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New electronic states at the Xe(11 1)/Pt(111) interface are identified
to be Xe-3p-derived states by spin resolved photoelectron spectroscopy
using circularly polarized radiation from the BESSY 6.5m NIM
beamline. Their initial energies lie above the valence band maximum
of bulk Xe. The final state energy and spin polarization is determined

by bulk Xe conduction band states.

SPIN-RESOLVED photoemission data from
Xe(111) crystals grown on Pt(111) are presented,
and cannot be interpreted in terms of the Xe bulk
bandstructure. Emission from states within the
fundamental band gap of bulk Xe is found.
Although photon energies below the threshold of
9.8¢V for direct photoemission from a Xe crystal [1]
are used, the results are accounted for in terms of
interface states without resorting to an explanation
based on excitonic states [2—4].

The experiments have been carried out at the
6.5m NIM-beamline at BESSY [5). The circularly-
polarized light ranging in energy from 9 to 14.5¢eV is
incident normal to the (11 1)-face of the Xe crystal.
The Xe crystals consist of 10-15 monolayers
epitaxially grown on a Pt(111) substrate at
approximately 40K. They have proven to be
sufficiently thick to result in photoemission spectra
as a 3D-crystal without carrying the disadvantage of
charging effects during the photoemission experiment
[6, 7.

Electrons emitted inside an acceptance cone of
4.5° around the surface normal are energy analyzed
and their spin-polarization component P along the
direction of light incidence is measured by a Mott
detector. The total energy resolution (consisting of
the monochromator resolution and the electron
spectrometer resolution) is about 150meV (for
further details of the apparatus see [8] and [9]).

* Present address: Forschungszentrum Jilich (IFF),
52425 Jilich, Germany.

Positive and negative P means preferential directions
of the electron spin parallel and antiparallel to the
photon spin, respectively. The spin dependent results
are expressed by partial electron intensities /, and /_,
depending on P and on the total electron intensity I,
by: I, = 1/2I,(1 + P), I_ = 1/2L(1 — P).

Figure 1 shows spin-resolved photoelectron
energy distribution curves from Xe(111) on
Pt(111). The initial energy is determined by a
procedure described in detail in [6], where a
symmetry-resolved band mapping of Xe in the A-
direction has been performed using the same
adsorbate system. It refers to the valence-band
maximum (VBM) of the Xe crystal, such that
positive values represent energies in the fundamental
gap region. The photon energy is varied between 9
and 10eV. At hv = 9eV very low intensities with J_
dominating are observed on the low-energy edge of
the spectrum. When going from hAv = 9.4 to 9.6¢eV a
peak A, in the I_-intensity grows at an initial energy
of about 0.8eV. At lower initial energy, a peak B, in
the 7, -channel appears and seems to be completely
developed at hAv =9.6eV. Its initial energy corre-
sponds to about 0.4eV. A further peak A, appears in
the I_-channel at hv = 9.6eV. Due to the vacuum
edge, the initial energy of this peak cannot be
determined unambiguously from the spectra. At a
photon energy of 10eV (which is 0.2eV above the
photoemission threshold for a Xe crystal) the direct
photoemission from valence-band states of the Xe
crystal with initial energies below 0eV appears and
dominates the spectrum.
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Fig. 1. Spin-resolved photoelectron spectra from
Xe(111)/Pt(111) at various photon energies. Given
are the total electron intensity /;, the partial
intensities I, and J_. See the text for the peak
assignments. The height of the I, /I_-symbols
represents the total error including the uncertainties
of light polarization and of the Mott-detector
polarization sensitivity. The energy scale refers to
the VBM of the Xe-crystal (positive values are in the
fundamental gap). The spectra are normalized to
equal light flux. The uncertainty of the photon energy

due to the monochromator calibration is about
0.1eV.

The peaks with initial energies above 0eV in Fig. 1
cannot be interpreted by direct transitions between
bands of an ideal 3D Xe crystal because their initial
energy is located within the fundamental gap.
Emission via excitonic states can also be excluded,
as the initial-state energy does not vary with photon
energy 3, 4]. As photoemission from one and two Xe-
layers on Pd(111) shows a corresponding peak A,
located 0.7eV above VBM and also a peak B,
separated from A4, by —0.6eV [7], we interpret peak
A, and peak B, to originate from states of the first Xe
layer (interface layer) in contact with the Pt-substrate

IDENTIFICATION OF Xe INTERFACE STATES

Vol. 90, No. 8

derived from the (py/;, |m;] = 3/2)- and from the
(P32, Im;] = 1/2)-hole state of the Xe ion, respec-
tively. The separation of the peaks 4, and B, depends
on the Xe-Xe interaction and therefore varies
depending on the structure [8, 10]. The preferential
spin directions found in the peaks 4, and B, are
identical in both experiments. Therefore, we assume
the existence of transitions from the occupied states of
the first Xe layer into unoccupied states which are
totally symmetric. Peak A, is interpreted to originate
from the (p3/2, |m;| = 3/2) derived stated of the
second Xe layer shifted against 4, primarily due to a
smaller final-state screening of the ionic Xe hole state
by the metallic substrate [11, 12]. An observation of
further peaks at lower initial energies is not possible
because of the high intensity of the direct photo-
emission from Xe(111) above 9.8eV.

