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Spin-Resolved Photoemission from Xe on Pd(111) in the Dilute Phase:
The Model Case of Singly Adsorbed Atoms

B. Vogt, B. Kessler, N. Miiller, G. Schonhense, B. Schmiedeskamp, and U. Heinzmann
Fakultdt fiir Physik, Universitat Bielefeld, D-4800 Bielefeld, Federal Republic of Germany

and Fritz-Haber-Institut der Max-Planck-Gesellschaft, D-1000 Berlin 33, Federal Republic of Germany
(Received 10 December 1990)

Xe adsorbed on Pd(111) in the dilute phase, in the (+/3x+/3)R30°, and in the (+/7x~/7)R19.2°
structure has been studied by spin-resolved photoemission with normally incident circularly polarized
light and for normal electron emission. Similar to the free atomic case, no splitting was observed for the
dilute phase in the peak corresponding to the p3/. hole state. Subthreshold electronic resonances were
found for the two ordered layers, but could not be detected for the dilute phase. Consequences regarding
the splitting mechanism and the excitation and emission processes for the resonances are discussed.

PACS numbers: 71.70.Ej, 79.60.Gs

The valence levels of Xe adsorbates in the monolayer
regime have been studied by photoemission [1-4] and
spin-resolved photoemission [5-9]. When a photon ion-
izes a free Xe atom in the outer shell, a Xe* 5p3(?P,;,)
or Xe* 5p°(2P3,,) final ionic state, called the p )/ or p3/
hole state, is created. For adsorbates, a broadening of the
peak corresponding to the p;; hole state was observed
[1]. It was interpreted as a lifting of the |m ,—| degeneracy
of the p3/; hole state and a splitting into its |m,| =1 and
|m;| =3 sublevels. Different theories about the physical
nature of the splitting [1-4,10-12] have been stated,
differing in the energetic ordering of the |m;|=1% and
Imjl =1 sublevels.

A splitting due to substrate-induced screening of the
ionic hole state [10,11] or to the formation of molecule-
like orbitals [12] results in an ordering with the |m;|= 3
sublevel at higher binding energy. A splitting caused by

the crystal field of the substrate [1] or lateral interac-
tions, i.e., band formation [2-4], results, however, in an
ordering with the |mj| =3 sublevel at lower binding en-

ergy. For Xe monolayers on Pt(111), Ir(111), and
graphite it was shown by spin-resolved photoemission
[5,7] that the (mjl =32 gsublevel of the hole state corre-

sponds to lower binding energy. This fact ruled out
several models [10-12]. In addition, the observed magni-
tude of the splitting cannot be explained by the model
presented in Ref. [1]. Only the assumption that the split-
ting is due to lateral interactions [2-4] is compatible with
the results in Refs. [5] and [7]. However, up to now only
the close-packed-hexagonal layer and the commensurate
(v/3%~/3)R30° layer have been investigated.

At certain photon energies of the incident light, well
below the onset of direct photoemission, highly spin-
polarized electrons could be detected at the vacuum level
[6,7]. The spin marking of these “subthreshold reso-
nances’ allowed an assignment of the electronic states in-
volved in analogy to atomic transitions of the form 5p
— 65 (the Xe 65 level lies below the vacuum level). As
the mechanism of how the electrons leave the Xe adsor-
bate, a Penning-type emission process at the adsorbate-
substrate interface has been proposed [6,7].

For the interpretation of both the splitting of the ps/,
hole state and the electron emission process for the reso-
nances, it is of great interest to study the ideal system of
a single Xe adatom: As the valence orbital overlap,
which dominates the splitting in the monolayer regime, is
absent in this case, one can expect to get information
about the possible remaining splitting mechanisms.
Furthermore, the proposed excitation and emission pro-
cesses for the resonances should in principle also be possi-
ble for a single Xe adatom on the surface. Hence the
search for subthreshold resonances in such a system
would be a sensitive test of the proposed models. It is the
purpose of this Letter to present and discuss experimental
data for the model case of singly adsorbed Xe atoms.

