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Layer-by-Layer Band Structure of Physisorbed Xe on Al(111)
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The dispersion of Xe-Sp valence-band states is studied layerwise for multilayers of Xe phy-
sisorbed on Al(111) by means of the layer-dependent shifts of photoelectron energies due to
screening of the photohole. While the bilayer band structure is essentially the sum of two single-
layer band dispersions, Xe bulk bands begin to form with the third layer. Nondispersive peaks are
also observed in the photoemission spectra, and are assigned to indirect transitions from critical
points in the Xe surface Brillouin zone.

PACS numbers: 73.60.Hy, 79.60.Gs

In the last few years, extensive theoretical work has
been devoted to the study of multilayer slabs of transi-
tion metals, and the electronic properties were calcu-
lated in a layer-by-layer way. ' Comparison with exper-
iment, ho~ever, has been limited to the outermost
layer, which may be studied experimentally by
surface-sensitive techniques. Even though in photoe-
mission (PE) experiments of solid surfaces the outer-
most two layers of atoms may be distinguished in
favorable cases by their different core-electron ioniza-
tion potentials, the dispersion of valence bands has
not yet been experimentally accessible in a layer-
dependent way. The only relevant studies so far were
connected with the development of the electronic
structure in metal overlayers with increasing thickness
of the layers. 3

The present paper reports on the first —to our
knowledge —experimental study of layer-by-layer band
dispersion. For experimental reasons, we studied a
van der Waals solid, namely ordered multilayers of Xe
physisorbed on Al(111), using angle-resolved photoe-
mission spectroscopy (ARPES). As previously found,
photoelectrons and Auger electrons from weakly ad-
sorbed multilayers allow a labeling of the first two or
three layers through layer-dependent line shifts due to
screening of the photohole. 4 Here, this effect is uti-
lized to follow separately the dispersion of the Xe-
5p-derived valence bands in the I M direction across
the surface Brillouin zone (SBZ) for the first two
layers of an adsorbed bilayer of Xe. Previously, adsor-
bate band structure had been studied only for mono-
layers, particularly those of rare gases, and exhibited
essentially two-dimensional character. The present
work is also the first study of the effects of a final-state
photohole on the experimental valence bands. We
find that the experimental valence-band dispersion in
the second layer of a physisorbed Xe bilayer is almost
identical to that in the first layer, but shifted to higher
binding energies by = 0.50 eV as a result of the layer-
dependent hole-screening effect. These essentially
two-dimensional bands are well described by the
band-structure calculation of Hermann, Noffke, and
Horn for an unsupported Xe monolayer. With forma-

tion of the third layer, additional features appear in the
PE spectra, which —by comparison with the (111) sur-
face of a bulk Xe single crystal —are identified as due
to a beginning of three-dimensional band dispersion.
In all spectra, less intense nondispersive peaks are ob-
served that can be assigned to indirect transitions from
critial points of the Xe SBZ.

The ARPES measurements were performed in a
VG-ADES-400 spectrometer with use of unpolarized
Het (21.2 eV) and Hett (40.8 eV) radiation, with an
overall system resolution of better than 0.1 eV
(FWHM) and a base pressure of 1 x 10 'o Torr. The
Al(111) crystal, cleaned by repeated cycles of Ne-ion
sputtering and annealing, could be cooled to 40 K with
use of a liquid-He flow cryostat or it could be resistive-
ly heated to 500 C. Monolayers, bilayers, and thicker
layers of Xe were prepared by suitable choices of gas
exposure and sample temperature, and their structure
was studied by LEED. We find that the hexagonal-
close-packed Xe layers with a nearest-neighbor Xe dis-

0
tance of 4.38+0.03 A are well aligned but incom-
mensurate with the substrate, independent of the
number of Xe layers studied (up to 3); accordingly,
multiple-diffraction LEED peaks were observed.

