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A definitive determination of angle-resolved photon-stimulated desorption of ions from
a well-characterized adsorbate, and a direct comparison with electron-stimulated de-
sorption are reported. Ion angular distribution. s, energy distributions, and photon exci-
tation spectra for 0+ desorption from W(111) have been measured for oxygen coverages
ranging from a fractional monolayer to a multilayer oxide.

PACS numbers: 68.45.Da, 68.20.+ t, 79.90.+ b

The electron-stimulated desorption (ESD) of
ions from adsorbed layers on surfaces has been
demonstrated to be a useful probe for studying ad-
sorbate-substrate interactions. " Knotek and
Feibelman' (KF) have proposed a core-hole Auger
decay mechanism for ESD which predicts that ion
desorption from ionically bonded species at sur-
faces is independent of the manner of production
of the core hole, whether by electrons or photons.
Recently, it has been shown ' that photon stimu-
lated desorption (PSD) of ions from surfaces does
occur and that the threshold energies for ESD
and PSD are similar and can often be associated
with the production of core holes. One of the
most useful aspects of ESD for surface charac-
terization is the fact that ESD ion angular distri-
bution (ESDIAD) measurements have been shown,
for a variety of adsorbate-substrate systems, to
provide information concerning the initial-state
bonding geometry of adsorbed atoms and mole-
cules."

The objectives of the present PSD study of oxy-
gen on W(111) were twofold. Firstly, we wished
to determine whether or not the angular anisot-
ropy of 0' ion emission observed in ESDIAD, i.e. ,
discrete off-normal 0' beams, '"would also be
observed in PDS ion angular distributions. Sec-
ondly, we wished to examine the PSD of 0' from
a W surface over a wide range of surface prepa-
ration conditions, ranging from a fractional
monolayer of oxygen atoms to several monolay-
ers of tungsten oxide. The basic question of in-
terest concerns the nature of the adsorbed oxy-
gen species which yield the ESD and PSD 0' sig-
nals: How do the mechanisms for 0' desorption
from a monolayer and fractional monolayers of
oxygen on W(ill) compare with the 0'desorption
mechanisms from tungsten oxide'7 That is, are

the 0'-yielding species in the monolayer charac-
teristic of the majority of the adsorbed oxygen
atoms, "or are they a minority state associated
with oxidelike species' "adsorbed at special
sites (defects, steps)?'

We demonstrate that PSD and ESD ion angular
distributions for 0' desorption from W(111) are
identical, that the PSD threshold behavior is con-
sistent with the KF Auger decay mechanism, and
that the 0'-yielding species for monolayer cov-
erages constitute a minority of the surface atoms.
We also show that PSD of H' from hydrogen ad-
sorbed on the oxidized W surface proceeds via
different excitations from those leading to 0+ de-
sorption. Finally. , these data clearly indicate the
potential of angle-resolved PSD for determining
the bonding structures of adsorbed atoms and
molecules, by selective excitation of surface
species having different thresholds for ion de-
sorption.

The experimental ultrahigh vacuum system
used for these studies has been described in de-
tail previously. '" An ellipsoidal mirror ana-
lyzer with a microchannel plate detector was
used to display the PSD and ESD angular patterns,
as well as to measure the energy distributions of
PSD ions or photoemitted electrons, the time-of-
flight mass spectra of ions, and the Auger elec-
tron spectra of the sample surface. Photons in
the energy range 8 to 120 eV were provided by
the Tantalus II storage ring in conjunction with a
toroidal grating monochromator. The W(111) sam-
ple crystal (6x4x 0.7 mm') was cleaned by re-
peated oxidation, followed by flashing in vacuum
to &2300 K. Oxygen coverages at 300 K were es-
timated from the coverage versus exposure data
of Niehus, "and verified with Auger and photo-
electron spectroscopies. The oxide surfaces
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used herein were generated by heating at —1000
K at 1& 10 ' Torr for 200 s, a procedure known
to produce ~ 3 monolayers of oxides on polycrys-
talline W surfaces. "

