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Rare-gas multilayers adsorbed on Pd(111), Pd(001), and Al(111) were studied with photoemission
and Auger spectroscopy. The Xe 4d core levels and the Xe N4~0q30q3 Auger transitions show

layer-resolved shifts for Xe multilayers on these three substrates. A simple model explains the ex-

perimental results satisfactorily. The core-level binding-energy shifts relative to the gas phase are
dominated by the final-state hole-screening effect. The Auger kinetic-energy shifts relative to the

gas phase, dominated by the difference in initial- and final-state hole-screening energies, are about
minus three times the corresponding core-level shifts. The screening energies were calculated using

a jellium model for the substrate and a dielectric continuum model for the rare-gas adlayer.
Surface-induced shifts of core-level binding energies and Auger kinetic energies for bulk solid

Xe{111)were also observed; the theoretical shifts are in very good agreement with the experimental

values. The valence levels for multilayers of Ar, Kr, and Xe on Pd{001) were studied. They showed

qualitatively similar shifts as the core levels, but the results cannot be explained accurately by our
model, because the valence excitations are not as localized as the core excitations. Using spacer
layers of Kr and Xe with various thicknesses, the effect of metallic substrate screening on the
valence-level shifts of Ar was demonstrated. The issues related to a proper energy-reference level

and the question of ionic versus neutral excited states will be discussed.

I. INTRODUCTION

Rare-gas layers adsorbed on metal substrates constitute
siinple model systems for studies of adsorbate properties
and behaviors. The interatomic interactions within the
adlayer and between the substrate and the adlayer are rela-
tively weak; thus the experimental results are usually sim-

ple, and a clear understanding of the observed phenomena
and associated effects is often possible within the frame-
work of some simple models. Photoemission is a particu-
larly powerful technique for studying these systems be-
cause it can be performed with a high surface sensitivity
and a high resolution to yield direct information about the
electronic properties. There have been a number of photo-
emission studies in the past. ' ' Kaindl et al. previously
reported the observation of layer-resolved core-level and
Auger energy shifts for rare-gas multilayers adsorbed on
Pd(001).' The shifts were explained in terms of differ-
ences in screening energies of the core holes, and a very
good agreement between experiment and theory was
found. Since different atomic layers can be distinguished
by the core-level and Auger shifts, processes involving
atomic movements can be studied in favorable cases.
Kaindl et al. demonstrated this technique in a study of
thermally induced inversion of a Kr/Xe bilayer on Pd.
Chiang et al. also reported the coverage-dependent
changes in the work function and core-level binding ener-
gies in the submonolayer-coverage regime, and they were
able to deduce information about the spatial distribution

of the adatoms. Recently, the surface-induced Auger and
core-level energy shifts were reported for bulk single-
crystal Xe(111). All these results can be explained quite
satisfactorily in terms of differences in hole-screening en-

ergies. s Other important photoemission results reported
in the literature include the measurement of two-
dimensional band dispersions for adsorbed rare-gas mono-
layers, and the observation of layer-resolved two-
dimensional band dispersions for adsorbed multilayers of
Xe on Al(111).

Though some previous publications' co-authored by
the present authors provided clear evidence for the ex-
istence and importance of the hole-screening effect on the
core-level and Auger energy shifts, there have been alter-
native interpretations proposed by the other researchers.
For example, Jacobi et al. interpreted their data for the
shifts of rare-gas valence levels in a number of systems by
using an ansatz which ignored the final-state screening ef-
fect completely. ' Opila et al. also raised questions con-
cerning the proper reference levels for the binding ener-

gies; that is, the location of the adsorbate-induced dipole
layer relative to the photoionized adatoin. " Therefore,
the interpretation of the data has remained somewhat con-
troversial.

The purpose of the present paper is to discuss in greater
detail the layer-resolved core-level, valence-level, and
Auger shifts for adsorbed rare-gas films, and new data
will be presented. The systems to be discussed include
rare-gas layers made of Ar, Kr, and Xe films on three dif-
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ferent substrates: Pd(111},Pd(001), and Al(111). A sim-

ple model will be used to explain the observed core-level
and Auger energy shifts, in which the metallic substrate is
replaced by jellium and the Xe adlayer is replaced by a
dielectric continuum. The present model is an improved
version of the one previously proposed, ' and involves no
arbitrary fitting parameters. By virtue of the good agree-
ment between theory and experiment, we show that the
dominant effect leading to the shifts is indeed the hole-
screening effect. We will discuss the approximations in-

volved in this model and its range of validity, and show
that the shifts in valence-level energies cannot be calculat-
ed accurately within this model by nature of the rather
spatially extended wave functions associated with the
valence levels. The problems and/or controversies men-
tioned above will be discussed.

The organization of this paper is as follows. A descrip-
tion of the experimental details will be given in Sec. II.
Our new data on core-level and Auger energy shifts for
Xe films adsorbed on Pd(111) will be presented in Sec. III,
which will be followed by Sec. IV on the theoretical model
and a comparison between theory and experiment. Simi-
lar results on Xe films adsorbed on Pd(001) and Al(111)
will be presented in Sec. V. Section VI will focus on the
results of valence-level shifts for Ar, Kr, and Xe films ad-
sorbed on Pd(001). A qualitative discussion will be given
about the proper interpretation of the shifts. The results
for Ar adsorbed on Kr- and Xe-covered Pd(001) will be
presented in Sec. VII as a further demonstration of the
screening-induced shifts. In Sec. VIII we will discuss
some questions of current interest. Section IX concludes
the paper.

II. EXPERIMENTAL

The experiments were performed at the Synchrotron
Radiation Center of the University of Wisconsin—
Madison at Stoughton, %isconsin. A 3-m toroidal-
grating monochromator' was used to select the wave-
length of synchrotron radiation from the 240-MeV elec-
tron storage ring Tantalus. The photoemitted electrons
were analyzed with a double-pass cylindrical-mirror
analyzer operated with a pass energy of 15 eV in the
angle-integrating mode. The substrate-surface normal
was pointing into one azimuth of the analyzer acceptance
cone; therefore, a significant fraction of the photoemission
signal was derived from electrons emitted about the sub-
strate surface normal. The overall instrument resolution
for photoemission was typically about 0.2—OA eV.

The substrate [Pd(111},Pd(001), or Al(111)] was sup-
ported by tungsten wires mechanically anchored to the
cold tip of a closed-cycle helium refrigerator. The sample
assembly was electrically isolated from the cold tip by a
thin sapphire wafer sandwiched between copper plates;
therefore, the sample could be independently biased elec-
trically to compensate for the contact-potential difference
between the sample and the analyzer. This was important
for determining the work function obtained by subtracting
the photoemission-spectrum bandwidth from the photon
energy. The binding-energy and kinetic-energy scales of
the spectra to be presented are all referred to the vacuum
level.

The base temperature of the substrate was about 40 K.
By passing a current through the supporting tungsten
wires, the temperature of the sample could be raised to
over 1000 K. The sample temperature was measured with
a thermocouple in mechanical contact with the substrate.
The substrates were cleaned by repeated sputtering with
Ar or Ne ions followed by high-temperature annealing in
the usual manner.

High-purity rare gases were used for adsorption on the
substrates. In the case of Ar, the gas was further purified
by a liquid-nitrogen cold trap. No impurities could be
detected on the substrates by photoemission. Under our
experimental conditions, the rare-gas layers form (111)
hexagonal atomic planes of the fcc lattice. The ainount of
gas exposure corresponding to a monolayer coverage
could be determined to within +5% by observing in
photoemission, as a function of increasing coverage, the
development of signals from atoms in the second layer,
because photoelectrons from different atomic layers can
be distinguished by their different energies. With the ex-
posure calibrated in terms of monolayer coverage, Xe
multilayers thicker than the bilayer were prepared by
predetermined exposures, as the absolute coverage was
linearly proportional to exposure under our experimental
conditions. Close-packed monolayers of Ar, Kr, and Xe
were formed by depositing slightly thicker layers and then
by annealing at a temperature just slightly above the
second-layer desorption temperature. Xe bilayers were
formed by the same method. Ar and Kr submonolayers
adsorbed on top of Xe-covered substrates were prepared
by predetermined exposures. A11 samples were quite
stable at the base temperature —the desorption and inter-
mixing rates were so low that no changes in coverage and
sample configuration could be detected during the experi-
ment.

To determine the surface Auger and core-level energy
shifts for bulk single-crystal Xe(111),we prepared a sam-
ple consisting of about 16 layers of Xe on Pd(111). Since
the photoelectron escape depth is rather short ( —= 5 A) and
the substrate-induced shifts are damped out at large dis-
tances, this sample is essentially indistinguishable from
bulk single-crystal Xe(111) for our purpose. Films with
larger thicknesses tend to charge up appreciably and,
therefore, are not suitable for this type of measurement.

