical theorem may be derived:
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We introduce the ¢ matrix %, that completely describes the

scattering by an isolated adatom at r, and effective incom-
ing wave W1 that satisfies
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Here, X is the wave function and {r|G;"|r') is the Green’s
function for scattering by the clean substrate. The scatter-
ing wave function is
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If all the adatoms are identical and at the same distance
from the surface, the scattering amplitude in the single
scattering approximation (¥ =Xy) is

F=2exp[i(f—f(")-?m]f4 . 6)

f4 is the scattering amplitude for an isolated adatom placed
above the origin and k' the outgoing wave vector.

f4 can be found by numerical means for arbitrary surface
and adatom potentials. Here, we choose a model which is
numerically simple while still giving good agreement with
experimental data. The clean surface is taken to be a hard
wall (V;=0c when z<0 and 0 when z>0). Then a=0
and scattering by the adsorbate can be related to scattering
by targets in the absence of a surface. The potential for
these targets is the adsorbate’s potential reflected in the sur-
face plane. The scattering amplitude for an isolated adatom
is

(K= K)=f(K—=K)-f(K—K,) , )

where f(K— k') is the scattering amplitude for scattering
in the absence of a hard wall. Equation (7) results from the
requirement that the wave function vanishes at the hard
wall. The scattering from an adatom on a hard wall can,
therefore, be reduced to a gas-phase scattering problem and
well known numerical techniques (such as close coupling)
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FIG. 1. Solid lines: the He-Cu(110) potential (Ref. 11) and the
gas-phase He-CO potential (Ref. 12). Dotted line: the adjusted

He-CO potential. The Cu surface atoms are centered at z=0 and
the CO molecule is centered at the dashed line (Ref. 5).

can be used to find f, for arbitrary adatom potentials.

We assume here that the adatoms are centered at the
hard wall. This is a reasonable approximation as can be
seen from Fig. 1, where a typical He-metal potential is
shown!! as well as the He-CO potential found by gas-phase
scattering.> 12 The classical turning point of the He atom is
nearly at the same distance from the surface as the center of
the CO molecule. For hemispherical adatom potentials,
f(X— K’) can then be found using the familiar partial-
wave method for central potentials. The true surface poten-
tial has an attractive well which we account for by refracting
the incoming wave. For He we take the effective well depth
to be w=2.3meV as determined by Poelsema, Palmer, de
Zwart, and Comsa® by comparing experimental curves for
different angles. The results presented here are not very
sensitive to this parameter. For H, we take w to be five
times larger which is the ratio of the measured well depth of
the H,-Ag(111) potential'® and a typical He-metal potential.

If the adatoms are randomly distributed on the surface,
the specular intensity, to first order in the density # is [from
Egs. (2), (3), and (6)]
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where N is the number of adatoms seen by the probe

N=n
cosé,
0, is the refracted incoming angle and o4 the total cross
section for an isolated adatom. Second-order contributions
come from both the single and double scattering:
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For random adsorption on sites
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where G is the reciprocal lattice vector for the site lattice
and a the area of the unit cell. Using the pole approxima-
tion to evaluate the first term in (9) leads to a cancellation
of terms involving Relf4(Q;)]. Terms with G = 0 can be
neglected and the resulting contribution to the specular in-
tensity is
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The last term was estimated using Massey-Mohr approxima-
tion!? and shown to be small. Combining this with (8) gives
exponential behavior of the specular intensity at low densi-
ty. If, however, the adsorbate forms large, perfect islands,
we have found!* that 8, and, therefore, I’ is linear in n. Is-
land formation is, therefore, consistent with a linear de-
crease of the specular intensity with coverage.