Figure 1 contains plots of the total 0' ion yield,
corrected for photon flux, as a function of photon
energy. Figure 1, curve b corresponds to the ox-
ide surface, Fig. 1, curve c is the yield from an
oxygen monolayer (15x 10 ' Torr s 0, at -300 K)
and Fig. 1, curve d is the yield from -0.5 mono-
layer of oxygen (1.0&& 10 ' Torr s 0,). The ions
were determined to be 0' by a time-of-flight
method. The distinct "breaks" or onsets in the
yield curves correspond roughly to the core-hole
binding energies for tungsten atoms in solid W
and in WO, (Ref. 14) indicated on the figure. We
note that Fig. 1, curve c is similar to PSD data
for an oxygen monolayer on W(100).' Structure
has also been seen in ESD ion yields of 0' from
W(100)." Also of interest is the similarity be-
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FIG. l. Electron and ion yields for W(ill) as a func-
tion of photon energy, corrected for monochromator
transmission and second-order contributions. Ion yields
are normalized to the same incident flux. Curve a,
secondary electron yield at constant final state (Ep;„
=3 eV) for an oxygen monolayer. Curve b, 0+ ion yield
from an oxide layer. Curve c, 0+ yield from an oxygen
monolayer. Curve d, 0+ yield from an 0.5 monolayer
coverage. Binding energies for W core levels in pure
W (solid lines) and W03 (dashed lines) are shown. The
energy scale changes at 80 eV.

tween the ion-yield curves and the secondary
electron-yield curve of Fig. 1, curve a measured
for the surface with an oxygen monolayer. Such
a, constant final-state (3-eV kinetic-energy elec-
trons) plot of the secondary electron cascade has
been shown" to be directly proportional to the
soft x-ray absorption coefficient. Although most
of the structure in Fig. 1, curve a is due to such
inelastic processes, the sharp peaks at 40 and
43 eV are due to direct emission from W 4f lev-
els. The PSD 0' ion yield for the oxide surface
is estimated to be —3x 10 ' ions/photon at h v = 55
eV; the ESD ion yield for the same surface is - 1
x 10 ' ions/electron at 500 eV.

The overall agreement between ion yields and
the secondary electron yield indicates that photo-
induced excitations of substrate W atoms play a
major role in the desorption of ions, consistent
with the KF model. The differences in detail are
likely due to the fact that PSD ions originate only
from the top 1 ayer of surface atoms for which
the local density of states is different from that
in bulk, whereas the secondary yield curve re-
sults largely from pure W metal. Note also that
there is not a one-to-one correlation with the W
core-level binding energies. Differences can be
caused by the delayed onsets expected for high-
angular-momentum states, "interf erence process-
es involving different final states, "and possible
oxygen-induced chemical shifts in the surface W
atoms.

The similarity of ion- and secondary-electron-
yield curves suggests that ion desorption may be
caused by secondary electrons, rather than by
direct photon excitation. However, as shown pre-
viously" and verified in the present work, the
number of emitted electrons having sufficient en-
ergy to cause ESD is two to three orders of mag-
nitude smaller than necessary to account for the
observed ion yield.

Note that all three ion-yield curves are domi-
nated by peaks at -45 and 55 eV. This suggests
that the 0'-yielding species for 9 & 1, 0 = 1 and
the oxide layer have similar electronic configura-
tion. The Auger decay model' of ion desorption
requires maximal valency for the cationic spe-
cies (i.e. , W'" as in WO, ); reduced forms of the
oxide lead to little or no ion yield due to the in-
creased valence-electron density on the cation,
as in W'+. Thus, we conclude that maximal va-
lency species are present even in monolayers and
fractional monolayers of oxygen. As indicated by
the relative intensities of curves a-c in Fig. 1,
such species must have a low concentration at
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coverages ~ 1 monolayer, and hence, ESD and
PSD of 0' is due to a "minority species. " It had
been previously suggested" that the 0+ seen in
ESD of fractional monolayers of oxygen on W(111)
was due to a majority of the adsorbed oxygen spe-
cies, whereas the 0'-yielding sites on stepped
surfaces vicinal to W(110) were shown to be mi-
nority sites, ' i.e. , steps and defects.