Pd was chosen as a substrate because Xe is known to
form a dilute phase (also called 2D gas phase) on
Pd(100) up to high coverages below one layer [13,14].
The existence of the dilute phase is correlated with and
attributed to a high dipole moment [14,15] of the Xe
atoms on Pd(100) and to high adsorption energies
[13,15-17). As the dipole moment of Xe on Pd(111) is
even higher than on Pd(100) [17], we also expect a dilute
phase on the (111) surface up to high coverages. For this
dilute phase we hope to find the model case of singly ad-
sorbed Xe atoms.

The experiments were performed at the 6.5-m normal-
incidence vacuum-ultraviolet monochromator [18] at
BESSY. The apparatus used for the measurements has
been described previously [19]. All photoemission data
were obtained for normal incidence of the circularly po-
larized synchrotron radiation and normal photoelectron
emission. The photoelectrons were analyzed with respect
to their kinetic energy by a 180° spherical field spectrom-
eter [20]. The overall energy resolution (electrons and
photons) was better than 150 meV at an angular resolu-
tion of *3° up to * 10° depending on the photon ener-
gy. The analysis of the spin polarization of the electrons
was performed by Mott scattering. Experimental asym-
metries were eliminated by changing the light helicity
from 6% to o~. The Pd(111) crystal was mounted on
top of a liquid-He-cooled manipulator. The surface nor-
mal of the crystal coincided within 0.5° with the [111]
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direction and within 0.3° with the light direction. For the
preparation of a clean surface cycles of Ar* or Ne™
bombardment, heating in oxygen, and heating up to 1000
K were performed. The surface contamination was con-
trolled by Auger electron spectroscopy. For carbon con-
tamination CO desorption spectroscopy was used, since
the Auger signal of carbon coincides with a Pd signal.
The surface structure was monitored by LEED.

The experiment results are presented in Fig. 1. In the
center and right-hand panels, LEED patterns and struc-
ture models for the Xe adsorbates are shown; the corre-
sponding photoelectron intensity spectra for Av=11 eV
are given in the left-hand panel. Up to the maximum Xe
coverage at temperatures of 80 =5 K the LEED pattern
of Fig. 1(a) occurs. Only spots at the positions of the
spots obtained for a clean Pd(111) crystal are visible; no
extra spots can be seen, indicating that there is no lateral
ordering in the adsorbate. This structure, called the di-
lute phase, occurs up to coverages which show 80% of the
work-function change of the complete (v/3x+/3)R30°
layer (further Xe does not adsorb at these temperatures)
as could be shown by a phase transition to the
(v/3%~/3)R30° structure. This phase transition was ob-
tained only by lowering the temperature and without dos-
ing more Xe. The Xe coverage of the dilute phase is thus
connected to the coverage of the (+/3x+/3)R30° struc-
ture for which a complete layer is defined to have the cov-
erage 1. The photoemission spectra of the dilute phase
are identical to the one presented in Fig. 1; only the abso-
lute intensity values scale with coverage between 0.2 and
0.8 layer. The spin-resolved photoemission spectrum of
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FIG. 1. Photoelectron intensity spectra of Xe/Pd(111) taken
at hv=11 eV (left-hand panel), LEED patterns (center
panels), and compatible structures (right-hand panels) for (a)
the dilute phase, (b) the (+/3x+/3)R30° structure, and (c) the
(V7x~T)R19.2° structure.

Fig. 2 was taken at 0.5 layer. The LEED pattern, the
structure model, and the photoelectron intensity spectrum
corresponding to the (v/3x+/3)R30° structure obtained
at 65+ 5 K are presented in Fig. 1(b). In contrast to the
substrates Ir(111) and Pt(111) [7,8,21], further Xe expo-
sure and decrease in temperature lead to a commensurate
structure until a second layer adsorbs. The LEED pat-
tern of this structure taken at 50+ 5 K is presented in
Fig. 1(c). A structure model is proposed in the right-
hand part of Fig. 1(c). It is a close-packed layer with a
(7x7)R19.2° buckled coincidence structure. This
buckled structure results in a projection of the Xe-Xe dis-
tance of 4.2 +0.05 A, close to the Xe bulk value of 4.34
A. Two domains occur, rotated by = 19.2° with respect
to the underlying Pd substrate.

