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Photoemission for Xe Physisorbed on W(100): Evidence for Surface Crystal-Field Effects

B. J. Waclawski and J. F. Herbst*
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(Received 24 July 1975)

Photoemission spectra at zv=21.2 eV reveal two 5p levels for xenon physisorbed on a
tungsten (100) surface. The spin-orbit splitting of the two levels and their intensity ratio
correspond closely to gas-phase measurements, while the 5p;/, peak is significantly
broadened with respect to the 5p;/,. We interpret the broadened structure as an unre~
solved doublet resulting from splitting the Xe 5p4 /2 states in the tungsten-surface crystal

field.

One of the most challenging problems confront-
ing surface science is understanding the adsorp-
tion of gases on the surfaces of transition metals,
whose properties are intimately connected with
catalytic and other chemical processes. A proto-
type system for studying the interaction of atoms
with a metal surface is provided by rare-gas
physisorption. This system is particularly inter-
esting since the interaction energies involved are
at least an order of magnitude smaller than those
for chemisorbed species, and the Van der Waals
forces responsible for the interaction are reason-
ably well understood.! Physisorption thus offers
the possibility of delineating some of the mecha-
nisms governing the interaction of an adsorbate
with a metal surface whereas chemisorption, with
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its much stronger forces, involves competing ef-
fects which generally preclude unambiguous iden-
tification of structure observed in photoemission
spectra. In this communication we report ultra-
violet photoelectron spectroscopy (UPS) measure-
ments for xenon physisorbed on a tungsten (100)
surface. Specifically, we observe two well-de-
fined peaks arising from the Xe 5p levels; the
5ps,, peak is appreciably broadened with respect
to its spin-orbit companion, and we suggest that
the broadening results from splitting of the Xe
5p5,, states in the tungsten-surface crystal field.
To our knowledge this is the first UPS evidence
for surface-crystal-field effects.

A description of the photoemission apparatus
employed in these investigations has been given
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FIG. 1. Photoelectron energy distributions. The low-
ermost curve is for W(100) at a temperature of ~ 80 K,
and directly above it is the distribution after exposure
to 5 Langmuirs of xenon. The difference of the two dis-
tributions is given at the top of the figure.

elsewhere.? Data were collected for a photon en-

ergy of 21.2 eV and an electron-energy-analyzer
resolution of approximately 0.25 eV. Usual ultra-
high-vacuum techniques were used to obtain a
base pressure in the vacuum chamber of 1078 Pa
(~107!° Torr) or less.

The lower two curves of Fig. 1 are the photo-
electron distribution for a clean tungsten (100)
surface at a temperature of ~80 K and the distri-
bution after exposure to 5 Langmuirs (5x107°
Torr sec ~TX107* Pa sec) of xenon. Subtraction
of the width of the “clean” distribution from the
photon energy yields a work-function value of
4,65+0.03 eV, which compares well with other
published values.® The increased width of the
“exposed” distribution shows that the work func-
tion decreases to 3.66+0.03 eV. The pronounced
peaks at — 6.8 and — 8.1 eV are due to emission
from the two spin-orbit-split Xe 5p levels. We
note that the structure at — 0.5 eV, which has
been identified? as a surface state, persists even
after exposure to the rare gas, whereas expo-
sure to gases such as H,, O,, N,, and CO, which
chemisorb on tungsten, is known® to suppress the
structure. This is another indication of the weak-
ness of the forces responsible for physisorption.

Figure 2 shows an enlargement of the difference
spectrum given at the top of Fig. 1, together with
an inset displaying the photoelectron distribution®
for gas-phase Xe at the same photon energy. For
gaseous Xe the binding energies of the 5p,,, and
5p,,, €lectrons are 13.4 and 12.1 eV, respective-
ly, and the spin-orbit splitting is consequently
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FIG. 2. Expanded view of the two Xe 5p peaks from
the difference spectrum of Fig. 1. The inset is the pho-
toelectron distribution for gaseous Xe (Ref. 5).

