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ABSTRACT

It is shown that the diffuse Low-Energy Electron Diffraction (LEED)
that occurs between sharp LEED beams can be used to determine the local
bonding configuration near disordered surface atoms. Two approaches to
the calculation of diffuse LEED intensities are presented for the case of

« lattice-gas disorder of an adsorbate on a crystalline substrate. The
capabilities of this technique are most similar to those of NEXAFS, but
avoid the restrictions due to the use of photons.
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Low-Energy Electron Diffraction (LEED) has become one of the most
powerful tools for the study of surface crystallography, routinely yielding
atomic coordinates to 0.05A and often better under favourable circumstances.ls2
Yet so far the interpretation of experiments has been limited to well-ordered
surfaces, unlike the case of some other techniques, such as Surface v/
Extended X-ray AbQOrptioﬁ Fine Structure (SEXAFS),3 Extended Appearance
Potential Fine Structure (EAPFS),4 Surface Extended Energy Loss Fine
Structure (SEELFS),> Electron Energy Loss Near Edge Structure (ELNES),6
Angle-Resolved Photoelectron Emission Fine Structure (ARPEFS)7 and more

generally Angle-Resolved Photoelectron Emission Spectroscopy (ARPES).8

Though the study of ordered systems is far from exhausted, it must
be regarded as a drawback of the LEED technique not to be able to interpret
the diffuse scattering that is seen when the surface is disordered in
somevway. In particular one is tﬁen restricted to studying adsorbates at
discrete coverages corresponding to the ordered structures. Also the low-
coverage limit of isolated adsorbates on a surface is then a difficult
one to approach theoretically, because the unit cell (if it exists)
becomes too large to handle with most current methods.? The same problem
of large unit cells arises with saturation coverages of large molecules
adsorbed on a substrate.? Here the molecule-substrate interaction is
both the dominant and the chemically significant quantity. By contrast,
the molecule-molecule interactions (responsible for any ordering) are

relatively weak and chemically secondary.

In the past, Duke et all0 and Moritz et alll have considered the
disorder problem in LEED theory with methods that have restricted

applicability.
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Recently, a whole series of techniques have been developed,3"8 which

are local probes of surface crystallography, insensitive to any long-

range ordering that the surface may have. These techniques range in
theoretical complexity from SEXAFS, which is primarily sensitive to
inferatomic distances, to NEXAFS, which through multiple electron scattering

is also directly sensitive to the direction of bonds.

It is the purpose of this letter to point out that a LEED experiment
can also be considered a local probe, and in particular that the examination

of the diffuse scattering removes the requirement of long-range order.

As we shall show, the main features of a LEED pattern (sharpness and
streaking of beam spots, distribution of diffuse scattering) are, to a
good approximation, governed by a kinematic structure factor that depends
only on the nature of the long-range order. This structure factor
modulates a separable form factor representing the electron scattering
(including multiple scattering) by atom clusters of size deﬁerminedvby
the electronic mean free path. This form factor includes all the shqrt—

range structural information: iayer spacings, bond lengths, bond angles.

" More formally we can write the diffracted intensity in terms of a

greens function G,
Ik,k') = <k [6] k'>[2 (1)
where G can be expressed in terms of the free electron greens function

1
|

Go(r,r") = (4m)7! exp(ik|z-r'|)/|r-r'] (2)
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and the scattering amplitude tj for the atoms j in the crystal:

6= Go+1 Got1Go + L Got 1GotkGo + o+ 3

(4

This expression is quite general and describes both the coherent scattering
1

that is confined to the discrete beams appearing as spots on the LEED v

screen, and the diffuse scattering that appears as a fuzzy distribution

of intensity between these spots.

We now specialize to the case of a lattice-gas adsorbate on a
perfectly periodicvsubstrate and define G, to be all the contributions to
G that involve only scatterers in an ordered array. It makes no contribution
to the amplitude between the discrete beams. It is possible to develop a
perturbation as follows. Define Gy to be all those contributions to G
that involve tj (for the Jth disordered adsorbate), at least once, none
of the other disordered adsorbates, but all possible additional scatterings
from the ordered lattice. If'the disordered adsorbates are sufficiently
far apart we can neglect the second order terms Gjyg that involve tj and
tg (corresponding to different adsorbates), at least once each. The
inelastic scattering ensures that these contributions are small, and in

any case averaging over the disorder will further reduce their contribution.

Hence we can approximate

"\
I,k = <k |G| k' + £ <k |6g| k'>|? (4)
J
This approximation becomes exact in the limit that the disordered adsorbates
are far apart, or more precisely, in the limit that multiple scattering
between adsorbates is negligible. This is in practice a good approximation
already whenever adsorbates are not directly bonded together, as in

N1(100)-c(2x2)-0.12
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If we are interested only in the diffuse scattering, the G. term
drops out. For lattice-gas disorder the Gj term depends on J only through
a phase factor involving Rj, the vector from a reference adsorbate (labeled

1) to the Jth adsorbate. Hence, the total diffuse intensity becomes

Ip = F(k,k") S(k k) (5)

where F(k,k') = |<k |Gll E')lz (6)

and  S(kik ) = I expli(k') + Ry) | )
J

Despite the multiple scattering, it is still possible in the dilute
disordered limit to decompose the diffuse scattering into a form factor
and a structure factor because we can neglect multiple scattering between

separate disordered adsorbates.

This is a very powerful result, because using it we can extract from
the experiment two separate quantities: S, which tells us about any long-
range order the adsorbates may'have, and of greater interest to us, F,
which reflects the local structure near a single adsorbate. -The separation
can be effected by taking the energy derivative of I at constant k and

f
Eﬁ to construct the logarithmic derivative, as S is then constant.