III. CORE-LEVEL AND. AUGER
SHIFTS FOR Xe/Pd(111}

A. Xe 4d core levels

Figure 1 shows photoemission spectra (dots) of Xe 41
core levels taken with a photon energy hv=90 eV for (a)
a monolayer, (b) a bilayer, (c) a trilayer, and (d) about 16
layers of Xe on Pd(111}. The binding energies are referred
to the vacuum level of the adsorbate-covered substrate.
The spectrum for the monolayer, Fig. 1(a), consists of two
peaks corresponding to the spin-orbit-split Xe 4d3/2 and
415~2 core levels. The spectrum for the bilayer in Fig.
1(b) consists of two sets of subspectra, each resembling the
monolayer spectrum. By increasing the Xe coverage gra-
dually from monolayer to bilayer (data not shown here),
one can clearly identify the higher-binding-energy set to
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be derived from the Xe atoms in the second (top) layer.
The intensity for the first layer is less than that for the
second layer in Fig. 1(b), because the photoemission signal
from the first layer is attenuated by the second layer. No-
tice that the Xe 41 peaks associated with the rnonolayer
are only slightly shifted in energy after the coverage of the
second layer. By following the coverage dependence of
the line shapes, it is clear that the spectrum for the tri-
layer in Fig. 1(c) consists of the bilayer spectrum, at-
tenuated by the third layer and very slightly shifted rela-
tive to Fig. 1(b), and the contribution from the third layer
shifted to higher binding energies. The contributions
from the second and third layers are not resolved because

the relative shift is small; as a result, they combine to
form broad and asymmetric peaks as seen in Fig. 1(c).
The spectruin for 16 layers of Xe in Fig. 1(d) consists of
contributions from all different layers with relative inten-
sities determined by the electron escape depth; therefore,
the peaks are measurably broader than those in the mono-
layer spectrum in Fig. 1(a).

We have analyzed the spectra to obtain the peak posi-
tions for different layers. A least-squares-fitting routine
was used, and a smooth polynomial background was as-
sumed in each case. Figure l(a) was fitted first using the
convolution of a Doniach-Sunjic (DS) line shape'5 with a
Gaussian for each peak. The DS line shape accounts for
lifetime broadening and coupling to the conduction elec-
trons in the substrate; the Gaussian line shape accounts
for instrumental resolution and possibly inhomogeneous
broadening of the observed peaks. The fitting parameters
were the width and asymmetry parameter of the DS line
shape, the width of the Gaussian line shape, the spin-orbit
splitting, the intensities of the two spin-orbit-split com-
ponents, and the energy position of the did component.
The result of the fit is shown in Fig. 1(a) as the solid
curve; clearly, the quality of the fit is excellent.

The bilayer spectrum in Fig. 1(b} was fitted by assum-

ing the presence of two sets of spin-orbit-split doublets
corresponding to the two layers. The Gaussian width, the
spin-orbit splitting, and the DS line-shape asymmetry pa-
rameter were assumed to be the same as those for the
monolayer. The result of the fit, the solid curve in Fig.
1(b), is also very good. The contributions from the first
and second layers are indicated by the dashed and
dashed-dotted curves, respectively.

The spectrum for the trilayer shown in Fig. 1(c) and the
spectrum for about four layers of Xe (data not shown
here) were also analyzed in a similar way. The iinportant
numbers from the fit for 1—4 layers of Xe on Pd(111), in-

cluding the 4ds&z binding energies Eq, line-shape parame-
ters WG, Wn, and 3, intensity ratios I(n, 1) between the
nth layer and the first layer, and the branching ratio (in-

tensity ratio) between the ds~t and d3/2 components,
I( —,', —, ), are listed in Table I. The parameters WG and

WD are the full widths of the Gaussian and DS line
shapes, fG and fD, respectively. Here,

(a )Morelayer

and

fG(x) ~ exp[ —4(ln2)» /WG]

fD(x) ~cosImA/2+(1 —A)arctan '[x/(p D/2)]I

X [»2+( gr /2)2] (i A (2)

Binding energy (eV)

FIG. 1. Xe 4d core-level photoemission spectra (dots) for (a)
a monolayer, (b) a bilayer, (c) a trilayer, and {d) about 16 layers
of Xe on Pd(111). The binding energies are referred to the vacu-
um level of the adsorbate-covered substrate. The solid curves
are the results of a least-squares fit. The decomposition of the
spectra into individual layer contributions for the bilayer and
trilayer and the decomposition into the surface and bulk contri-
butions for the 16-layer film are indicated.

where A is the asymmetry parameter (&=0 corresponds
to a Lormtzlm line shap }. For dl four layer configma
tions, we use &=0.05 from the fit to the monolayer spec-
tmm; therefore, the linn me ve~ close to symmetric

» fact, the monolayer spectrum can be fit
ted very well with A assumed to be zero; the quality of
the fit is just slightly worse than that with 2=0.05 and
the difference caiuiot be easily detected by eye.

In principle, individual atomic layers in the bilayer, tri-
layer, or quadrilayer may have different line shapes due to
differences in environments; therefore, for example, the
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TABLE I. Fitting parameters for Xe 4d core levels in 1—4 layers of Xe on Pd(111). E~ is the 4dq~q

binding energy referred to the vacuum level of the adsorbate covered substrate. O'D and 8'~ are the

full widths of Doniach-Sunjic and Gaussian hne shapes, respectively. A is the asym. metry parameter.

I(n, 1) is the intensity ratio between the nth layer and the first layer. I( 2, —, ) is the branching ratio.

All energies are in eV.

Xe/Pd(111)

E~(first layer)
Eg(second layer)
E~(third layer)
E~(fourth layer)

Monolayer Bilayer

65.30
66.07

Trilayer

65.29
65.97
66.29

Four layers

66.24
65.86
66.13
66.35

8'~{first layer)
8'~{second layer)
8'~(third layer)
8'~{fourth layer)

0.32
0.26

0.42
0.28
0.28

0.24
0.24
0.24
0.24

0.05 0.05 0.05 0.05

0.32 0.32 0.32 0.32

I(2, 1)
I(3,1)
I(4, 1)
I(——)

5 3 1.03 1.13

2.50
3.53

2.94
7.15
8.60
1.13

asymmetry parameters and linewidths may be different
for different layers because the strength of coupling to the
metallic substrate may change. Similarly, the branching
ratio generally depends on the final states available for ex-
citation, the matrix elements, and the photoelectron es-

cape probabilities; all these may depend somewhat on the
atomic configuration and the location of the layer in the
adsorbed film. Theoretically, we should allow all these
parameters to vary independently for individual layers in
our fitting procedure for maximum accuracy. In practice,
however, it is impossible to get a unique fit to a spectrum
consisting of unresolved lines if too many degrees of free-
dom are allowed. Therefore, we have ehminated some de-

grees of freedom from the fitting procedure; for example,
we assume that all atomic layers in the four-layer film
have the same DS linewidths, etc. The relative shifts be-
tween peaks deduced from the fit, which are the main
concern of this paper, did not change appreciably when
we tried different but still reasonable assumptions in the
fitting procedure. Thus, the fit produces quite accurate
values for the relative shifts between peaks, but there may
be some errors in the line-shape parameters. The same
general comment applies to the analyses of other data to
be presented below. The resulting benefit from eliminat-
ing unessential degrees of freedom is a tremendous reduc-
tion in the time required for computer analysis.

The spectrum for 16 layers of Xe on Pd(111) in Fig.
l(d) consists of unresolved contributions from all layers
weighted by the electron escape depth, with about 85% of
the intensity coming from the top two layers. Since these
contributions are not resolved, a unique fit cannot be ob-
tained by assuming too many free parameters. Following
the usual convention in analyzing surface core-level shifts,
we assume that there are just two contributions, one from

TABLE II. Fitting parameters for Xe 4d core levels in 16
layers of Xe on Pd{111). O'L is the Lorentzian full width at half
maximum, and I(S,B) is the intensity ratio between the surface
and the bulk contributions. Eq, O'G, and I( z, 2 ) are as de-

fined in Table I. All energies are in eV.

Xe/Pd(111)

E~(bulk)
E~(surface)
8'L (bulk)
8'L (surface)
8'6
I (S,B)
I(——)

5 3

16 layers

66.20
66.46
0.18
0.22
0.35
1.64
1.20

the surface layer and the other from the bulk, namely all
subsurface layers weighted by the escape depth. Further-
more, we assume that the two contributions can be
described by Lorentzians convoluted by the same Gauss-
ian function. The DS line shape is not used in this case
because the coupling to the metal substrate must be negli-
gible. We started by fitting the monolayer spectrum using
a Lorentzian convoluted by a Gaussian. The line-shape
parameters obtained were then used as the starting fitting
parameters for the two contributions in the 16-layer spec-
trum. The results of the final fit are shown in Fig. 1(d)
and Table II. The quantity of major concern here is the
surface core-level shift relative to the bulk. It is 0.26 eV
from the fit, which should not depend critically on the
above-mentioned assumptions. From our model to be
presented below, the bulk contribution, as defined here,
should be slightly asymmetrically broadened due to the
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presence of many small subsurface shifts, but this is a
very small effect, and cannot be deduced from our data
easily with finite signal-to-noise ratios.