From the correspondng photoemission spectra in Fig. 1,
obtained for a photon energy of Av=11 eV, we get infor-
mation regarding the splitting of the p3/; hole state. We
find a splitting for the (v7%~/T)R19.2° structure of 0.58
+0.03 eV and a considerably smaller splitting for the
(v/3x+/3)R30° adsorbate structure of 0.4+0.03 eV.
For the two ordered structures we find, by spin-resolved
measurements, the Imjl =3 sublevel of the hole state at
a lower binding energy than the |mj| =1 sublevel. In
analogy to [5] and [7] we can thus conclude that the
splitting for the two ordered structures of Xe/Pd(111) is
also due to the lateral Xe-Xe interaction. For the dilute
phase we observe only a broad peak in Fig. 1 which shows
no splitting. Information as to whether the p3/, hole state
is split or not can thus not be obtained from this spec-
trum.

More information about the existence of a possible
splitting can be expected from spin-resolved photoemis-
sion experiments. If the peak is split [7], the preferential
spin direction of the photoelectrons correspondng to the
P32 |mj| =L hole state should be parallel to the photon
spin (polarization P > 0) and the preferential spin direc-
tion corresponding to the ps3; |mj| =3 hole state should
be antiparallel to the photon spin (polarization P <0) for
our geometry and photon energies (see, e.g., [7]1). The
change of sign of the spin polarization in the p3/; peak
thus allows a precise determination of the size of the |m,|
splitting and, via the sequence of the spin-polarization
signs, a determination of the sublevel ordering. A spin-
resolved photoemission spectrum for the dilute phase is
presented in Fig. 2. The total intensity / (upper curve) is
separated into the partial intensities /+ and /- of the
electrons totally polarized parallel and antiparallel to the
photon spin, respectively, by means of the measured spin
polarization P and the equations I4+=I/2(1+P) and
I-=1/2(1 —P). Within the experimental uncertainty of
about 100 meV we measure no splitting of the ps/, peak
for the dilute phase. The polarization for this peak is
nearly —50% (in agreement with the value measured for
a free Xe atom [22]). Although the electronic structure,
the band structure, and the spin-orbit splitting vary for
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FIG. 2. Spin-resolved photoelectron spectrum at hv=11 eV
for the dilute phase.

different materials, it is worth noting that for disordered
Ge with lateral interaction, zero spin polarization was
measured, in contrast to polycrystalline Ge [23]. The
spin-polarization value measured for the dilute phase is
not zero as for disordered Ge with lateral interaction or
as for ordered Xe, but —50% as for a free Xe atom [22].
All of this indicates that the Xe atoms are singly ad-
sorbed on Pd(111) in the dilute phase.

Considering the facts that the splitting of the ps/, peak
is smaller than 100 meV for the dilute phase, that for all
ordered Xe phases studied up to now by spin-resolved
photoemission splittings between 0.4 and 0.6 eV were
found, and that in all cases the |mj| =1 level was found
at lower binding energy, we draw the conclusion that the
mechanisms described in Refs. [1,10-12], which are not
based on a lateral Xe-Xe interaction, yield a very small
contribution to the splitting of the ps; peak. This con-
clusion is supported by the finding that by lowering the
temperature (+/3x~/3)R30° islands, for which a splitting
of the ps3/; hole state of 0.4 eV was observed, can be ob-
tained directly from the dilute phase. Even if the broad
structure in 74+ was explained as a superposition of
several peaks, this would not result in a splitting compa-
rable to that of the ordered phases.

Measurements of the subthreshold resonances for the
different phases are presented in Fig. 3. We varied the
photon energy and measured the intensity 7 and spin po-
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FIG. 3. Subthreshold resonances for three phases of Xe/
Pd(111): Constant-final-state spectra taken just above the vac-
uum level for the (~/7x+/7)R19.2° structure (upper part), the
(v/3x+/3)R30° structure (middle part), and the dilute phase
(lower part).

larization P of the electrons just above the vacuum level
(their kinetic energy was 0.15 eV). The intensity 7 is
again separated into /+ and /- and we find three peaks
labeled 1, 2, and 4 (adopting the labeling of Refs. [6-8])
for the two ordered phases of Xe on Pd(111). These are
displayed in the two upper panels of Fig. 3. The peaks
occur at about the same photon energies as those ob-
tained earlier on Pt(111) [6,7]1 and Ir(111) [8] and are
also in fair agreement with 5p — 6s excitation energies of
the free Xe atom. The results fit quite well into the mod-
el given in Refs. [6-8], which describes the observed pro-
cess as a combination of atomiclike excitation and
Penning-type electron emission.

