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Electron energy-loss spectroscopy has been used to study the coverage-dependent, elec-
tronic excitations of Ar and Xe adsorbed on A1(111), Ag(111), Cu, and Au surfaces. The
monolayer loss features and cross sections indicate broadened atomiclike excitations with
no evidence for a configurational-switching effect suggested in previous optical studies. The
np®(n+ 1)s excited-state lifetime is found to be ~ 4 times longer than theoretically predicted

for isolated adatoms.

PACS numbers: 73.20.Hb, 34.50.Ez, 79.20.Kz

It has been proposed that two qualitatively dif-
ferent, system-dependent, excited-state configur-
ations can occur for adsorbed atoms on metal sur-
faces which will affect a number of important
physical processes and properties of adsor-
bates.'” These include dipole moments, and
bonding energies, as well as energy and charge
transfer at surfaces. Evidence for this proposal
first arose from the experimental observation of
strong atomiclike excitations for nearly all the
rare gases on Cs, K, Mg, and Al and their ab-
sence (at low coverages) in other cases—Xe on
Al, Ti, and Au, and Kr on Au.'"® The absence of
these atomic transitions is unusual and was orig-
inally interpreted to indicate strong (several elec-
tronvolts) coupling to the metallic states, as-
sociated with an “ionic” excited-state configura-
tion. Bagchi, Barrera, and Dasgupta later showed
that this absence could also be ascribed to a local-
field suppression of the optical excitation.® Al-
though corroboration of two distinct configura-
tions was subsequently inferred from the trends
in dipole moments of adsorbed rare gases,* re-
cent density-functional electronic structure cal-
culations found no significant differences for
these systems and could not account for the ap-
parent disappearance of the atomic transition.
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We have performed electron energy-loss and
UV photoemission measurements on a variety of
rare-gas/metal systems to resolve the question
of whether two distinct classes of excited states
occur. Our well-characterized measurements
of Ar and Xe on Al(111), Ag(111), Cu, and Au
show no evidence of the striking system- or cov-
erage-dependent features observed earlier. In-
stead, we find relative cross sections, transition
energies, and level widths of the np®—np°( +1)s
excitations which indicate broadened atomiclike
transitions, even for adatoms directly on the sur-
face. The lifetimes (I' ~0.2 eV) we derive for
(sub)monolayer coverages are significantly long-
er than theoretically predicted for isolated ad-
atoms (I'~1 eV) and may indicate excited-state
delocalization phenomenon within monolayer as-
semblies.

These measurements were performed in a turbo-
molecular, ion-getter pumped UHV chamber with
base pressures of 6 X107 Torr. Ultraviolet
photoelectron spectroscopy (UPS), electron ener-
gy-loss spectroscopy (ELS), low-energy elec-
tron diffraction, and mass spectroscopy were
performed én situ.”® The single-crystal samples
of Al(111), Ag(111), and polycrystalline Cu were
mounted on a liquid-helium-cooled,® rotatable

© 1983 The American Physical Society



VoLuME 50, NUMBER 8

PHYSICAL REVIEW LETTERS

21 FEBRUARY 1983

sample manipulator coolable to ~15 K. The Al
and Ag samples were sputtered, cleaned, and an-
nealed to ~200 °C while the sputter-cleaned Cu
sample as well as freshly evaporated Au films

(z 1000 A thickness) were annealed to ~ 700 °C.
Surface cleanliness was monitored via vibrational
ELS and UPS. Additional contamination arising
from background residuals during cooldown as
well as during dosage (associated with ion-pump
“regurgitation”) was also insignificant (<1%
monolayer). All rare-gas exposures cited ac-
count for ion-gauge correction factors of 1.2 for
Ar and 2,5 for Xe.!® Nominal specular electron
scattering conditions (6;, =6,,,=45°) were used
for ELS with incident electron-beam energies
between 11 and 20 eV, and a resolution of ~25
meV (full width at half maximum). Off-specular
ELS measurements on these films were indis-
tinguishable from on-specular and were, there-
fore, not systematically studied.

The determination of relative coverages as well
as the delineation of multilayer formation is an
important aspect of these adsorption studies
which we address using UPS. In Fig. 1 (left sec-
tion) we show the 2v=21.2 eV photoemission spec-
tra for clean Cu and as a function of increasing
exposure to Xe. Increasing attenuation of the
substrate 3d emission as well as the growth of
the 5p,/, and 5p,,, Xe ionization signals at 6.05
and 7.40+0.05 eV, respectively, are observed.
Above ~1 L exposure [1 L (langmuir)= 10" Torr
sec], a new set of Xe levels develop which are
shifted by ~0.25 eV to larger binding energies as
indicated by the dashed lines. This behavior
arises from the different final-state screening
associated with the local environment of Xe,'
and allows us to delineate first and subsequent
layers. From the relative intensities of these
two sets of peaks we determine the relative cov-
erages for the first and subsequent layers as
shown on the right-hand side of Fig. 1. For Xe
on Cu and Au, we find a nearly monotonic signal
increase with coverage for the first adsorbed
layer until 1.2 L whereafter the signal from the
second layer increases with nearly the same
slope as for the first layer. This implies a con-
stant, near unity sticking coefficient in both the
monolayers and multilayers. For Ar on Au
(Fig. 1), we find clear evidence that multilayers
form even at the lowest exposures, i.e., ag-
glomeration occurs forming three-dimensional
rare-gas clusters.’? Such agglomeration may ac-
count for the narrow spectral features observed
previously for Ar on Au.’® For the subsequent
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FIG. 1. Left: Photoemission spectra (Ey =0) for
increasing exposures of xenon to copper. Right: The
deduced relative coverage of the first layer (solid line)
and subsequent layers (dashed lines) for xenon on
copper and gold as well as for argon on gold [ 1 L (lang-
muir) =10"% Torr sec]. The coverage determinations
are based on the intensity of the Xe 5p1/2 and Ar 3p
ionization levels.