In Fig. 1 the normal-emission PE spectra of
Xe/Al(ill) are shown for different Xe-layer confi-
gurations. In the monolayer spectrum five peaks can
be clearly identified: Three of them are due to direct

and Xe-Spy2 —derived valence-
band states at the I point, and the other two peaks are
assigned to indirect transitions from critical points in
the Xe SBZ (see below). The assignment of the direct
PE lines follows from theoretical band-structure calcu-
lations for ordered Xe monolayers and is identical to
the one given in earlier studies of monolayer-Xe-
adsorbate systems. ' The PE spectrum of the Xe bi-
layer [Fig. 1(b)] can be decomposed into almost ident-
ical single-layer contributions from the first and the
second Xe layer, separated by a binding energy shift of
0.50 eV. As previously shown, this layer-dependent
shift is mainly due to differences in the image-charge
screening of the photohole in the first and second ad-
sorbate layer. It should be noted here that almost

1638 Qc 1985 The American Physical Society



VOLUME 55, NUMBER 15 PHYSICAL REVIEW LETTERS 7 OCTOBER 1985

identical layer-dependent shifts have been observed in
angle-integrated Xe-Sp PE spectra of Xe bilayers on
Pd(100) and Al(111),t' while the bilayer splittings
observed for Xe-4d core lines were found to be = 25/o
larger. 4

For Xe coverages exceeding two layers, substantial
changes occur in the PE spectrum, which cannot be
explained by the addition of another single-layer con-
tribution to the bilayer spectrum. In the 2.5-layer
spectrum [Fig. 1(c)], only the two main peaks of
second-layer Xe can be identified as indicated by the
dashed bar diagram, whereas the extra structures not
due to single-layer contributions become dominant
upon completion of the third layer [Fig. 1(d)]. Upon
adsorption of more Xe, these new structures remain
essentially unchanged, except for an increase in the in-
tensity of peak A. The same structures A, A' have
been observed for bulk Xe(111),8 and were ascribed to

emission from the band edges of the Spt/2-derived
bulk-Xe band. The present results thus clearly show
that three-dimensional Xe bands are already formed in
a 2.5-layer-thick Xe configuration [Fig. 1(c)].

This conclusion is confirmed by normal-emission PE
spectra taken at different photon energies. According-
ly, a strong shift of the peak positions with photon en-
ergy is observed in the 2.5-layer spectrum [Fig. 2(b)],
which reflects a dispersion of the band states with the
momentum component normal to the surface, k~, as
expected for three-dimensional bands. On the other
hand, such a dispersion is clearly absent in the Xe-
bilayer spectra [Fig. 2(a)], which again proves the
two-dimensional character of the Xe bands in this
case.

For monolayers and bilayers of Xe/Al(111), we
have also studied the ARPES spectra as a function of
the polar electron-emission angle, 0, which is the angle
between the surface normal and the direction of elec-
tron emission in the (110) plane (corresponding to the
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FIG. 1. Normal-emission PE spectra of (a) a monolayer,
(b) a bilayer, (c) = 2.5 layers, and (d) a trilayer of
Xe/Al(111). The contributions due to direct as well as in-
direct transitions from the first (second) layer are indicated
by solid (dashed) bar diagrams. In the 2.5-layer and trilayer
spectra, the peaks labeled A and A' were identified as bulk-
Xe features.
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FIG. 2. Normal-emission PE spectra of (a) a bilayer and
(b) =2.5 layers of Xe adsorbed on Al(111) for different
photon energies (h v= 21.2 and 40.8 eV). For notations see
Fig. 1. Note that dispersion with photon energy is clearly ab-
sent for a bilayer of Xe, but substantial for thicker-layer con-
figurations.
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[112] azimuth). Some representative spectra are sum-
marized in Fig. 3. We can clearly distinguish between
the direct PE peaks which disperse with 0 and the non-
dispersing features from indirect transitions, which are
situated at the low-energy band edges, i.e., due to
emission from the Brillouin zone edges.