The photoelectron escape depth A, can be estimated
from I{S,B), the intensity ratio between the surface and
bulk contributions, by assuming a simple exponentia1 at-
tenuation of the photoemission signal. We have
I(S,B)=exp(d/A, ) —1, where d=3.54 A is the atomic
interplanar spacing of Xe(111). This gives A, =3.65 A for
bulk solid Xe(111)at he=90 eV.

Xe/Pd (111)

fg (x ) = ( Wg /2) /[x + ( Wg /2) ]
for x &0, and by

fg(x)=(SWg/2) /[x +(SW„/2)i]

(3a)

(3b}

for x) 0, where S is the line-shape parameter related to
the skewness and Wz is related to the width. Convolu-
tion with a Gaussian was found to be unnecessary, be-
cause the individual components are very wide. The

B. Xe NOO Auger transitions

The Xe Xq 50' i02 i Auger transitions were studied
for the same layer configurations as described above.
Much larger layer-resolved shifts than those for the core
levels were observed. In fact, the Auger shifts are about
minus three times the corresponding core-level shifts.
The spectra (dots} are shown in Fig. 2 together with the
results of least-squares fits {solid curves). The fits were
done in a fashion similar to those described above for the
core levels. The monolayer spectrum in Fig. 2(a) consists
of many peaks corresponding to different multiplets,
which is very similar to a broadened gas-phase spec-
trum. ' To reduce the computation time, we used an
asymmetric Lorentzian line shape to simulate the DS line
shape for each multiplet component. Again, the quanti-
ties of major concern here, the relative shifts in kinetic en-

ergy, do not depend appreciably on this approximation.
The asymmetric Lorentzian line shape f& (x) is defined by

tl)

C
D

I I I I I

32 36 38 40 42 44

Kinetic energy (eV)

FIG. 2. Xe Nq5023023 Auger spectra (dots) of the same
four Xe/Pd(111) configurations as in Fig. 1. The kinetic ener-
gies are referred to the vacuum level of the adsorbate-covered
substrate. The solid curves are the results of a least-squares fit.
The bar diagram in (a) shows the relative intensities and posi-
tions of different multiplets. The decomposition into individual
layer contributions for the bilayer and trilayer and the decompo-
sition into the surface and bulk contributions for the 16-layer
film are indicated.

decomposition of the monolayer spectrum into multiplet
contributions is indicated in Fig. 2(a) by a bar diagram.
The relative positions of the multiplets are in good agree-
ment with the gas-phase data. ' For simplicity, the

TABLE III. Fitting parameters for Xe NOO Auger transitions in 1—4 layers of Xe on Pd(111). E~
is the kinetic energy for the So singlet transition referred to the vacuum level of the adsorbate-covered
substrate. 8'& is the linewidth. S is the skewness parameter. I(n, 1) is the intensity ratio between the
nth layer and the first layer. All energies are in eV.

Xe/Pd(111)

E~(first layer)
E~(second layer)
E~(third layer}
E~(fourth layer)

Monolayer

36.83

Bilayer

36.94
34.58

Trilayer

36.96
34.83
33.77

Four layers

36.97
34.95
34.27
33.64

8'& (first layer)
8'& (second layer)
8'&(third layer}
8'z (fourth layer}

1.00 1.14
0.88

0.90
0.88
0.82

1.00
0.80
0.70
0.82

0.71 0.71 0.71 0.71

I(2, 1)
I(3,1)
I(4, 1)

2.23
2.77

2.83
2.09
5.67
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TABLE IV. Fitting parameters for Xe MOO Auger transi-

tion in 16 layers of Xe on Pd(111). E~ is the kinetic energy of
the 'So transition. 8'I is the Lorentzian full width. I(S,B) is

the intensity ratio between the surface and the bulk contribu-

tions. All energies are in eV.

Xe/Pd(111)

E~(bulk)
E~(surface)
8'L(bulk)
8'L (surface)
I{S,B)

16 layers

33.79
32.98
0.86
0.86
1.15

Auger-electron kinetic energies will be given only for the
'So transition (36.83 eV for the monolayer} in this paper.
We obtained S=0.71 from the fit for the monolayer spec-
trum, and the same value of S was used in the fit for 2—4
layers of Xe on Pd(111). As can be seen in Fig. 2, the
quality of the fit is again very good. The results of the fit
are summarized in Table III.

The thick- (16-) layer spectrum in Fig. 2(d) was fitted
assuming the presence of a surface and a bulk contribu-
tion with the same line shape, each consisting of multiplet
transitions that are the same as in the monolayer spec-
trum. The best fit was obtained by using symmetric
Lorentzians (S=l) for the multiplets. The results are
given in Table IV. Since each multiplet transition is quite
broad, broadening of the bulk contribution due to many
small subsurface shifts cannot be detected easily (see
below) and, therefore, neglecting this effect does not cause
any significant error in the deduced surface Auger shift.
The estimated Auger-electron escape depth for Xe(111}is
4.62 A.

Figure 2(c) shows that the three different layer contri-
butions for the trilayer give rise to well-resolved peaks.
Similarly, the 16-layer spectrum in Fig. 2(d) clearly shows
resolved peaks that can be separately identified as being
due to either the surface or the bulk contributions; the two
contributions are indicated by the dotted and dashed
curves, respectively.

IV. THEORY

A. Layer-dependent core-level shifts

We will consider the core-level binding-energy shift for
a Xe atom in the adsorbed film relative to a free Xe atom.
To avoid possible confusion due to contact-potential
differences between adjacent crystal faces, this free Xe
atom used for reference is supposed to be very close to the
substrate surface compared with the lateral dimensions of
the sample surface, while the actual distance should be
much larger than atomic dimensions. For example, this
atom could be at about 0.01 mm above the sample surface
of lateral dimensions about 1 cmX1 cm. The vacuum
level of the sample surface corresponds to zero electron
kinetic energy in the same region. %e shaH call this re-
gion the vacuum in the following.

Suppose a 4d electron is removed from a Xe atom in

bulk solid Xe; this atom will become positively charged
because it would cost too much energy (about the band-
gap energy) to remove a valence electron from a nearby
Xe atom and put it onto the ionized atom. Consequently,
the final-state screening of a core hole generated by pho-
toionization in solid Xe involves mainly long-range polari-
zation of other Xe atoms. On the other hand, if the Xe
atom under consideration is in contact with a metal sub-
strate, it is not immediately obvious if the atom becomes
charged or neutral after screening sets in, because it would
cost much less energy to transfer an electron from the
metal substrate onto the photoionized Xe adatom. Recent
experimental and theoretical results indicate that the Xe
adatom is nearly fully charged for most substrates. i'7'
We will assume in our model that the Xe adatom in the
photoemission or Auger final states is fully charged. The
justification relies partly on the good agreement between
theory and experiment. We will discuss this point more
fully below.

Consider a Xe adatom Xe(n, m) in the nth layer of an
m-layer film (rn &n} Th. e 4d binding energy of this
atom, Es(n, m), relative to the vacuum level, is defined by

Es(n, m) =hv Ex(n, —m), (4)

where hv is the photon energy and Err(n, m) is the pho-
toelectron kinetic energy in the vacuum. The same final
state involving the ionized adatom Xe+(n, m) can be
reached from the same initial state by the following hy-
pothetical process. We move the Xe(n, m) atom into the
vacuum by providing the cohesive energy E,(n, m), which
is derived from the short-range van der WaAs interaction.
The atom is then photoionized in the vacuum:

Es(F)=hv Ex(F), —
where Es(F) and Ex(F) are the 4d binding energy and
the photoelectron kinetic energy of the free atom, respec-
tively. Now we move this ionized atom back to its origi-
nal location in the film, during which process a bonding
energy E,+(n, m) is released. Applying energy conserva-
tion evaluated according to this hypothetical process, the
4d binding energy of Xe(n, m) is just the total energy in-
put to the system,

E,(n, m)+hv E,+(n, m), —
subtracting the photoelectron kinetic energy Ex(F};there-
fore,

Es(n, m) =E,(n, m)+hv — E(n, rn) —Ex(F) .

Combining Eqs. (5) and (6), we obtain the binding-energy
shift of Xe(n, m) relative to a free Xe atom,

b, Es(n, m) =E,(n, rn) E,+(n, m), —
where the binding energies are measured relative to the
vacuum level. The first and second terms on the right-
hand side of Eq. (7) are quantities pertaining to the initial
and final states of the system, respectively, and hence can
be identified with the initial- and final-state shifts. Note
that the breakdown of &Rs into the initial- and final-state
shifts may depend on the theoretical model, and is not
necessarily unique.
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E,(n, m } is generally small, being 0.17 eV for bulk solid
Xe at 0 K.'9 It is even smaller for atoins located at the
surface of solid Xe. E, is somewhat larger if the atom is
adsorbed directly on the metal substrate, but even then the
heat of adsorption is, e.g., only about 0.3, 0.28, 0.40, and
0.41 eV, respectively, for Xe on Pd(001),2 Ag(111), '

W(111)P and Pd(110). We do not have reliable values
for the heat of adsorption for Xe on Pd(111}and Al(111},
but they must be approximately 0.2—0.4 eV. Therefore,
the initial-state shift is roughly 0.1—0.2 eV for Xe(n, m),
with n ~ 1, and 0.2—0.4 eV for Xe(l, m }. Lang' calculat-
ed the initial-state shift for a single Xe adatom on a jelli-
um substrate [with parameters chosen to simulate
Al(111)] using a local-density-functional formalism, and
obtained a value of about 0.3 eV, in good agreement with
our estimate of 0.2—0.4 eV.