Figure 2 contains a sequence of PSD angular
distribution patterns for the oxidized surface tak-
en at different photon energies. The three 0'
beams are symmetrically disposed about the nor-
mal, each having a polar angle a of 41 + 2' with
respect to the normal. The value of o depends
on coverage and temperature, and is 27 + 3' in
the similar PSD pattern observed for monolayer
oxygen at 300 K. The azimuthal orientation in
Fig. 2 is in agreement with ESD of 0' from
W(111).'" Three other very faint beams desorb-
ing with a larger polar angle and an azimuthal
angle rotated by 30 are out of the field of view. '"
Note that the angular distributions are virtually
identical at all energies, even though different
substrate excitations are involved in each case.
Thus, the final state appears to be the same irre-
spective of the initial-state excitation, consistent
with the KF Auger decay mechanism. The pres-
ent experiments indicate that the symmetry and
angular separations of the PSD patterns are iden-
tical to those of the ESDIAD patterns excited by

500-eV electrons.
Figures 3(a)-3(c) illustrate the 0' ion kinetic-

energy distributions measured under different
conditions with h v= 55 eV. Peaks in the energy
distributions are at - 8.5 eV and the full widths at
half maximum (FWHM) are -2.8 eV; where di-
rect comparisons have been made, the energy
distributions are the same for PSD and ESD (500-
eV electrons). The angular distribution of one of
the PSD 0' beams of Fig. 2 is plotted as Fig.
3(e). The FWHM is 16', consistent with the ther-
mal vibrational amplitudes expected for surface
atoms. '

Finally, we note that PSD shows promise for
studying minority species, molecular adsorbates,
and coadsorbed species. For example, Fig. 3(d)
depicts a PSD ion energy distribution observed
after exposure of the oxidized surface to atomic
hydrogen produced by dissociation of H, on a hot
W filament. With use of the time-of-flight meth-
od, the high kinetic-energy ions were identified
as 0' {or OH") and the low kinetic-energy ions
as H'. The PSD angular pattern for the 0' (or
OH+) is similar to that for the "clean" oxide,
with an intensity about ~ that of the "clean" ox-
ide, i.e. , the bonding of H to the surface inhibits
0" (or OH') desorption. The PSD pattern for H'
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FIG. 2. PSD ion angular-distribution patterns for 0+
desorption from the oxidized W(111) surface for differ-
ent photon energies. The two small white dots are
markers on the detector screen.

FIG. 3. Energy and angular distributions for PSD
from W(111) under different conditions. (a) Energy
distribution of 0 ions from the oxide layer, for the
three inner beams (shown in Fig. 2). (b) Energy distri-
bution for 0+ from one of the outer beams of the oxide
surface. (c) 0+ desorption from monolayer. (d) Energy
distribution of ions following exposure of the oxide to
atomic H. (e) Angular profile of 0+ ions for an inner
beam from the oxide surface (cf. Fig. 2) for hv=55 eV.
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is a triangular array with polar and azimuthal
angles close to that of the 0' (OH'), suggesting
a linear W-0-H species. " A photoexcitation
spectrum for H' shows the dominant threshold at
~ 20 eV and a smaller threshold at - 37 eV,
whereas the 0' (or OH') thresholds are similar
to those in Fig. 1. This suggests that H' desorp-
tion proceeds via excitation of a surface OH

bond, perhaps by an 0 2s core hole (-22 eV),
and that W substrate excitations play a lesser
role in H+ desorption.
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The effect of surface roughening on the onset of vortex motion in thermal counterflow in
a rotating channel has been investigated. Smooth surfaced channels exhibit a critical
counterflow velocity independent of surface characteristics. Rough surfaced channels
exhibit a larger critical velocity, larger by just the amount necessary to bring the average
vorticity at the surface parallel to the surface.

PACS numbers: 67.40.Vs

Vortex pinning plays an important role in a
variety of flow phenomena in superfluid helium.
Vortex-wave resonance experiments, ' ' involving
oscillating disks or cylinders in a rotation field,
depend on the pinning of vortices to the resonant
cavity surfaces. It is believed' that a class of
critical velocities for superf low through a channel
involves an instability of pinned vortex lines.

The interpretation of the observed superfluid
transition in thin helium films in terms of Koster-
litz-Thouless topological long-range order' de-
pends crucially on the ability of thermally ex-
cited vortex-antivortex pairs to diffuse along the
film. The nature of vortex pinning has not been
well understood and, until recently, it was as-
sumed' ' that vortices move along a superfluid-
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