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calculation with simple trial functions and only
four parameters.

(3) The potential used in the calculation is
weak, providing an extreme test for a local-or-
bital picture.

We feel these are encouraging results. They
imply that the GWF formalism will provide a
practical, efficient calculational technique for
solid surfaces. We believe this to be especially
important for transition metals and their oxides.
For these, one must deal with a mixture of con-
tracted and diffuse orbitals immersed in the in-
homogeneous medium of the surface. A method
which represents surface observables precisely
in terms of local functions is ideally suited to
this problem.
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Ions liberated from an adsorbed layer by electron-stimulated desorption are shown to
have sharply peaked, symmetric angular distributions which are in registry with the
substrate. We propose a new method for investigation of the symmetry of binding sites
for adsorbed species.

Low-energy electron (-100 eV) bombardment
of a surface containing an adsorbed layer can
produce a number of irreversible changes in the
adsorbed layer. The electron-induced desorption
of atomic and molecular ions, neutrals, and
metastable species from monolayer and submono-
layer quantities of simple gases adsorbed on
metal and semiconductor surfaces has been ob-
served. These processes are all classified as
electron-stimulated desorption (ESD) phenomena. '

In a recent ESD study of oxygen adsorbed on a
single-crystal tungsten (100) surface, evidence
was found that 0' ions liberated from the surface
had an angular distribution which was sharply
peaked in the direction normal to the surface. '

In the present report, we have employed a dis-
play-type apparatus to examine the details of the

angular distribution of 0' ions in an ESD study
of oxygen on W(100). Surprisingly, the angular
distributions of ESD ions reveal complex sym-
metrical patterns in registry with the substrate
lattice which change as a function of the oxygen
coverage and heat treatment of the surface. We
propose that the symmetry observed in the pat-
terns for the angular distributions of ESD ions
provides new insights into the details of bonding
of atoms and molecules at surfaces.

In the experimental ultrahigh-vacuum apparatus,
an electron gun was used to bombard a W(100)
crystal with a focused electron beam at a 45
angle of incidence. Ions liberated from the crys-
tal passed through a hem&spherical grid system
and were accelerated to a planar microchannel
plate assembly. ' The secondary-electron signal
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from the microchannel plates was displayed vis-
ually by acceleration of the electrons to a phos-
phor-coated screen. In order to minimize ESD
damage by the electron beam, electron currents
were typically 1 &10 "to 5&10 9 A. By appro-
priate biasing of the grids and microchannel
plates, the apparatus was also used to provide a
visual display of the elastic low-energy electron
diffraction (LEED) pattern from the surface.
Switching from angular distributions of ESD ions
to the LEED mode was accomplished in a few
seconds, so that both techniques were used to
characterize the state of the adsorbed layer.

The crystal was cleaned in vacuum at tempera-
tures p 2500 K by electron bombardment from an
auxiliary tungsten filament mounted behind the
crystal. This filament was also used to heat the
crystal by radiation to temperatures up to —1100
K. Temperatures were measured using both an
optical pyrometer and a W/W-26'k Re thermo-
couple spot welded to the crystal. High-purity
oxygen was admitted to the vacuum system via a
variable leak. Pressures were read on an un-
calibrated Bayard-Alpert ionization gauge which
was turned off during the later stages of each
oxygen dose.

Before discussing the results for angular dis-
tributions of ESD ions, a brief review of the
0,/W(100) system is appropriate. Based on pre-
vious ESD studies' "of oxygen adsorbed on both
polycrystalline and single-crystal tungsten, sev-
eral generalizations can be drawn. (1) The only
ionic ESD product is 0'. (2) For oxygen cover-
ages ~ 8X10"atoms/cm' -on W(100), the 0' ion
yield is small, s 5 &'10 ion/electron. This
low-ion-yield state is termed p, oxygen, and
arises from the adsorbed species which desorb
as atomic oxygen. ' (8) For oxygen coverages
» 8 x10" atoms/cm', the ion yield is high, -10 '
ion/electron. This state is termed P, oxygen,
and has been variously attributed to an adsorbed
molecular-oxygen state and to surface tungsten
oxides.