The bonding energy E,+(n, m) has possibly three major
contributions:

E+(n, m) =E,(n, m)+E,'(n, m) —b (n, m)b W(m) .

E,(n, m) is the lang-range screening energy due to the pos-
itive charge associated with the core hole, which can be
accurately described by the classical image formula. '

E,'(n, m) is a short-range van der Wsa)s —type energy.
The ionized adatom Xe+(n, m) polarizes the surrounding
atoms, and its own valence orbitals also shrink somewhat
compared to an unexcited Xe atom. E,' would be the
bonding energy of Xe+(n, m) without the core hole if the
polarization configuration induced by the core hole could
be held frozen. Since Xe+(n, m), as well as unexcited
Xe(n, m), has a closed-valence-shell configuration, E,' is
of the same order as E,. The third term in Eq. (8) is the
negative of the potential energy of the positive ion in the
field of the dipole layer on the surface, where b W(m) is
the part of the work function corresponding to the dipole
layer of the substrate covered by m layers of Xe, and
b (n, rn) is a positive parameter depending on the position
of the core hole relative to the dipole layer. " b=0 if the
core hole is outside the dipole layer. Generally, 0 & b (1.
For adsorbed rare-gas films on metal substrates, the di-

pole layer is generally confined spatially between the first
rare-gas atomic layer and the substrate surface. 'z Thus,
the third term in Eq. (8) can be neglected for n & 1; that is,
b (n, m) =0 for n y 1, because the core hole is outside the
dipole layer. Similarly, b(l, m) is nearly independent of
m. Qpila et al. ," using a dipole-summation technique
and assuming a certain dipole configuration, showed that
b(1,1)-0.75 for core levels of Xe adsorbed on oxygen-
covered W(110}. However, a quantum-mechanical calcu-
lation of Lang et al. indicated that b(l, rn)=0 for core
levels of Xe adsorbed on metals, in agreiment with recent
experimental results. Since the calculation of Lang
et al. employed a more reliable model and since our sys-
tem involves metal substrates, me are convinced that the
results of Lang et al. are applicable in our case. There-
fore, we have

b (n, m)=0

for all n and m in the case of Xe core levels; that is, the
core hole is outside the dipole layer. From Eqs. (7)—(9)
and E,' &„we obtain

b,Es(n, m)= E—,(n, m), (10)

indicating that the binding-energy shift is given to a high
degree of accuracy by the negative of final-state hole-
screening energy. '

It remains to calculate E,(n, m }. Figure 3 shows
schematically the model viewed sideways with the vacu-
um being above the Xe-covered Pd(111}substrate. The Pd
and Xe atomic locations in one cross section are indicated
by open and solid circles, respectively. We use the jellium
model25 for the Pd substrate; each Pd atomic plane is re-
placed by a jelhum slab of thickness equal to the atomic
interplanar spacing. The boundaries of the jellium slabs
are indicated by the long-dashed lines in Fig. 3. The
upper boundary of the topmost jellium slab is referred to
as the positive-background edge. Lattice relaxation is ig-
nored here, which is generally small in most metals. Due
to electron spillage, the image plane, indicated by the
short-dashed line in Fig. 3, is located at a distance
xo ——0.846 A above the positive-background edge from a
local-density-functional calculation for r, =2 appropriate
for Pd and Al. From the same calculation, the screen-
ing energy of a point charge e outside the metal is given
by the classical image formula ei/4z, where z is the dis-
tance between the charge e and the image plane, provided
z is sufficiently large. For Xe adsorbed on Pd or Al, this
large-z condition is well satisfied, because the Xe atomic
radius is relatively large. In our model, screening by the
metal substrate is taken to be entirely classical in the sense
described above.

The Xe monolayer on Pd or Al is a close-packed hexag-
onal layer incommensurate with the substrate. The dis-
tance between the Xe nucleus and the image plane is taken
to be the average distance calculated from a hard-sphere
model. The hard sphere associated with a Xe adatom is
in contact with the hard spheres associated with the metal
surface. The average distance is obtained by sampling
equally all possible adatom positions relative to the sub-
strate in a plane parallel to the substrate surface. The
hard-sphere radii are taken to be the standard atomic ra-

VACUUM

I ~ 0 Xe0~- ~ e =2.25

~ ~ 0 ~

0 0 OPd0 0 0 0
0

0 0 0 0 0 0

IMAGE
PLANE

0 0 0 0 0 0

5A

FIG. 3. Theoretical model for a trilayer of Xe on Pd(111).
The Xe and Pd atoms are indicated by solid and open circles,
respectively. The solid and long-dashed lines indicate the boun-

daries of the dielectric slabs and the jellium slabs, respectively,
for individual atomic layers. The short-dashed line indicates the
image plane.
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dii. This procedure usually yields results in fairly good
agreement (+0.2 A) with low-energy electron-diffraction
(LEED) results, although no LEED results are available
for the systems studied here.

For a few or more layers of Xe adsorbed on Pd or Al,
the crystal structure is face-centered cubic with the [111]
direction along the surface normal. The distance between

two adjacent Xe atomic planes is taken to be the same as
in bulk solid Xe. Thus, all Xe atomic layer positions are
determined relative to the substrate.

We use the dielectric continuum model to describe the
polarization response of the adsorbed Xe film to the core
hole. Each Xe atomic layer is replaced by a dielectric slab
of thickness equal to the atomic interplanar spacing and
with a dielectric constant equal to that of bulk solid Xe
(e=2.25). The use of a dielectric constant is justified be-
cause only the adiabatic limit is considered here. Since we
are mainly interested in differences in atomic energies, we
can expect that the intra-atomic contributions are largely
canceled when differences are taken; therefore, the atomic
structure can be neglected to first order, as in the present
model. Screening due to the dielectric continuum is taken

I

to be entirely classical. The boundaries of the dielectric
slabs are indicated by solid lines in Fig. 3.

Figure 3 gives, roughly to scale, a schematic of a tri-
layer of Xe on Pd(111). The model is summarized on the
right-hand side of the figure. The dielectric constant for
the space below the image plane associated with metallic
Pd(111) is set to be infinite. For the space between the
image plane and the upper dielectric boundary a=2.25 is
assumed. Note that the lower dielectric boundary would
actually be slightly below the image plane in Fig. 3, but
we terminate the dielectric at the image plane, since me-
tallic screening (e=oo) is much more effective than
dielectric screer!ing. The distance between an ionized Xe
atom and the vacuum-dielectric boundary is denoted by d,
as indicated by the example shown in Fig. 3, where a Xe
atom in the second layer is under consideration. The dis-
tance between the vacuum-dielectric boundary and the im-
age plane is denoted by t (for thickness).

The screening energy for a core hole with charge e (tak-
en to be a point charge} can be easily evaluated by solving
the Poisson's equation in the usual manner according to
our model. We obtain, using Eq. (10),

b E&(n,m) bEtt( oo /—2, oo )= e l[4—e{t d)]+(e—/2e) g ( —p)t'I 1/pt —1/[2(p —1 )t +2d] 1/[2(—p + 1)t —2d] ],
p=1

EE&{oo /2, oo )= feF du —fF!tdu (12)

using Eq. (10), where e=2.25, and F and Fo are the elec-
tric fields of the ionized Xe atom inside the solid and in
the vacuum, respectively. This is the core-level shift of
bulk solid Xe relative to a free Xe atom. The volume of
integration is over all space, excluding the volume occu-
pied by the Xe ion, since the intra-atomic screening ener-

gy does not change in a first-order approximation. With

(13)

where e=2.25 is the dielectric constant of a bulk Xe crys-
tal, p=(e —1)/(e+ 1), and t and d, defined above, are
functions of m and n Equa. tion (11) has the form of a
sum involving an infinite number of image charges.
bEtt( oo/2, oo ) is the core-level binding-energy shift for a
Xe atom deep inside bulk solid Xe relative to a free atom,
and is the value of blitt(n, m) in the limits m~oo and
n ~ oo while 0 & n /m & 1. Equation (11) simply gives the
core-level binding-energy shift for Xe(n, m) relative to a
Xe atom deep inside bulk solid Xe. To understand Eq.
(11), consider a!ample in which half of the substrate sur-
face is covered with an m-layer Xe film, while the other
half is covered with a thick (rn~ oo } Xe film. Since the
work function of the substrate does not change appreci-
ably beyond monolayer coverage, the two halves have the
same vacuum reference level, and the core-level binding-
energy shifts on the two halves can be compared directly.