L(E,k, k') = Il (81/8E)| = F-1 (8F/SE)| (8)
k -k' k ~k'
-0 -
In fact we make use of a function of L,

2
y=11 @?+v ! (9)

which avoids the singularities possessed by L.13 Here V ; is the imaginary

part of the electron self energy.
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These ideas have some consequences for the theory. We have developed
two separate approaches to disordered systems which we shall compare one

with another below.

In the "cluster” approach we calculate Gj directly, by splitting G;

into three terms
G = GLTyGa - (10)

where G, represents all scatterings before the electron encounters an h
adsorbate; since this calculation involves only atoms of the perfectly
ordered substrate, it constitutes a conventional LEED calculation for a
clean surface. Ty is a modified scattering factor from the adsorbate and
is the sum of all scattering events that start and finish on the adsorbate,
including scattering paths through the substrate: it can be evaluated in

a NEXAFS—type cluster calculationl4 having the adsorbate at the center of
the cluster. Finally, G, is the sum of all eQents subsequent to the
electron's leaving the adsorbate for the last time; this calculation

again involves only atoms of the perfectly ordered substrate and constitutes
a time reversed conventional LEED calculation based on the selected exit

direction. The method is exact in the limit of an isolated adsorbate.

The second approach replaces the spherical-wave representation
implicit in the NEXAFS—like step of the first approach by a restricted
plane-wave representation (this approach generalizes the Beam Set Neglect
method9). Instead of using all possible plane waves, we use the plane
waves obtained from the incident beam direction and the desired exit
direction by addition of the two-dimensional reciprocal lattice vectors

of the (1x1) substrate lattice. This selection only neglects multiple
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scattering events of third and higher order. The three steps of the
first approach can then be efficiently combined into a conventional LEED

plane-wave treatment almost identical to a c(2x2) overlayer calculation.

We have applied both theoretical approaches to the calculation of
diffuse intensities for a disordered layer of oxygen atoms adsorbed in
hollow sites of the Ni(100) surface (the structure factor S hés been
assumed identically equal to 1 in this example); Conventional structural
and non-structural parameters were chosen., The NEXAFS~type calculation
used a cluster of 21 atoms with spherical waves of maximum angular momentum

quantum number p of 13.
out

Figure 1 exhibits the Y fﬁnction (Eq. 9) calculated with the first.
approach across the LEED screen at a kinetic energy of 2 hartrees (54.36eV);
assuming normal incidehce. Figure 2 shows the same Y function obtained
with the second theoretical approach. All major features are correcfly |
reproduced in the second approach and will therefore yield essentiallyv
the same result in a structural analysis. The sensitivity of the diffuse

pattern to local. geometry is evident. The total integrated diffuse

‘intensity for a disordered lattice-gas of density corresponding to a

monolayer coverage was found to be of the same order as the sum of the

Bragg intensities from the substrate alone.

The rich structure of the patterns shows the amount of information
available for structure détermination even at a fixed kinetic energy.
Since several theoretical quantities, which are time-consuming to compute,
can be reused at varying exit angles, there is an advantage in performing
a structural determination at just one energy, especially with the cluster

approach. But I-V curves of diffuse intensities can also be used in the
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same manner as I-V curves for sharp beams, most conveniently with the

Beam-Set-Neglect approach.

The developments we report here coﬁstitute an extension of the LEED .
technique to the class of disordered adsorbate systems. This will be
important for the treatment of large molecules adsorbed at surfaces and

for the monitoring of adsorbate structures as a continuous function of
coverage. It also allows the examination of low-surface-diffusion adsorbates
or highly reactive adsorbates which cannot be made to order. The diffuse
LEED method is most akin to NEXAFS, but avoids the need for synchrotron
radiation. It also removes the requirement that the adsorbate contain
elements different from the substrate atoms. The multiple scattering

makes it more complicated than SEXAFS, EAPFS or SEELFS, but yields
sensitivity to all bond lengths, bond angles and layer spacings. And

since the same diffraction principles underly these techniques, they

should all be capable of the same structural accuracy.

Other developments in hand include the ability to handle isolated
defects in an otherwise periodic surface, such as substitutional or

missing atoms.,

On the experimental side, one must bear in mind that the observed

diffuse LEED intensity contains contributions from all surface defects,

hat

not only those that one wishes to study. Paradoxically, this may therefore
demand a higher initial surface perfection than in the case of ordered
structures, where the singling out of the intensities of sharp beams
filters out many imperfections. Also, thermal diffuse scattering becomes
more influential. However, the situation is no worse than with SEXAFS,

ARPES, etc., where these effects are equally present.
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FIGURE CAPTIONS

Y function (Eq. 9) across the LEED screen calculated for

a lattice gas of oxygen adsorbed in 4-fold symmetrical hollow
sites of Ni(100) at T = O. The cluster approach is used.::
The quadrants (1) to (4) show the variation of the Y function
when the 0-Ni layer spacing is changed from 0.9 via '1.0 and
1.1 to 1.2R respectively. The diffuse intensity distribution
has four-fold rotation symmetry for each 0-Ni layer spacing.
Prominent positive and negative regions are denoted by corre-
sponding signs. “~Circled crosses denote substrate-induced

-sharp spots and dotted lines denote surface Brillouin zone

boundaries (the x and y scales are slightly different).

ééme as Figure 1 except using the Beam-Set-Neglect approach.
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