Figure 1 contains three patterns obtained by
photographing the phosphor screen under differ-
ent conditions. Figure 1(a) is a LEED pattern of
the clean W(100) surface, which identifies the
orientation of the rows of substrate atoms for
comparison with the subsequent patterns for the
angular distributions of ESD ions. Figure 1(b)
is an ESD pattern of 0' ions from the W(100) sur-
face at -300 K; the clean crystal had been ex-
posed to an oxygen dose sufficient to produce a
coverage of about 0.5 monolayer [- 5 &&10" (0

FIG. l. (a) LEE& pattern for clear %(j.00) surface;
electron energy V, =123 eV. (b) ESD pattern for low-
coverage P2 oxygen on %(100); t', =1S0 eV, T -400 K.
(c) ESD pattern for high-coverage /3, oxygen on W(100);
V, =SS0 ev, T 400 K.

atoms)/cm'j at -400 K. The arms of the dii'fuse
cross in this pattern are parallel to the atom
rows. This pattern is characteristic of the low-
coverage, low-ion-yield p, oxygen state, and
was only visible at relatively high electron bom-
bardment currents (10 " to 10 ' A). Figure 1(c)
is characteristic of the high-coverage, high-
ion-yield p, oxygen state, and was observed fol-
lowing oxygen exposures of =- 9&10 ' Torr sec
with the surface at temperatures = 400 K. The
pattern of Fig. 1(c) is rotated by 45"' with respect
to the atom rows in the (100) crystal, and ex-
hibits distinct circular lobes in a fourfold sym-
metric arrangement. The P, ESD pattern of
Fig. 1(c) may also contain a contribution from
the P, state [Fig. 1(b)j; however, the differences
in relative ion desorption cross sections Q' for
the two states (Q8 '/Q~ ' &100) is so great that

1
it is not possible to photograph simultaneously
the contributions from both states.

Figure 2 contains a sequence of patterns for
the angular distributions of ESD 0' which are ob-
served following heating of the oxygen-covered
surface. The crystal was first cleaned in vacuum,
then exposed to 40 &10 ' Torr sec of oxygen at
= 400 K to populate the p, state. Then the crystal
was heated in vacuum to increasingly higher tem-
peratures before being cooled to photograph the
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FIG. 2. Effect of heat treatment on ESD patterns for
P ~ oxygen on %(100). Temperatures corresponding to
each pattern are (a) «400 K, (b) 630 K, (c) 705 K,
(d) 795 K, (e) 865 K, and (6 930 K.

ESD pattern. The patterns of Fig. 2 were ob-
tained following 10 sec of heating at the indicated
temperature. The ESD patterns exhibit distinct
changes in appearance as the surface is heated.
The central spot dominates the angular distribu-
tion at == 600 and ~ 900 K, whereas the fourfold
lobes dominate the angular distribution in the
intermediate temperature region. Each of the
lobes in Figs. 2(c)-2(e) appears to be split, and

actually consists of two partially resolved spots.
At temperatures = 1000 K, the ion yield is very
low, and the central-spot pattern gradually dis-
appears.

All of the ESD patterns of Figs. 1 and 2 have
been compressed for convenience of display us-
ing appropriate bias potentials. All of the ion
emission displayed in the patterns of Figs. 1 and
2 occurred within a cone having a half-angle
estimated as -45 for ions leaving the surface
in the absence of applied electric fields.

It is appropriate to consider the relationship
between LEED and the angular distribution of
ESD ions. It was observed that there were vir-
tually no changes in the symmetry of the LEED
patterns corresponding to most of the ESD pat-
tern changes of Fig. 2. Elastic LEED is sensi-
tive to the long range order in the adsorbed layer,
and the resulting patterns provide information
regarding the size and shape of the unit cell of
the two-dimensional lattice. The LEED patterns
themselves do not contain direct information re-
garding the nature of the binding sites on the sur-
face, i.e., where the adatoms are bound with re-
spect to substrate atoms. This information is,

in principle, contained in an analysis of the in-
tensity-versus-energy profiles of individual
LEED beams, but the analysis is complex and
has just begun to bear fruit. In contrast to LEED,
ESD is sensitive to the excitation of adatoms and
admolecules in their individual binding sites ir-
respective of long range order. Since the adatom
vibrates in a three-dimensional potential "well, "
ESD represents a statistical sampling of atom
positions within this potential well. The resulting
ESD patterns directly demonstrate the symmetry
of the bonding sites; a fourfold symmetric pat-
tern for an adsorbate on the (100) surface may
be due to bonding on a fourfold symmetric site,
or to domains of twofold symmetry. Thus some
of the ambiguity of LEED is present in the an-
gular distribution of ESD ions as well.