%ithin our dielectric continuum model, we have

Fo elr——
where r is the polar coordinate, Eq. (12}becomes

b,Es(oo/2, oo)= —(1—1/e)e /2ro .

(14)

(15)

ro in Eq. (15) is defined such that 4irro/3, the volume of
a sphere with radius ro, is equal to a /4, the volume oc-
cupied by a Xe atom in solid Xe, where a is the lattice pa-
rameter. We then obtain

b.Et!( oo /2, oo ) = —1.66 eV . (16)

Our value for b Ftt is slightly different from that obtained
by Himpsel et al. ( —1.84 eV), who used a different cri-
terion to obtain ro. This uncertainty indicates the order
of accuracy of our calculation. The model-dependent fac-
tor ro enters Eq. {15)because the difference involving two
phases, gas and solid, has to be calculated. For a more ac-
curate value of be( oo/2, oo }, the atomistic structure of
bulk solid Xe has to be taken into account. For compar-
ison, Eq. (11}involves the difference only between atoms
in the same solid phase and contains no such factors as
ro, therefore, the results are expected to be more accurate.

Combining Eqs. (11) and (16), we have calculated the
Xe 4d binding-energy shifts, b &tt(n, rn), with 1 & n
&m &4 for Xe on Pd(111). The theoretical values, la-
beled b F~(theor. 1), are listed in Table V together with the
experimental values &R'~(expt. ) derived from Table I. The
4d5&z and 4d3&2 binding energies of gas-phase Xe are tak-
en to be 67.55 and 69.52 eV, respectively. Clearly, the
theoretical values are generally in good agreement with
the experimental values, considering the approximations
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TABLE V. Xe 4d core-level shifts dZq and Xe SOO Auger-electron kinetic-energy shifts DER for
1—4 layers and 16 layers of Xe on Pd(111). Three different theoretical values [(theor. 1)—(theor. 3)] for
bE~ are listed. All energies are in oV. The experimental values of

~
bEx /be ~

are also listed.

Xe/Pd(111) (expt. ) (theor. 1) (theor. 2)
~a ~x

(theor. 3) (expt. )
~
bExlb, Eg

~

(expt. )

Mon olayer

Bilayer

—2.22

—2.25
—1.48

—2.69

—2.78
—1.77

—2.47

—2.56
—1.55

—2.20

—2.31
—1.52

7.10

7.21
4.85

3.20

3.20
3.27

Trilayer —2.26
—1.58
—1.26

—2.78
—1.95
—1.59

—2.56
—1.73
—1.37

—2.32
—1.70
—1.36

7.23
5.10
4.04

3.20
3.22
3.20

Four layers —2.31
—1.69
—1.42
—1.19

—2.78
—1.97
—1.80
—1.51

—2.56
—1.75
—1.58
—1.29

—2.32
—1.72
—1.57
—1.29

7,06
5.24
4.54
3.91

3.06
3.10
3.20
3.28

Thick film
( 16 layers)

bulk
surf.

—1.35
—1.09

—1.57
—1.31

—1.35
—1.09

—1.35
—1.09

4.06
3.25

3.01
2.98

and uncertainties involved in our model. Most important-
ly, the general trends of the experimental shifts are repro-
duced by the theory. The small numerical discrepancies
will be discussed below.

S. Surface core-level shifts

The thick film (about 16 layers} of Xe on Pd(111) is in-

distinguishable from bulk solid Xe for photoemission
measurements. Since only the top few layers are probed,
setting m = 16 or ao in Eq. (11) makes no practical differ-
ence. We obtain from Eq. (11), in the limits of large m

and n with finite m —n (that is, t~ ao, d remains finite
in Fig. 3),

b.E~(d) b.Eq( ao /2, ao—) =pet/4ed,

where we now label bEz in terms of the distance d. This
is just the simple image formula for a single dielectric-
vacuum boundary. 9 The predicted shifts b&a(d} from

Eqs. (16) and (17) are listed in Table VI for different
layers. The relative intensities, calculated using the exper-
imentally determined escape depth, are also shown.
Clearly, the relative intensities decrease very rapidly for
deeper layers, as do the relative shifts. The bulk contribu-
tion as determined from the fit shown in Fig. 1 is essen-
tially the average contribution from all the subsurface
layers weighted by the relative intensities. The line shape
should be slightly asymmetrically broadened, but this is a
very small effect and we do not expect to be able to detect
this easily as discussed above. The theoretical value of
bE+ for the bulk contribution, obtained by calculating the
intensity-weighted average of &&z for all subsurface
layers, is —1.57 eV (given in Table VI}, which is very
close to bE&(oo/2, ao }=—1.66 eV. For easy compar-
ison, the theoretical and experimental shifts for the bulk
and surface contributions are also listed in Table V. The
relative shift between the surface and bulk contributions,
being —1.31—( —1.57)=0.26 eV theoretically, is the

TABLE VI. Theoretical layer-resolved 4d-core-leve1 shifts AEq and WOO Auger-electron energy
shifts ~g for bulk solid Xe(111)relative to the gas phase. Surface layer n means the nth layer below

the surface layer. I(4d) and I(XOO) are the relative intensities of the layer contribution to the photo-
emission and Auger spectra, respectively; the surface layer is assumed to have an intensity equal to 1.
The intensity-weighted average values of hE~ and ~~ for all subsurface layers are also shown. All en-

ergies are in eV.

Bulk Xe(111)

Surface layer
Surface layer 1

Surface layer 2
Surface layer 3
Surface layer 4

Surface layer 00

—1.31
—1.54
—1.59
—1.61
—1.62

0

—1.66

1.000
0.379
0.144
0.021
0.003

0.000 .

EEL
(theor. )

—1.31

Ave.
—1.57

EEg
(theor. )

3.94
4.63
4.77
4.83
4.86

4.98

I(NOO)

1.000
0.465
0.216
0.100
0.047

0.000

EEg
(theor. )

3.94

Ave.
4.72
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same as the experimental value, given by
—1.09—( —1.35)=0.26 eV. These values are listed in
Table VII. Again, we want to emphasize that our theory
is more accurate in predicting the differences involving
atoms in the same phase.

C. Causes of difference between theory and experiment

Referring to Table V, the general trends of the core-
level shifts are reproduced very well by the theory. Al-
though the theoretical values of

~
&hs

~

are slightly larger
than the experimental values in all cases, the differences
are at most about 0.5 eV. This is about the accuracy we
expect from the approximations made in the theory.

As discussed above, Eq. (15) is relatively inaccurate.
Any inaccuracy in &8'z(GD/2, GD ) is reflected in all the
theoretical values in Tables V and VI through Eq. (11). If
we use the experimental value for the solid-to-gas shift,
&Fs(oo/2, Go), this inaccuracy can be removed. This is
equivalent to changing the reference from the gas phase to
bulk solid Xe. We have not really measured
DER(cc/2, GD). Rather, we have measured &&a for the
bulk contribution from a 16-layer film, ~&a(b, l6), but
this is very close to bats( Go /2, co ).

The column in Table V labeled &Ra(theor. 2) gives the
adjusted theoretical values of &&s, which are obtained by
adding 0.22 eV to &&~(theor. 1) in Table V. This adjust-
ment simply makes the theoretical value of &J-a(b, 16)
equal to the experimental value. In this way, the inaccu-
racy in b,Ea( cc/2, co ) is essentially eliminated. The re-
sulting values of EE&(theor. 2} are in better agreement
with experiment; the differences are only about 0.3 eV for
the atomic layers in direct contact with the substrate, and
much less for the other layers.

In our model theory the remaining small differences
can be due to (1) the inaccuracy in locating the first
monolayer relative to the substrate (estimated uncertainty
about 0.2 A); (2) the inaccuracy in the position of the im-

age plane relative to the substrate; (3) the differences be-
tween E; and E„and (4) the b hW term in Eq. (8). The
last two reasons are probably less important than the first
two. The local density-functional theory has a limited ac-
curacy, and we really should use the dynamic image plane
rather than the static image plane in our model. Howev-

er, we have no better theory at the present time.
The column in Table V labeled +&a(theor. 3) gives the

theoretical shifts further adjusted from &Ea(theor. 2) by
moving the image plane downward relative to the Xe
layers (or moving the Xe layers upward relative to the Pd
substrate; see Fig. 3) by 0.4 A. The values of
b,E&(theor. 3) are very close to the experimental values in
all cases. Conceivably, a 0.4-A adjustment can be ex-
plained by reasons mentioned above, bgt this shall be es-
tablished in future studies. The remaining small differ-
ences of no more than 0.15 eV between &&~(theor. 3) and
the experimental values can be easily accounted for by ex-
perimental inaccuracies.