1.3 eV. The 5p,,,:5p,,, intensity ratio is 1.6:1 in-
stead of the statistical ratio 2:1; this reflects the
different radial wave functions for the two states
in that it arises from the different overlap be-
tween the two bound orbitals and the continuum
states. For physisorbed xenon the spin-orbit
splitting remains 1.3 eV, and the areas beneath
the two peaks are in essentially the same ratio®
as for the gas phase. Because the partial-cross-
section ratio is practically unaffected by physi-
sorption, the interaction between the xenon and
the surface produces no drastic modification of
one orbital with respect to the other. It is appar-
ent from Figs. 1 and 2, however, that the 5p,,,
peak is significantly broadened with respect to
the 5p,,, peak. If one attempts to account for this
selective broadening by, say, an inequivalent
mixing of the two states with the substrate bands,
then one is hard pressed to explain the unchanged
spin-orbit splitting and partial-cross-section ra-
tio. We suggest that the broadened structure is
in fact an unresolved doublet; if we assume that
it is comprised of two peaks having the same
width as the 5p,,, peak, their separation is ap-
proximately 0.3 eV. The crystal field of the tung-
sten substrate offers a possible mechanism for
such a splitting, as the following simple model
demonstrates.

A physisorbed Xe atom lies partially within the
dipole layer formed by electrons from the outer-
most orbitals of the tungsten substrate atoms, so
that in the immediate vicinity of the adsorbate the
tungsten-ion cores are incompletely shielded.
The simplest approximation which preserves
the lattice symmetry is to replace the partially
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screened ions by point charges of magnitude Zlel.
We assume that the Xe atoms occupy fourfold
sites at the centers of the square mesh formed
by the ions of the (100) surface, so that there are
four nearest-neighbor ions in the first plane and
one in the second plane directly below a Xe atom.
An elementary first-order perturbation calcula-
tion” shows that the 5p,,, hole state (*P,,, in spec-
troscopic notation) splits into two doubly degener-
ate levels whose separation A is

At 0Dy,
5 a®
2(3 cos?a - 1) 1 (1)
2/ + D [VahJa+ 1/ (

The point charge in the second plane produces the
second term within the brackets of Eq. (1), and
we have arbitrarily assigned it a charge Zlel as
well (although a smaller Z should probably be
used for this more distant ion). (#%),,, is the ex~
pectation value of #* for the Xe 5p,,, orbital
((r?);,=1.8 A? from a relativistic Hartree-Fock
calculation® for Xe), a is the W lattice constant
(a=3.16 A), & is the distance of the Xe nucleus
from the first plane (% ~2.8 A using 1.4 and 2.2 A
for “hard core” W and Xe radii, respectively),
and tana =a/v2h. To first order a p,,, hole state
(2P,,,) will not split in any crystal field because
the charge density associated with it is spherical-
ly symmetric. The substrate crystal field, there-
fore, nrovides a mechanism which at least qual-
itatively accounts for the preferential broadening
of the 5p,,, peak. With the values of a, %, and
(¥%),,, given above, Z~0.5 leads to A~0.3 eV.
(The point charge in the second plane contributes
~25% of the splitting.)

Finally, we observed that both the decrease in
work function and the areas of the 5p peaks var-
ied linearly with Xe exposures up to ~0.5 L (Lang-
muir), and essentially reached saturation at ~2
L. For any exposure up to ~10 L, however, the
two peaks remained fixed in energy below E ;
i.e., the binding energy relative to the Fermi lev-
el is independent of Xe coverage, while that rela-
tive to the vacuum zero decreases with increas-
ing rare-gas exposure. At saturated coverage
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the binding energies of the 5p electrons for phys-
isorbed Xe decreased by 1.6 eV compared to the
gas phase.® This is to be compared with the 2.1-
eV shift of the Xe 3d;,, level observed by Yates
and Erickson® for Xe physisorbed on W(111), The
disparity between the two shifts stems principal-
ly from the different work functions [in Ref. 9 a
work-function value of 3.3 eV was observed for
Xe on W(111)], although it is possible that the
screening of the spatially more extensive 5p hole
is somewhat different from that of the highly lo-

calized 34 hole.
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