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A powerful calculational low-energy electron-diffraction scheme is introduced for sup-
er lattices with unit cells of any size: beam-set neglect. It is applied in the first struc-
tural analysis from low-energy electron-diffraction intensities of a large molecule, ben-
zene, adsorbed on a single-crystal metal surface, Rh(111). In a (~3) lattice, benzene is
found to lie flat on the surface, centered over hcp-type hollow sites. A planar, possibly
distorted C, ring is found with Rh-C bond lengths of 2.35 +0.05 A.

PACS numbers: 61.14.Hg, 68.20.+ t

The determination of surface structures by low-
energy electron diffraction (LEED) has been very
successful for not too complex structures. ' A
limitation has been the unit cell size of super-
lattices, because of computational costs. But
many important surfaces exhibit large unit cells,
whether due to reconstruction [e.g. , Si(111)(7

&& 7) '] or adsorption [e.g. , Pt(111)-(6x 3)-2C„Hs
(naphthalene) ']. We present an approximation to
the dynamical theory of LEED that is accurate
and very effective for surfaces which have large
unit- cel.l superlattices.

The approximation we propose is based on the
familiar concept of beam sets' and consists of
disregarding certain beam sets. In the beam
(i.e. , plane-wave) representation of LEED be-
tween atomic layers, a (1&&1) structure and a su-
perlattice generate beams that we label by the
reciprocal-lattice vectors g' and 'P, respectively.
If the unit cell. area of the superlattice is M times
that of the (1x 1) unit cel.l area, there are M
times as many g' beams as g' beams. We shall
only consider commensurate superlattices, so
that M is an integer.

The beams g' can be grouped into M beam sets,
such that within each set all. beams are interre-
lated by (1X1}-type reciprocal-lattice vectors g'
(called integral. -order or IO beams). An impor-
tant property of these beam sets is that the sub-
strate layers, with their (1&& 1) periodicity, can-
not diffract a beam from one beam set into any
beam of another beam set. '

We now ask which beams within the surface ul-
timately contribute significantly to a given emer-
gent beam. We shall use two definitions based on
the layer representation of LEED. First, the sur-
face atoms which repeat with the superlattice

periodicity rather than the (1X1)periodicity shall
belong to a single atomic l.ayer of appropriate
thickness. Second, the term "deviation" shal. l
describe any event in which an electron beam is
scattered through a nonzero angle by an atomic
layer (intralayer multiple scattering may occur
within such a deviation) ~ If we restrict ourselves
to scattering paths which include only one or two
such deviations, we find that (1) an emergent IO
beam is not affected by any fractional-order
beams (FO beams, defined as non-integral-or-
der beams); (2) an emergent FO beam is affected
only by beams which bel.ong either to its own beam
set or to the IO beam set. Thus, with only one
or two deviations, the intensity of a given emer-
gent beam is influenced solely by other beams in
its own beam set and by IO beams. Since scatter-
ing paths with three or more deviations (i.e. ,
with third- or higher-order multiple scattering)
are known to yield weak contributions, one may
therefore expect that negl. ecting all but these two
beam sets is a good approximation: This is the
justification for our "beam-set-neglect" (BSN)
method, in which all but one or two beam sets
are ignored. (One may nevertheless choose to
include more than one or two beam sets, for sym-
metry and for higher accuracy. )

Computation times are affected as fol.lows by
beam- set neglect. The conventional generation
of layer diffraction matrices by reverse scatter-
ing perturbation (RSP)' and the stacking of layers
by renormal. ized forward scattering both scale'
as M' for large M (in RSP, the most time con-
suming part is the conversion from the spherical. —

wave to the plane-wave representation, which
sca.les asymptotically as M'). In computing the
intensities of all beams by beam-set neglect, a
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time proportional to 4M is obtained (if we assume
M pairs of beam sets for simplicity), which yields
a time reduction by a factor of 4/M. A further
reduction results by using only a fraction of the
beams in a structural analysis; the time may
even become independent of M.

The validity of the BSN method, which will be
exhibited below, has important consequences,
already predicted by Yang, Jona, and Marcus. '
It implies that the dependence of LEED intensi-
ties on energy (and angle) is primarily deter-
mined by the short-range order in the surface
structure. One way to see this is by recognizing
that the BSN approximation, by neglecting a ma-
jority of beam sets, removes most of the infor-
mation which is needed to define the original su-
perlattice; therefore, if BSN is valid, the super-
lattice and the long-range order are irrelevant,
leaving only the short-range order.

Another point of view uses the connection noted
above between the validity of BSN and the weak-
ness of third- or higher-order multiple scatter-
ing. This weakness can occur only in the weak-
scattering kinematic limit (whatever the mean
free path length) or with a short mean free path
(whatever the scattering strength), or both. In
our case, the multiple scattering between sub-
strate and overlayer is not very strong; but, in
addition and more importantly, a short mean free
path applies, which is the key to insensitivity to
long-range order in I-V curves. Namely, the dis-
torted spherical wave which leaves a particular
surface atom towards the detector cannot have
previously sampled other surface atoms distant
by more than a few mean free path lengths. The
diffraction can now be viewed as approximately
the product of an energy-independent structure
factor, due to the long-range order, and a. form
factor, representing the three-dimensional short-
range order as sampled by multipl. e scattering
within about a mean-free-path distance from any
scatterer (multiple scattering can be viewed to

yield an effective atomic scattering factor that
multiplies into the structure factor).