Figure 2 illustrates the model described above.
Two additional py/,-derived flat bands A4,, B, are
drawn into the bandstructure of a Xe crystal along A
[6, 13]. They are expected to have no dispersion along
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Fig. 2. Bandstructure of bulk Xe along the A-
direction [6, 13] with additional flat interface bands
Ay, By from the first Xe layer in contact with the
Pt(11 1)-substrate. The energy scale refers to the
VBM of the Xe crystal. Arrows show typical
transitions for Av = 9.6eV. The signs +/— denote
the preferennal spin direction of the transition.
Unoccupied A4 s-bands are shown as dashed lines.
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A (the lack of dispersion can, however, not explicitly
be proven experimentally because the region in k-
space sampled is too small when the photon energy is
varied by the small amount of 0.2eV) because the
interface layer is a 2D-system normal to A. Their
location within the fundamental gap of the Xe crystal
is caused by a final-state screening by the metallic
substrate lowering the binding energy against the
binding energy of the p3,-derived bulk bands [11, 12].

The final states for the observed photoemission
from the interface layer are composed of three parts:
an unoccupied bulk Xe state from a band along A, a
vacuum state matched to this state and a Xe-
substrate interface state. The interface state will
have a symmetry derived from the bulk state. The
measurements for the system of two Xe-layers on
Pd(111) [7] confirm this statement. The bulk-derived
part of the final state restricts the energy of the final
state to a sharp E(k) (like an energy filter). Therefore,
there is no smearing out of the energetic position due
to the broken 3D-symmetry at the interface or at the
surface, as was found in [7].

With photon energies between 9 and 10.2¢V
photoemission from the occupied interface layer
band A, via final states determined by the first
unoccupied Xe bulk band is possible. This range of
photon energies corresponds to energies between the
vacuum level at 9.8eV and the upper edge of this
band at about 11eV. This is reflected in Fig. 1 by the
onset of the peak A4, at hv = 9eV and the significant
reduction of its intensity at hv = 10eV. The prefer-
ential spin directions found in the data given in Fig. 1
for the peak Al and for the peak B, are consistent
with the A} 5 A¢ symmetries of the bands A, and B,
respectively, and with the A{ symmetry of the first
unoccupied bulk band participating in the emission
(relativistic dipole selection rules, see [14]).

The model is tested further by increasing the
photon energy. In the bulk bandstructure of Xe along
A, two strongly hybridized A{, A-bands and one
A4 s-band follow the first unoccupied band after a
second gap of about 2.5¢V at energies from 13.5 to
15V (see Fig. 2). Figure 3 shows results for a photon
energy of 13.5eV. The structures below the VBM
have been identified in an earlier paper {6]. A weak
maximum in the /, channel occurs at about 0.8¢eV.
This maximum is assigned to be peak A, which has
changed its preferential spin direction compared with
Fig. 1. The reason for this change is evident by
inspecting the bulk states in Fig. 2 with energies
near (0.8 + 13.5)eV = 14, 3eV The upper A(,, Ad-
hybridized band and the A} s-band are present at this
energy. As the A6 -band here follows the AJ s-band it
mainly has Ag-character. Due to the relativistic dipole
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Fig. 3. Photoelectron spectrum from Xe(l11)/
Pt(111) at Av = 13.5eV (see Fig. 1 for explanation
of the energy scale and the errors). The inset gives a
section of the spectra for initial energies around the
energy of the A, interface state at varied photon
energies. In the inset the intensity scale is expanded.

selection rules [14], starting from the interface band
A, with Ai,s symmetry, only transitions into the A¢-
bands are possible. These transitions result in
negative spin polarization if the Aj-part dominates
the emission process and in positive spin polarization
if the Al-part dominates. Although the AZ-part
cannot couple to vacuum states in normal emission,
its amplitude is so strong that off-normal states
within the 4.5°-acceptance cone of the energy
analyzer dominate the emission spectrum [15].

The inset of Fig. 3 gives partial intensities for
initial-state energies around the position of the A4,
interface band obtained with photon energies
between hv =12.5 and 14.5¢V. It shows the
presence of the peak A; in the I, -channel (filled
rectangles) if the excitation just reaches the flat, high
density of states region of the upper A} Ad-band.

The intensity of peak A4, in Fig. 3 is very low
compared with that of Fig. 1. One reason may be that
the kinetic energy of the electrons from peak A4, is
increased from less than 1€V at hv < 9.8¢eV 1o more
than 4eV at hv = 13.5eV. This should cause a
dramatic decrease in the mean free path of the
electrons. Assuming a distance between neighbouring
Xe atoms of 4.37 A [16] the electrons which cross at
least Xe layers must traverse more than 3SA. In
electron-phonon scattering spectroscopy also, the
escape depth of electrons with kinetic energies below
1eV is demonstrated to be extremely large compared
to the one of electrons with somewhat higher kinetic
energies [17].

Photoelectron spectroscopy data from Xe-doped
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Ar and Ne matrices show comparable results for
photoemission from states of the guest atoms through
the host conduction band [18]. One important
question for these experiments is the energy transfer
between host excitonic states and guest atomic levels.
In the present case, the host and the guest levels are
built up by the same material. The guest levels are just
marked by their contact to the substrate. The present
explanation, however, does not resort to an interpreta-
tion in terms of excitonic states.

In summary, 2D-Xe states at the Xe(111)/
Pt(111) interface grown on a Pt(111) substrate
have been detected by spin-resolved photoemission.
They show no dispersion along A. The interface states
are located within the fundamental band gap of the
bulk Xe crystal primarily because of the final state
screening by the metallic substrate. Dipole selection
rules connect the symmetry of the interface states to
the symmetry of the bulk Xe crystal and determine
the spin polarization of the emitted electrons. Only
those electrons which fit into the unoccupied bands of
Xe(111) can be observed, which means that the Xe

crystal acts as an energy filter for the transmitted
electrons.
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