The only theoretical treatment of ESD phenom-
ena presently available is based on the one-di-
mensional picture proposed by Redhead' and
Menzel and Qomer. ' Franck-Condon excitation
of a ground-state adsorbate to the repulsive part
of an antibonding or ionic potenti. al curve is fol-
lowed by reneutralization and/ or desorption of
ions, neutrals, and metastable species. This
treatment has been successful in predicting such
phenomena as relative ion and neutral ESD yields,
high kinetic energies (-8 eV) for desorption of
ions, and the ESD isotope effect.

In order to understand the patterns of the angu-
lar distributions of ESD ions, a three-dimension-
al theory is necessary. A complete description
should include knowledge of the spatial distribu-
tion of ly„.~l' over vibrational modes for adatoms
in the ground state (initial state) as well as the
spatial distribution of electronically excited spe-
cies (final state). In addition, the influence of di-
rectional bonding between atom and surface, as
well as the possibility of specific neutralization
channels in different directions, must be consid-
ered. In the one -dimensional Franck-Condon
excitation model, the ejection of ions having sev-
eral electron volts of kinetic energy implies that
the ion velocities are determined by the shape of
the repulsive-potential curve within a few tenths
of angstroms of the equilibrium adatom-surface
position. Extending this picture to three dimen-
sions, it is reasonable to assume that the shape
and symmetry of the three-dimensional repulsive
potential contours between ion and surface will
influence the trajectories of the desorbed ions.
This symmetry should be reflected in the ion
angular distributions.

The possible infLuence on the angular distribu-
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tions of ESD ions of the spatial distribution of
vibrational amplitudes in the initial state can be
seen as follows. Calculations of localized mode
frequencies~ of an atom bound in a central site
on the bcc (100) surface suggest that the maxima
in the mean-square vibrational amplitude lie par-
allel to the atom rows, e.g. , in [010]and [001]
directions. Excitation from such an initial state
to a structureless final state would be expected
to result in an ESD pattern mith the shape of a
hazy cross oriented parallel to the atom rows.
It is suggestive that such a pattern is seen for
low-coverage P, oxygen [Fig. 1(b)]. For higher
oxygen covera, ges, the ti, ESD pattern [Figs. 1(c)
and 2(a)] is rotated by 45' indicative of a change
in adsorption geometry.

The appearance of focused lobes in the patterns
of Figs. 1(c) and 2 is evidence for the influence
of directional bonding in the angular distribution
of ESD ions. Electronic excitation of a surface
species to an antibonding state may result in the
desorption of ions having focused directional
properties related to the ground state atom-sur-
face bond orientation.

The effect of thermal treatment on the ESD
patterns (Fig. 2) illustrates the sensitivity of the
angular distribution of ESD ions to surface-bond-
ing conditions. Flash-desorption data for 0,
adsorbed on W indicate" that following an ex-
posure of 40&10 ' Torr sec on a% surface at
300 K, oxides of tungsten desorb at 1 &1200 K,
and atomic oxygen desorbs at T & 2000 K. Flash
desorption does not yield information regarding
the temperature of oxide formation, although
adsorption experiments suggest that oxides may
form as low as -500 K.' The most dramatic
changes in ESD patterns occur at temperatures
(-600-900 K) well below the onset of oxygen or

oxide desorption, and may be related to the for-
mation of surface oxides. The symmetries and
relative intensities in the lobes of ESD patterns
are sensitive indicators of changes in bonding
character, although detailed interpretation of
these complex patterns is not possible at present.
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