The low-coverage data for Xe* adsorption on Pt(111) are
in excellent agreement with our calculation assuming ran-
dom adsorption and using the gas-phase He-Xe potential.’’
The data give o4, =94 A? while the calculated value is o4
=97 A2 (v=1740 m/s, T,=80-90 K). Poelsema and co-
workers!"4? reported d(I/Iy)/dn in the limit of zero cover-
age and interpreted it as the adatom’s total cross section.
By our results this quantity is o 4/cosé,, the cosine arising

from the number of adatoms seen by the probe.
Figure 2 shows the measured energy dependence of the

12)

a cosf,
20,

400 T T
300t

T

— 200

o~

o<

Op /cos By (

100}

50

a1 1
1000 2000 4000

velocity (m/s)

500

FIG. 2. H, and He scattering by CO adsorbed on Pt(111) (Ref.
1) at varying incident velocity and 8,=40°. V is H, scattering; A is
He scattering. Dotted lines: calculated He and H, scattering by CO
using He-CO and D,-CO potentials determined by gas-phase scatter-
ing (R,=35A, €=237 meV and R,=348 A, €=574 meV,
respectively). Solid lines: calculated He and H, scattering using the
adjusted potentials (R,=4.3 A, e=1.38 meV and R, =4.04 4,
€=4.69 meV, respectively). Dashed lines: calculated scattering
from a hard hemisphere with radius equal to the classical turning
point of the gas-phase D,-CO or He-CO potentials.
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He and H, scattering from CO on Pt(111).! Also shown is
our calculation using LJ(12-6) potentials that were deter-
mined by fitting gas-phase scattering data.> The calculation
is in qualitative agreement with the data. If, however, the
attractive part of the CO potential is neglected and the ada-
tom represented by a hard hemisphere, the calculated cross
section (see Fig. 2) is much smaller and it does not have
the right energy dependence. Figure 3 shows the He
scattering data for CO on various substrates.>>~7 The agree-
ment with our calculation using the gas-phase potential is
very satisfactory.

There is, nevertheless, a significant difference between
the data and the calculation. This seems to be primarily due
to a change in the CO potential upon adsorption. The re-
fraction does not affect the He calculation very much and
only at low energy; nor does changing the surface tempera-
ture between 90 and 300 K affect the measured He cross
section over the whole energy range shown.>!¢ This indi-
cates that inelastic events do not substantially contribute to
the adatom’s total cross section. At rather high beam ener-
gy there is, furthermore, very good agreement with the Xe
data. The measured angular dependence’® supports centering
the molecule at the hard wall.* The cosf, factor accounts
quantitatively for the increased apparent cross section with
0, (except at glancing angles, 6; > 70°, where the calculated
cross section is tooylarge). When the adatom is centered at
the hard wall, o4 is nearly independent of #; because the

reflected adatom potential is spherically symmetric. The
data, therefore, suggest a change in the CO potential.
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FIG. 3. He scattering by adsorbed CO at varying incident veloci-
ty. Data: @ are CO on Pt(111) (Ref. 5), x are CO on Cu(001)
transformed to 6,=40° (Ref. 3), O are CO on Ni(110) (Ref. 6), and
O are CO on Ni(001) (Ref. 7). Dotted line and lower solid line:
calculation using the gas-phase and the adjusted potential, respec-
tively (also shown in Fig. 2). Upper solid line: calculation using
doubled Cg coefficient. — — — Schiff-Landau-Lifshitz semiclassi-
cal approximation, which excludes glory oscillations, for potentials
with doubled C4. -=-—--- Calculation using gas-phase Cg but in-
creased C;, coefficient (classical turning point at 60 meV is moved
out by 6%).
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The scattering cross section is very sensitive to changes in
the potential mostly due to the large glory oscillations (Fig.
3). It is not possible to predict how the cross section
changes without doing quantum-mechanical calculations.
When the Cg coefficient of the potential is doubled in accor-
dance with the increased electronic polarizability’ but the
C, coefficient left unchanged, the calculation looks qualita-
tively different from the data. (Orbiting resonances appear
at low energy.) However, when Cg is doubled and one
parameter, the C;; coefficient, is adjusted to the data, very
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good agreement is obtained over the whole energy range.
(See Figs. 2 and 3. The adjusted He-CO potential is shown
in Fig. 1.) The classical turning point of the adjusted He
and H, potentials at 60 meV is moved out by 18% and 15%,
respectively, as compared to the gas-phase potentials.
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