discussions, we concentrate on Xe on Au, one of
the previously studied systems which failed to
exhibit atomiclike spectral features'~3 and which
according to recent calculations should have an
excited state that is strongly coupled to the sur-
face.® :

The coverage-dependent energy-loss spectra
for Xe on Au are shown in Fig. 2. For compari-
son we also show a schematic of the electron-
excited states of gaseous Xe obtained for similar
incident energies and scattering conditions.® In
order to produce and define the coverage for a
completely full first adsorbed layer, i.e., satura-
tion coverage, 6 =1, we have exposed the surface
to 1.5 L and annealed to 90 K for ~1 min: Higher
coverages dre produced by additional 1-L expo-
sures.'* As shown in Fig. 2, we cannot resolve
all the atomic transitions in our loss spectra be-
cause of broadening as occurs in the condensed
phase.” However, the observed features corre-
spond well to the manifold of atomic transitions,
blue shifted by ~0.1-0.2 eV. Contrary to earlier
optical results,'”® it is clear that broadened atom-
iclike excitations exist over a wide range of cov-
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FIG. 2. Electron energy-loss spectra as a function
of xenon coverage on gold. A schematic of the atomic
spectra (Ref. 13) taken under similar conditions (Ejg
=20 eV and 6, =130°) is shown for comparison with the
final-state designations given and the optically allowed
transitions indicated by the solid lines.

erages—even in the submonolayer regime. Our
results for all systems studied are qualitatively
similar. We do not observe dramatic, coverage-
dependent changes in peak shapes or positions as
reported previously.!™®

In order to further interpret our coverage-de-
pendent spectra, we have analyzed the intensity
and line shapes of the np®—~np°@m +1)s excitation
for monolayer and multilayer coverages. Again
our results for all systems studied are qualita-
tively similar and are summarized in Fig. 3 for
Xe on Au. As shown in Fig. 3, the 5p° —5p%6s
peak height is not linearly related to coverage but
rises more steeply above monolayer coverages.
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FIG. 3. Peak height of the 5p5—5p%6s loss feature
of xenon on gold as a function of coverage, and the
cross section per atom, per layer for different layers
as described in the text.

To determine the relative cross section per atom
in each layer we have used the clean surface back-
ground as a baseline and have integrated the area
under the 5p° — 5p°6s peak, up to the center of
the peak. The cross section for the nth layer is
taken as the difference in areas between the n
and » — 1 layers: for submonolayers we simply
divide the area by the coverage. Within our ex-
perimental uncertainties, the cross section re-
mains constant for the first three layers and
tends to show some (system dependent) varia-
tions at intermediate submonolayer coverages.
The nearly constant cross section for each lay-
er implies that the same 5p¢ -~ 5p,/,,°6s (/=2 and J

'=1) transitions and ELS excitation mechanism(s)

occur for multilayer and (sub)monolayer cover-
ages. The coverage dependence of the peak height
thereby arises from a broadening of the transi-
tion. Both homogeneous (lifetime) and inhomoge-
neous broadening can occur and be coverage de-
pendent. From a line-shape analysis of the »np®
-np®n+1)s excitations for a monolayer of Ar or
Xe on Au, Cu, and Al, we determine an upper lim-
it to the lifetime-derived line broadening of ~0.2
£0.1 eV."* We find Ar to be lifetime broadened
more than Xe and within these error bars both
independent of the substrate. These values are
significantly smaller than the ~1 eV broadening
found theoretically for an isolated Xe or Ar atom
on “Mg” and “Al”® and may arise from limitations
of the theoretical model. Alternatively, isolated
rare-gas atoms may never occur experimentally
as two-dimensional clustering of rare gases is
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expected on low-temperature surfaces.'” Thus,
the longer than calculated lifetime (weaker ex-
cited-state coupling to the surface) that we ob-
serve can be related to the nature of the excita-
tions for the two-dimensional system. A similar
level narrowing of excitation spectra has been
observed for Xe impurities in Cs and K and has
been attributed to a wave-function contraction due
to excitation delocalization between pairs (or
clusters) of impurity atoms.'® This apparent re-
duced coupling between rare-gas assemblies and
our metal surfaces represents a potentially im-
portant phenomenon affecting energy and charge
transfer to metal surfaces. It should be noted
that we have found similar lifetime broadening
for molecular monolayers on metals.®

In summary, we have observed weakly per-
turbed, atomiclike excited states (I' ~0.2 eV) of
Ar and Xe on a variety of metals, and find no
evidence to suggest any dramatic change in ex-
cited-state configuration with coverage or ad-
sorbate. The strikingly different coverage de-
pendences as well as strong shifts in atomic ex-
citations observed in the previous optical stud-
ies!'”® may arise from several factors we cannot
unambiguously separate: uncertainties in analyz-
ing optical reflectance measurements®?° as well
as local-field effects® and unusual optical prop-
erties of adsorbates on unannealed, low-tempera-
ture evaporated films. However, we do not ex-
pect our ELS studies to be sensitive to local-
field effects since our low-energy, large—mo-
mentum-transfer measurements favor nondipolar
excitation mechanisms.
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