D. Layer-dependent Auger shifts

The derivation for the Auger kinetic-energy shift
&R'x (n, m) for an atom in the nth layer of an m-layer film

relative to a free Xe atom is quite analogous to the deriva-
tion for the core-level binding-energy shift. Assuming
that the final state of the Auger transition is doubly ion-
ized whether the atom is in direct contact with the m.etal
substrate or not, we obtain [see Eq. (7)]

b, Ex(n, m) = E—c+(n, m)+Ec++(n, m), (18)

where E,++(n, m) is the bonding energy of the doubly ion-
ized atom in the final state. The two terms on the right-
hand side of Eq. (18) give the initial- and final-state shifts,
respectively. As discussed earlier [see Eqs. (8) and (9)],

Ec+(n,m}=E,(n, m)+Ec'(n, m) .

Similarly,

E,++(n, m )=4E,(n, m)+E,"(n,m),

(19)

(20)

where E,"(n,m)„analogous to E,' (n, m), is the short-range
part of the bonding energy of the doubly ionized atom.
Since the screening energy is proportional to the square of
the charge [see Eq. (11}], the screening energy for
Xe++(n, m) is just 4 times that for Xe+(n, m). If the
atom is not in direct contact with the Pd substrate, E,'
and E," are both small and of the same order as E„be-
cause the bonding is only with neighboring neutral Xe
atoms. We can ignore the difference between E,' and E,"
compared with the difference in the screening energies;
from Eqs. (18)—(20), we obtain

b Ex (n, m }=3E,(n, m) .

Using Eq. (10)„we also obtain

(21}

EEx(n, m)= 3bE&(n, m—) .

Thus the Auger kinetic-energy shifts should be about
minus three times the corresponding core-level binding-
energy shifts. The experimentally measured &&x and the
ratio

~
LLExl&&a

~

are given in Table V for all layer con-
figurations. The ratios are indeed very close to 3 (within
less than 10%), even for the layers in direct contact with
the metal substrate ( n = 1}.

For n=l, E," may be larger than E,', because the
N4s0230z 3 Auger final state has an open 5p valence
shell. There may be a stronger chemisorption-type bond
to the metal substrate in the final state with an energy of
the order of that for Te (also having a Sp configuration)
adsorbed on Pd(111). We do not know this energy; be-
sides, the equilibrium adsorption distance between Te and
Pd is different from that between Xe and Pd. Since the
Auger spectrutn for monolayer Xe on Pd(111) has a line
shape quite similar to that for the gas phase, the chem-
isorption bond must be weak, implying a small E,". As-
suming, for example, that E," E,' =0.5 eV, which is—not
atypical for a weak chemisorption bond, we obtain

~

&&x l&Es
~

3.2 using Eqs. (10) and (18)—(20). This is
still consistent with our experimental observation. A
similar effect may also exist, although to a lesser degree,
for n~ 1.

Since the NOO Auger two-hole final state is more spa-
tially extended than the initial state, there may be a non-
negligible overlap between the charge distribution and the
dipole layer in the final state for n = 1. This can lead to a
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TABLE VII. Experimental and theoretical values for the
surface-induced shifts in Auger-electron kinetic energy and
core-level binding energy relative to the bulk for solid Xe(111).
The ratios of the Auger-to-core shifts are also shown. All ener-

gies are in eV.

hv = 90eV

(c)4 Layer

Xel Pd (001I
~ l

4d

Bulk Xe(111)

Surface Auger shift
Surface core shift
Ratio

Experiment

—0.81
0.26

—3.1

Theory

—0.78
0.26

—3.0

ayer

ayer

reduction in E,++( l,m) [see Eq. (8) and associated discus-
sion], and hence a reduction in &&z( l, m }. Unfortunately,
a reliable calculation of this effect does not exist.

Experimentally, Eq. (22) holds very well in all cases.
Therefore, the two effects mentioned above are either rela-
tively small or nearly cancel each other. This problem
remains to be solved in future studies.

E. Surface Auger shifts

Using Eqs. (17) and (22), we have evaluated the Auger
shifts for various layers in a thick film, which are just
minus three times the corresponding core-level shifts.
The results are listed in Table VI. Also given are the rela-
tive intensities of different layers using the experimentally
determined escape depth (which is different from the
value for the core-level photoelectrons because the kinetic
energies are different). Experimentally, the subsurface
shifts are not resolved. The average contribution weight-
ed by intensity from all subsurface layers gives the bulk
contribution; the corresponding &&» is shown in Table
VI. In principle, the bulk contribution should have an
asymmetric line shape for each Auger component due to
this effect, but this is too small to be determined precisely.
We have ignored this effect in our fitting procedure as
discussed above.

From Table VI, the theoretical surface Auger shift rela-
tive to the bulk is 3.94—4.72= —0.78 eV, in good agree-
ment with the experimental value of 3.25 —4.06= —0.81
eV (see Table V). These values and the ratios of Auger-
to-core shifts are listed in Table VII for comparison.

& (b}Biiayer 2~Layer

f

! II
1" Layer

I'1 I
I )

~ . 'J,(',
(a)Honolayer 2, d5(2

I

I
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V. CORE-LEVEL AND AUGER SHIFTS
FOR Xe/Pd(001) AND Xe/Al(111}

The results for Xe on Pd(001} and Al(111} are very
similar to those for Xe on Pd(111) already discussed
above. The 4d core-level spectra and the MOO Auger
spectra for these systems are shown in Figs. 4—7. The re-

68 66
Binding energy (eV}

FIG. 4. Xe 4d core-level photoemission spectra for (a) a
monolayer, (b) a bilayer, and (c) a quadrilayer of Xe on Pd(001).
The symbols and notations are similar to those in Fig, 1.

TABLE VIII. Xe 4d core-level shifts h,E~ and Xe NOO Auger-electron energy shifts Kq for mono-

layer, bilayer, and four layers of Xe on Pd(001). All energies are in eV. The experimental values of
I
&Z, /~Z,

I
are also listed.

Xe/Pd(001)

Monolayer

Bilayer

Layer (expt. )

—2.32

—2.39
—1.68

(theor. 1)

—2.61

—2.70
—1.76

6.77

6.90
4.88

I
~Es/~s I

(expt. )

2.92

2.89
2.90

Four layers —2.47
—1.89
—1.62
—1.38

—2.70
—1.96
—1.79
—1.51

7.05
5.42
4.84
4.09

2.92
2.87
2.99
2.96
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FIG. 5. Xe N4q0230$3 Auger spectra of the same three
Xe/Pd(001) configurations as in Fig. 4. The symbols and nota-
tions are similar to those in Fig. 2.

FIG. 7. Xe N~~023023 Auger spectra of the same three

Xe/Al(111) configurations as in Fig. 6. The symbols and nota-

tions are similar to those in Fig. 2.

suits of a least-squares fit are also shown; the notations
are similar to those used in Figs. 1 and 2. Clearly, the
layer-dependent shifts seen in Xe/Pd(111) are also ob-
served in these systems.

Without going into details, we show the core-level and
Auger shifts derived from the least-squares fits in Tables
VIII and IX for Xe/Pd(001) and Xe/Al(111), respectively.
The magnitudes of the shifts are very close to those found
in Xe/Pd(111). Also shown in Tables VIII and IX are the
theoretical values of the core-level shifts, &&z(theor. 1),
without any adjustment. The differences between theoret-
ical and experimental binding-energy shifts follow the
same trends as observed in Xe/Pd(111). The maximum
difference is about 0.6 eV for Xe/Al(111) and about 0.3
eV for Xe/Pd(001) occurring for the layers in direct con-
tact with the metal substrates. With adjustments of the
theoretical values as discussed for Xe/Pd(111), the differ-
ences can be reduced to the level of experimental errors.
There are no qualitative differences among the three sys-
tems studied. In Tables VIII and IX, the ratios

~
&&x/&&q

~
are also listed, which are again very close to

3 (within 7%); essentially all the ratios are somewhat less
than 3, in contrast to the case of Xe/Pd(111), where al-
most all the ratios are somewhat larger than 3. This
difference is likely due to the limited accuracy of the ap-
plied theory and also to experimental errors (e.g., the ex-
perimental error in determining the vacuum leve1 is es-
timated to be +0.1 eV).

Binding energy (eV)

FIG. 6. Xe 41 core-level photoen. ission spectra for (a) a
monolayer, (b) a bilayer, and (c) a trilayer of Xe on Al(111). The
symbols and notations are similar to those in Fig. 1.

VI. VALENCE-LEVEL SHIFTS FOR Ar/Pd(001),
Kr/Pd(001), AND Xe/Pd(001)

The valence levels for different layers in adsorbed rare-
gas films also show relative shifts in a way qualitatively
similar to the core levels. Figures S(a), S(b), and S(c) show
the angle-integrated photoemission spectra for the Xe 5p,
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TABLE IX. Xe 4d core-level shifts LE~ and Xe ZOO Auger-electron energy shifts AE~ for a mono-

layer, bilayer, and trilayer of Xe on Al(111). All energies are in eV. The experimental values of

~
hS&/~&

~

are also listed.