Since kI~ is conserved in direct PE transitions, ex-
perimental band dispersions along I'M of the Xe SBZ
may be derived by use of the well-known relation
k~~ = (2n/h)(2m, E)' sin8; here, E is the kinetic en-
ergy of the photoelectrons. The results of this analysis
are presented in Fig. 4 for the monolayer and bilayer
configurations. Obviously, the experimental band
dispersions for the first (filled circles) and the second
Xe layers (open circles) are well described by the
theoretical curves of Ref. 7. These were calculated
with a linear rigorous cellular method for an unsup-
ported Xe monolayer with nearest-neighbor Xe dis-
tances as determined in the present LEED measure-
ments. This agreement means that the assumption of
negligible interaction between substrate and Xe over-
layer is well fulfilled in the present case. It should be
noted that the agreement with a simple tight-binding
calculation is much less satisfactory. In the bilayer
case [Fig. 4(b)], the second-layer band-dispersion
curves (dashed) are rigidly shifted to higher binding
energies by 0.50 eV relative to the first-layer curves

(solid). A close look at Fig. 4(b) shows that the
dispersion of the experimental second-layer j = —,'-
derived band seems to be slightly smaller than that of
the first layer. This effect—if real —would indicate a
small deviation from a description of the electronic
structure of bilayer Xe/Al(111) as a simple sum of two
single-layer two-dimensional band dispersions.

The close similarity between the first- and second-
layer band-dispersion curves [Fig. 4(b)] underlines the
following points: (i) The adsorbate-substrate interac-
tions seems to be small even for first-layer Xe atoms
on Al(111). (ii) Differences in image-charge screen-
ing of 5p holes possessing various orbital orientations
with respect to the metal surface are smaller than= 0.2 eV. Such differences are expected to be partic-
ularly observable at the I point, where the j = —', ,
m& = + —,

' (j= —', , m& = + —', ) states have predominant-
ly Sp, (Sp„~) character. This would lead —by the in-
fluence of the photohole —to a distortion of the exper-
imentally observed first-layer band dispersion as com-
pared to the initial-state dispersion (calculated theoret-
ically); for the second layer such effects are expected
to be negligible.

The present results represent the first experimental
study of the effects of the final-state photohole on ex-
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FIG. 3. Polar-angle dependence of PE spectra from (a)
monolayer and (b) bilayer Xe/Al(111). The dispersions of
the various peaks are traced along the I M direction in the
Xe SBZ.
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FIG. 4. Experimental band dispersions along I M for the
monolayer-Xe and bilayer-Xe configurations. The solid
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through the data points, represent the theoretical single-
layer band-dispersion curves of Ref. 7, displaced by layer-
dependent binding-energy shifts. Indirect transition peaks
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perimental band dispersions. Even though the system
studied here is rather simple, we may anticipate that
such effects do also exist in more complicated ones;
they should be taken into account when comparing ex-
perimental PE band-dispersion curves with the results
of band-structure calculations. A similar suggestion
has recently been made on the basis of x-ray photoe-
mission spectroscopy studies of core levels and
valence-band states in dilute alloys. '

Finally, we comment on the nondispersive peaks as-
signed to indirect transitions from critical points of the
Xe SBZ. In cases where the k~~ conservation is not
valid, peaks from regions with a high density of states
are observed. Indirect-transition peaks have previous-
ly been observed for incommensurate Xe layers on
Pd(100) '3 and Cu(110), 'o and were explained as a
consequence of photoelectron scattering at the incom-
mensurate substrate (substrate umklapp). Recently,
indirect transitions were also found in the case of com-
mensurate Xe overlayers, '4 suggesting other mechan-
isms for this partial breakdown of k

~~
conservation. In

particular, phonon-induced processes and/or local dis-
order in the adsorbate structures must be considered. '~

An extensive study of these effects will be the subject
of a forthcoming paper. '4
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