By extension, one could apply these concepts to
surfaces that have short-range order but no long-
range order: Only the structure factor is affected
by the absence of long-range order, producing
diffuse scattering without sharp FO LEED beams.
The diffuse intensity should have an energy de-
pendence equivalent to that of a sharp spot in the
same location of two-dimensional reciprocal
space (e.g. , at a half-order position at all ener-
gies). Our BSN method is a generalization of a

recent "unit-cell reduction" method' which was
itself a development beyond similar work by
Yang, Jona, and Marcus. '

We have tested and applied the BSN method in
the case of the determination of the surface struc-
ture of benzene (C,H, ) adsorbed on Rh(111). The
BSN method was used within the framework of the
combined space method, with reverse scattering
perturbation inside atomic layers and renorma. l-
ized forward scattering between layers. ' In ad-
dition, the efficient approximation of partial. mul. -
tiple scattering' has been applied in early stages
of the structure analysis, within the model. ben-
zene overlayer (which consists of carbon atoms,
but no hydrogen atoms, since these are largely
undetected by LEED) ~ In addition, beam R fac-
tors were contrasted for easy detection of un-
promising structures. ' Nonstructural parame-
ters were the same as in previous hydrocarbon
structure analyses on Rh(ill). '

In our experiments with benzene on Rh(111),"
an ordered LEED pattern with matrix notation

(,",) was observed [the matrix notation defines
the two basis vectors of a superlattice in terms
of those of the (1X1) substrate]. LEED I-V
curves were measured and a cumulative nonde-
generate energy range of 1224 eV in thirteen
beams at normal incidence was used in our struc-
tural work. From thermal desorption spectros-
copy it is concluded that most of the benzene
molecules are intact in this structure" which is
conf irmed by high- resolution el.ectron-energy-
loss spectroscopy studies. " The latter data in
addition strongly favor an orientation of the mole-
cul. es parallel to the surface, while suggesting a
C,„(a',) adsorption symmetry (i.e. , a threefold
rotation axis and mirror planes bisecting C-C
bonds) ~

Tests of the BSN method were performed on
this system. Figure 1 clearly illustrates the va-
lidity of BSN. Intensities calculated with all (,",)
beams (eight beam sets), which include all mul-
tiple scattering (labeled "exact" in the figure),
compare very well with intensities obtained with
fewer beam sets, especially at higher energies.

A search through a list of about 960 tria. l struc-
tures both with and without the BSN approxima, tion
yielded a clear structural determination, already
with an undistorted C, ring, as illustrated in
Fig, 2. With accurate calculations, structural
refinements were investigated. The C, ring,
which has sixfold symmetry in the free benzene,
was buckled with no success; but a considerable
planar distortion from the free-benzene shape,
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FIG. 2. Optimal structure found for Rh(111)-(») C6H6
(H positions are assumed), including van der Waals
radii of 1.8 and 1.2 A for C and H, respectively. A

unit cell is outlined in the bottom panel. The right-
hand benzene molecule shows the preferred in-plane
distortion (C-C bond lengths of 1.25 and 1.6 A). The
side view in the top panel includes possible CH bending
away from the surface.

FIG. 1. Selected calculated LEED I-p curves for
Rh(ill)-((3) C6H6 (H ignored) at normal incidence (T
=240 K). The benzene molecules have the near-optimal
distortion shown in Fig. 2 and are located over hcp-
type hollow sites with a Rh-C layer spacing of 2.15 .p.

as shown at the right in Fig. 2, improved the
agreement between theory and experiment (de-
crease of Zanazzi-Jona, R factor, Pendry R
factor, and five-R-factor average' from 0.35 to
0.29, 0.62 to 0.55, and 0.26 to 0.25, respective-
ly) ~ In this model, the optimum Rh-C bond length
is 2.35+ 0.05 A, whil. e the C-C bonds al.ternate
between 1.25 + 0.1 A and 1.6 + 0.1 A. The ring
distortion may be connected to the molecular de-
composition that occurs around 413 K on Rh(ill), '0

and may be relevant to the mechanism of catalytic
rea, ctions involving aromatic (i.e. , ringlike) mol-
ecul. es.

For structura, l comparison, organometa, llic
clusters containing benzene a,nd other aroma, tic
molecules" have metal-C bond lengths of 2.09

to 2.45 A (for metals with atomic radii within
0.02 A of that of Rh) ~ C-C bond lengths in the
benzene-containing clusters vary from 1.36 to
1.49 A and in the other clusters from 1.31 to 1.61
0
A ~

In conclusion, we have demonstrated the quality
and great computational effectiveness of a new
approximation (beam-set neglect) in LEED calcu-
lations. It applies to any superlattice and is par-
ticularly val. uable with large unit cel.ls. The
method was used in a structural determination
of benzene on Rh(111): In a (,",) arrangement, we
find flat-lying molecules centered on hcp-type
holi. ow sites, with possibl. e pl.anar C, ring distor-
tions (cf. Fig. 2).
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