Xe/Al(111)

Monolayer

Bilayer

Layer (expt. )

—2.10

—2.22
—1.67

AEg
(theor. 1)

—2.69

—2.78
—1.77

{expt.)

6.32

6.50
4.66

~as~/as, i

(expt. )

3.01

2.93
2.80

Trilayer —2.22
—1.87
—1.50

—2.78
—1.95
—1.59

6.55
5.11
4.24

2.95
2.82
2.83

II
I ~ ~ I I I II I I i

iI
~ ~ I I I' rr I

(g)Xe on Pd(001) fb) Kr on Pd (001) (c)Ar on

Xe Sp r 4p

SSultiiayer

ilayer

Tnlayer

14 12 10 8 " % 14 12 10 " 18

Binding energy (eV)

FIG. 8. Angle-integrated valence-level photoemission spectra
of monolayers, bilayers, and multilayers of (a) Xe, (b) Kr, and {c)
Ar on Pd(001). The Xe Sp~~ in (a) and Kr 4p& in (b), respec-
tively, for the outermost layer, are indicated by the dashed
curves.

Kr 4p, and Ar 3p valence levels, respectively, for the indi-
cated layer configurations on Pd(001). These spectra were
taken with h v=20 eV. The spectrum for a Xe monolayer
shows, roughly speaking, two peaks: the Spi/2 and Sp3/2',
the Sp3/2 peak shows a structure due to band-dispersion
and/or crystal-field-splitting effects. The bilayer spec-
trum shows two resolved Spi/2 peaks associated with the
two atomic layers. The multilayer spectrum consists of
contributions from all layers, but the signals from the
outer few layers dominate. The relative shifts between the
outer few layers are small; therefore, the Spi/2 peaks are
not resolved. The dashed vertical bars in Fig. 8(a) indicate
roughly the Spi/2-peak positions for the outermost layer
in the three configurations shown. The shifts are qualita-
tively similar to those of the core levels; the binding ener-
gies associated with atoms farther away from the metal
substrate are larger due to reduced screening. Similar
behaviors are observed for the Kr 4p valence levels in Fig.
8(b), but the behavior of the Ar 3p valence levels, shown
in Fig. 8(c), is less obvious. For example, the bilayer spec-
trum does not quite resemble a linear combination of con-
tributions from the two layers.

We have tried to deconvolute the spectra for the bi-

layers and thicker films for all three rare gases in terms of
individual layer contributions, but with very limited suc-
cess. The quality of the fit is generally not as good as that
for the core levels, especially in the case of Ar, indicating
non-negligible band-dispersion effects, which would be
different for different layers.

A valence excitation in bulk rare-gas solids is not local-
ized; this gives rise to measurable band dispersions. In a
thin adsorbed film, the degree of localization of a valence
excitation under the influence of the image potential and
other effects is not clearly known. Mandel et al. deter-
mined the layer-by-layer band structure of Xe on Al(111)
by measuring the two-dimensional band dispersions for
successively thicker layers of Xe. The results clearly in-
dicate that the valence excitations are delocalized within
the atomic plane with measured bandwidths of about 0.5
eV. The bandwidths are actually of the same order of
magnitude as the energy shifts between adjacent layers,
implying possibly some degree of delocalization also in
the direction perpendicular to the substrate surface. Thus,
the wave functions associated with the layer-resolved
eigenvalues probably have small mixtures from other
layers. The simple image-charge formula assuming
point-charge configurations cannot be expected to
describe the eigenvalue shifts very accurately. The results
presented in Fig. 8 indicate that the valence excitations in
the Ar film are probably less localized in the direction
perpendicular to the substrate surface than in the Kr and
Xe films. A more detailed understanding of this subject
will undoubtedly involve more theoretical work and
angle-resolved measurements of the band structure.

The situation is not any simpler for a monolayer cover-
age, though the valence excitation has to remain within
the atomic plane. For Xe/Pd(001), the measured

~

&&s
~

for Xe Sp, /z is about 0.4 eV less than
~

EEs
~

for Xe 4d. '

This difference could be due to several effects. Referring
to Eqs. (7) and (8), S, cannot be accurately described by
the point-charge image-potential formula because the Xe
Sp wave function is rather diffuse and the Xe Sp excita-
tion is delocalized within the atomic plane. E,' is expect-
ed to be larger than E, because the valence shell is no
longer closed in the final state, leading to possibly a
stronger chemisorption-type bond. The b b W term in Eq.
(8) may not be entirely negligible as the diffuse Xe 5p or-
bital penetrates somewhat into the surface dipole layer.
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We are unable to estimate reliably the magnitudes of these
effects, but we do believe that these effects can explain the
0.4-eV difference in &&ii between the core and valence
levels.

VII. Ar ON Kr/Pd(001) AND ON Xe/Pd(001)

i I i l I T I I I I l I/ f I I t I f I I I

r adsorbed on
d (001) covered by

(b)
Ar 3p

II)

C

JQ
La

Vl

C

i(oyer

i i
18

(001)

i I i i i I i i i /1 I i i i i i I i i
16 14 12 10 8 ~1 16 14 12 10 8

Binding energy (eV )

FIG. 9. Angle-integrated valence-level photoemi. ssion spectra
of (a) 0.7 monolayer of Ar on Kr-covered Pd(001), and (b) 0.2
monolayer of Ar on Xe-covered Pd(001). The Ar 3p features as
a function of Kr and Xe spacer-layer thickness are indicated by
the dashed curves.

By adsorbing a submonolayer of Ar on top of a Pd(001)
substrate precovered by Kr or Xe layers with various
thicknesses, the effect of the metallic substrate screening
can be systematically studied without having to deconvo-
lute the spectra, because the Ar levels are well separated
from those of Kr and Xe.' The angle-integrated photo-
emission spectra taken with &v=20 eV for 0.7 monolayer
of Ar on Kr-covered Pd(001) and for 0.2 monolayer of Ar
on Xe-covered Pd(001) are shown in Figs. 9(a) and 9(b},
respectively. The Ar 3p features are indicated by the
dashed vertical bars in each case; the binding-energy shifts
as a function of spacer-layer thickness are evident. On
clean Pd(001), the spectrum for 0.7 monolayer of Ar is
somewhat different from that for 0.2 monolayer of Ar
due to band-dispersion effects. Since the Ar levels are en-
ergetically separated from the Kr and Xe levels, the Ar 3p
holes produced by photoemission are localized within the
Ar layer. However, the charge distribution may have a
center of gravity slightly displaced from the location of
atomic center.

Ar atoms are much smaller than Xe atoms. It is fairly
difficult to estimate accurately the adsorption distance for
the Ar atoms when they are adsorbed on the Pd(001) sub-
strate or on the Xe (or Kr} films. If a hard-sphere model
is used, the on-top sites and hollow sites represent quite
different atomic environments. In other words, the sub-
strates can no longer be considered smooth.

Considering the uncertainties mentioned above, we do
not present any calculated values of the shifts. We just
mention that the measured shifts follow qualitatively the

trend predicted by the model, and the orders of magnitude
of the shifts are also consistent. In a previous study we
measured the Xe 4d core-level binding-energy shifts and
Auger-electron kinetic-energy shifts for a Xe monolayer
adsorbed on Pd(001) precovered by Kr. The uncertainties
are much less, and the theoretically predicted shifts were
indeed in good agreement with the experimental values. '

VIII. DISCUSSION

The core and Auger shifts can be described quite well

by our model. The shifts are dominated by the final-state
hole-screening effect. The hole-screening energy is a
function of the atomic environment; it increases if there
are more nearby rare-gas atoms (dielectric screening) or if
the atom is moved closer to a metallic substrate (metallic
screening). When a single free Xe atom is adsorbed on a
metal surface the core-level binding energies decrease by
about 2 eV. If the coverage is increased to a full mono-
layer, the binding energies decrease further by about 0.2
eV due to screening from nearby Xe atoms. ~ The binding
energies decrease again slightly if the monolayer is over-
coated by another atomic layer of Xe, etc. The core-level
binding energies of the second layer are larger than those
for the first layer mainly due to reduced metallic screen-
ing. These and other general trends are explained well by
our model. The theoretical values derived from our sim-
ple model with no adjustable parameters also agree well
with the experimental values, indicating that the model is
quite reasonable.

There are still several points requiring further clarifica-
tion, to be discussed in the following.

A. Charged versus neutral final state

We inentioned above that recent theoretical and experi-
mental results indicated a fully charged (ionic) photoemis-
sion final state for a Xe atom on many metal sub-
strates. ' ' In the following we will evaluate the Xe 4d
core-level shift &Fii(l, l) for a Xe monolayer on, say,
Al(111), assuming that the final state is neutral. We will

see that the theoretical shift is quite different from the ex-
perimental value; therefore, our experimental results pro-
vide indirect but fairly convincing proof that the photo-
emission final state is indeed fully charged. A similar ar-
gument for the Auger final state will also be given.