For the dilute phase we find, however, no structure in
the total intensity and the partial intensities (/+ =1 _) of
the constant-final-state spectrum just above the vacuum
level, as can be seen from the lowest panel in Fig. 3. It
thus seems that the resonances occur only when a well-
ordered Xe overlayer is present.

The experimental result of existing subthreshold reso-
nances for two-dimensional systems and missing reso-
nances for a dilute phase in the submonolayer range is
similar to former experimental results [24-26] obtained
for excitonic states of rare gases. Optical measurements
on rare-gas solids proved the existence of surface excitons
[24], which are confined to one or two layers at the
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sample-vacuum boundary. In fluorescence measurements
on rare-gas clusters [25], surface excitons were detected
for large (N =200) and intermediate (50 < N =< 200)
clusters; for small clusters (N =< 30) absorption struc-
tures could also be detected. In reflectance measure-
ments of submonolayer Xe on several polycrystalline met-
al surfaces [26], excitonic states were observed above one
monolayer, but could not be detected at submonolayer
coverage. This was interpreted as being due to charge
transfer to the substrate (perhaps tunneling of the excited
6s electron into an empty state above Er of the metal)
which prevents detection of the excited state.

The additional information of the spin marking of the
electrons in our experiments gives further hints regarding
the nature of the subthreshold resonances in our spectra.
If the whole process can be described as a two-step pro-
cess, i.e., a combination of photoexcitation with optical
spin orientation and subsequent electron emission, the
spin marking of the emitted electrons and the energetic
position support the model that the excitation is derived
from the Xe 5p— 6s transition [6,7]. The existence of a
transition from the 5p level into an empty and broadened
6s level also appears to be necessary to understand dipole
moment and adsorption energy measurements on Xe/
Pd(111) [17]. For small Kr clusters (N < 30) [25], tran-
sitions like this could be observed. A decay of this excit-
ed state via electron emission (with preferential spin
direction) could not be observed without ordered Xe is-
lands in our experiments. Possible explanations for this
finding are that either the excitation process is excitonic
rather than free-atom-like and can thus occur only in an
ordered overlayer or the electron emission process
demands Xe neighbors.

In summary, we observe three structures of Xe on
Pd(111): the dilute phase and the two ordered (/3
x~/3)R30° and (+/7x+/7)R19.2° structures. The dilute
phase can be well described by the model of singly ad-
sorbed Xe atoms, as a comparison of the emission from
the dilute phase with that from a free Xe atom and the
ordered systems shows.

While the ps/; hole state shows a splitting of 0.4 and
0.58 eV for the two ordered phases with the |mj| =2 lev-
el at lower binding energy, no splitting larger than 0.1 eV
is found for the dilute phase. It can thus be concluded
that only one of the splitting mechanisms discussed in the
literature, namely, the mechanism which is based on a
lateral Xe-Xe interaction, contributes considerably to the
splitting.

Subthreshold resonances which have been studied ear-
lier for various ordered Xe structures on different sub-
strates and which were described in a model with atomic-
like excitation and subsequent Penning-type electron
emission are not observed for the dilute phase. A model
for these resonances thus cannot be based on a singly ad-
sorbed Xe atom. Well-ordered Xe adatom islands seem
to be an essential part of either the excitation or the emis-
sion process.
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FIG. 1. Photoelectron intensity spectra of Xe/Pd(111) taken
at hv=11 eV (left-hand panel), LEED patterns (center
panels), and compatible structures (right-hand panels) for (a)
the dilute phase, (b) the (v/3x+/3)R30° structure, and (c) the
(V7x~T)R19.2° structure.