Consider the following hypothetical process. We move
a Xe adatom Xe(1,1) into the vacuum by providing the en-

ergy E,(1,1). The atom is then photoionized, and Eq. (5)
holds. An electron at the Fermi level EF iti the metal
substrate is moved into the vacuum and neutralizes the
ionized Xe atom by falling into the lowest screening orbi-
tal available, the 6s orbital of Xe; the net energy required
for this step is $Y —I', where 8'=4.0 eV is the work
function of monolayer-covered Al(111) and I' is the first
ionization energy of the excited neutral Xe atom with the
configuration [Kr]4d 5s Sp 6s '. Using the Z + 1 or
equivalent-core approximation, ' I' is nearly equal to the
first ionization energy of a neutral Cs atom, 3.9 eV, with
an uncertainty of about +0.1 eV. This excited neutral
Xe atom, Xe, is then moved back to its original location
on Al(111), releasing a bonding energy E,'(l, l) nearly
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equal to the bonding energy for a neutral Cs atom.
E,'(l, l) does not contain the image-charge energy. Fol-
lowing a similar argument leading to Eq. {7),we obtain

b,Ett(1, 1)=E,(1,1)+W I—E—, (1,1}. (23}

E,'(l, l} is larger than E,(1,1}, because a Cs atom binds
more strongly to Al(111) than Xe. E,(l, l), as discussed
previously, is about 0.2 to 0.4 eV. We have no experimen-
tal value for E,'(l, l), but it must be close to the cohesive
energy of bulk Cs metal, 0.8 eV. s Equation (23) yields
EE&(1,1}=—0.4 eV. Even with a very generously es-
timated error of +0.5 eV, the theoretical ~&s(1,1) is still
quite different from the experimental value of —2.1 eV.
Thus, it seems very unlikely that the final state is neutral.

A related question, which has been discussed much in
the literature, concerns the lowest-energy configuration
for the final state of photoemission and Auger process-
es. ' ' The lowest-energy configuration is more stable
and usually leads to the most prominent sharp structure
in the spectrum, provided that the transition matrix ele-
ment is not small due to 'negligible wave-function overlap
or selection rules. For example, the neutral final state for
photoemission (or Auger transition) for Xe on Al(111) in-
volves screening-charge transfer from the substrate, and
the associated matrix element may be quite small. The es-
timated energy difference between the charged and the
neutral final-state configurations is easily obtained, '

U+(4d 5s Sp ) U'(4d 5—s Sp 6s')

=E,'(l, l)+I' —W E,+(1,1), (2—4)

which equals the difference between Eqs. {1) and (23).
For Xe on Al(111},Eq. (24} yields U+ —U'= —2.3 eV,
indicating that the charged configuration has a lower en-

ergy than the neutral configuration. Since the matrix ele-
ment leading to the charged final state is expected to be
much larger than that leading to the neutral final state,
the peaks observed in the photoemission spectra undoubt-
edly correspond to the charged final state. We did not see
any noticeable shake-up features in the spectra, which
could be associated with the higher-energy neutral final
state. If such shake-up features could be observed and
identified, one could determine U+ —U' and use Eq. (24)
to determine, for example, E,' accurately, provided that
other quantities on the right-hand side of Eq. (24} are
known accurately. One can also use optical-transition
data' in conjunction with the photoemission data to
determine U+ —U'.

An equation analogous to Eq. (24) can be derived easily
for the Auger final state. The energy difference between
the doubly ionized state and the singly ionized state is

U++(5s 5p ) U'+(5s 5p 6s')—

=E, +(1,1)+I*+—W E,++(1,1), (25)—

where E,'+ and E,++ are the bonding energies for the
singly ionized and doubly ionized states, respectively, andI'+ is the first ionization energy of a free Xe ion with the
configuration [Kr]Ss 5p 6s'. Using the Z+ 1 approxi-
mation, I'+ is nearly equal to the second ionization ener-
gy of a free Ba atom, 10 eV. It is easy to show [see Eqs.

{19)—(21)] that

E, +{1,1) E—,++(1,1) —3E,{1,1), (26)

B. Reference levels

The proper reference level for the adsorbate core-level
binding energies has been the subject of considerable dis-
cussion. 'o ss It is really a matter of choice, depending on
the particular theoretical model to be used. Experimental-
ly, referring the binding energies to the Fermi level can be
done more accurately. We have chosen the vacuum level
as the reference because our theoretical model gives
directly the binding-energy shifts and Auger-electron
kinetic-energy shifts relative to the vacuum level. In other
studies, for example, core-level shifts in alloys or surface
core-level shifts in metals, it is more convenient to use the
Fermi level as the reference.

The reference-level problem is clearly related to the
question of the location of the adsorbate core holes rela-
tive to the surface dipole layer. This point has been em-
phasized by Lang et al. and Gadzuk. For Xe ad-
sorbed on jellium, the core levels are outside the dipole
layer; therefore, the vacuum level is a more convenient
choice as the reference level.

C. Core-level binding energies of adsorbates
nearly independent of substrates

From Tables V, VIII, and IX the Xe 4d5~2 core-level
binding energies for a monolayer coverage on the three
substrates Pd(111), Pd(001), and Al(111) are 65.33, 65.23,
and 65.45 eV, respectively, referred to the vacuuin level.
These binding energies are very close to one another. This
behavior has been observed in other systems, ' ' ' ' and
has been explained theoretically by Lang et al. as a

with an estimated error of about 1 eV. Combining Eqs.
(25) and (26}, we obtain U++ —U'+ = —2. 1+1 eV.
Similarly, the energy difference between the doubly ion-
ized final state and the fully screened neutral final state is

U++(Ss25p ) U"—(5s 5p 6s )

=E (1 1)+I '+I'+ —2W —E,++(1,1), (27)

where E,"is the bonding energy for a Xe atom in the ful-
ly screened configuration [Kr]Ss25p46s, and I" is the
first ionization energy of a free excited Xe atom with the
configuration [Kr]5s Sp 6s . E,"(1,1) is of the order of
the cohesive energy of bulk Ba metal, 1.9 eV. I" is
nearly equal to the first ionization energy of a free Ba
atom, 5.2 eV.s2 Since E++(1,1)&4E,(1,1) from Eq. (20),
we obtain from Eq. (27) that U++ —U" (—1.7 eV,
with an estimated uncertainty of +1 eV. Thus the doubly
ionized final state has the lowest energy. The matrix ele-
ment also favors heavily the doubly ionized final state be-
cause no charge transfer is required. The Auger peaks
seen in the photoemission spectra correspond undoubtedly
to the doubly ionized final state, and we did not see any
clearly identifiable shake-up features in our spectra.

We believe that the same conclusions also apply to Xe
on the other two substrates, based on the similarities of
behaviors in these three systems.
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consequence of the fact that the core levels are outside the
surface dipole layer. Within our model, we find that
E,(1,1) is nearly the same for these three substrates and
other substrates; therefore, the core-level binding energies
should be nearly the same as a result of Eq. (10).

IX. CONCLUSIONS

We have investigated the layer-resolved core-level and
Auger-electron kinetic-energy shifts for Xe adsorbed on
three different substrates, Pd(111), Pd(001), and Al(111).
The behaviors are found to be very similar for these three
systems, and the experimental results can be understood
using a very simple model. The shifts are dominated by
the hole-screening energies, which have been calculated
using a jellium model for the metal substrate and using a
dielectric continuum model for the rare-gas adlayers. The
theoretical values for the shifts obtained without any ad-

justable parameters are very close to the experimental re-

sults, and the small differences are well within the uncer-
tainties of our model. These uncertainties are results of
higher-order effects, which cannot be easily calculated.

The general trends of hole-screening energies as a func-
tion of the atomic environment can be understood easily.
The hole-screening energy increases if there are more
nearby rare-gas atoms or if the hole gets closer to the met-
al substrate. Screening due to the metallic substrate gen-
erally leads to larger shifts than screening by nearby rare-

gas atoms. Within our model, the Auger kinetic-energy
shifts are about minus three times the corresponding
core-level binding-energy shifts, and this behavior is ob-

served experimentally.
The model works better when atoms with very similar

environments are compared. Thus, the theoretical
surface-induced core-level and Auger-electron kinetic-
energy shifts relative to the bulk for single-crystal Xe(111)
are in very close agreement with the experimental results.
The surface-induced shifts are not small in this case, and
similar effects must also exist in other systems.

Our model based on a point-charge configuration does
not work equally well for valence excitations, which are
spatially more extended. More sophisticated theories are
necessary for an accurate description of the results. Qual-
itatively, the valence excitations also show layer-
dependent shifts for adsorbed films. Rare-gas atoms ad-
sorbed on metal substrates precoated by different rare-gas
films with various thicknesses also show valence-level
shifts as a function of the spacer-layer thickness in a
manner in qualitative agreement with our model.

By combining results from photoemission, Auger spec-
troscopy, optical excitations, electron-energy-loss spectros-
copy, etc. , information about the bonding or cohesive en-
ergies of adatoms with different electronic configurations
can be deduced. Our results also show that the final states
of adsorbed Xe for core-level photoemission and Auger
processes are ionic rather than neutral.
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