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Fhotoelectron energy distribution curves for Xenmon-Argon alloys for
concentrations ranging from 0 — 100 % have been measured by excitation
with synchrotron radiation at kv = 15.8 eV, 16.5 eV and 18.0 V. Wiih
inereasing Xe concentration the gradual formation of Xe valence bands
starting from the atomic Xe bp. .. and Xe 5p3/2 states is observed.

wmilarly wiih Av the 3p states are broadened with increasing Ar
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concentration. Rather high concentrations of Xe or Ar are necessary

in order to reach the fully developed Xe or Ar bands vespectively.
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Phe results are discussed in terms of a concentration deperdent

+ . 7.

tightbinding bandstructure.
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I. Introduction

Ixperimental results for valence states in large band gap insulators e.g.

the alkali halides and rare pas solids, have been interpreted in different
models which may he crudely classified as (i) local pictures and (ii) band
structure models (see e.g. the discussions in Ref. | and 2), There is no

doubt that the main intrinsic luminescence bands in alkali halides have to

be attributed to localized states (such as self trapped excitons) or in the
case of rare gas solids to diatomic excimers. The excitonic states leading

to the most prominent absorption structures have been treated by ligand field
methods in alkali halides whereas they have been attributed to Wannier series
in rare gas solids. For the latter case, however, part of the excitonic struc-—
ture is also observed in liquid rare gases and rare gas-metal mixtures (l,Z,}j.
Surface excitons recently observed in rare gas solids [4] are discussed in
terms of disturbed atomic states, taking into account the reduced symmetry at
the crystal surface, Further, transport properlies like the electron mean free
path have been correlated both to the band structure and to atomic ionization
cross sections (5). Finally, photoelectron energy distribution curves (PED's)
have been compared successfully with band structure calculations [6] implying
translational invariance. In particular it has been shown from the angular de-
pendence of photoemission from alkali halides, that the k-vector is a good
quantum number [7}. From the examples given above it appears that no clear uni-
fied picture has emerged so far, and that still more experiments are needed to

clarify the situation.

In the present paper we have studied the Xe and Ar valence states by means of
photoelectron energy distribution measurements for pure Xe and pure Ar and
for mixtures of both with concentrations ranging from O - JOO 7 Xe in Ar. It
was recently observed that for small concentrations of Xec guest atoms in an

Ar or Ne matrix the Xe states resemble closely the atomic Xe states broadencd

only by the interaction with the surrounding host matrix [6,8]. On the other
hand for the pure rare gas solids the experimentally determined valence states
have been interpreted by band structure calculations (6]. In view of the

above mentioned inconsistencies in the description of valence states it seemed
wotthwile to stundy experimentally the formation of valcence bands as a func-—
tion of the concentration of guest atoms in a matrix. For the interpretation
of our experiments it is essential that in inert gases the guest-host inter-
action is small compared with the guest-guest interaction. This appears to

be reasonable because the guest— and host-states are well separated in energy.
Broadening of the valence states in pure rare gas solids by relaxation of the
hole state has been propused very recently as an explanation for the observed
bandwidth (9}. Predictions for the apparent spin orbit splitting in rare gas
mixtures have also been made in Ref. [9]: The validity of these ideas can be

tested by comparison wilh the results presented here.

1I. Experimental Procedures

The experiments have been performed with synchrotron radiation from the
Deutsches Elcktronen-Synchrotron{DESY)monochromatized with a normal incidence
monochromator at 2 & resolution, The experimental arrangement, described in
detail elsewhere [8,10) allows [or combined optical reflection and photoelec-
Lron energy distribution measurements at pressures less than 5x107)¢ Torr.
Electrons leaving the sample normal to the surface within a cone of 5° have
been analyzed with a resclution of 0.2 eV, The samples have been deposited
aonto a Helium flow ctryostat at temperatures of 83 K using gases from L'Air
Liquide and Matheson with a purity better than 99.9997 7 for Ar and 99.99 Z
for Xe. The mixtures have been prepared in the gaseous phase with partial
pressures according to the desired concentration. The concentration of the

deposited samples has been checked by comparison with the integrals of the Xe



and Ar contributions to the PED's (Fig. |). For example, for a mixture of
nominal 50 7 Xe in Ar a scattering of between 40 7% Xe and 60 % Xe has been

observed (see errors bars in Fig. 3).

The reflectivity of the samples has been measured between 1500 % aud 8000 X.

A concentration dependence of the reflectivity in the excitonic region very
similar to that of Ref. 11 was found. We have tried to identify exciton series
for Xe and Ar at all concentrations in order to obtain band gap values for
both constituents. However, at higher concentrations no unique assignment was

possible.

IlI. Results and Discussien

Photoelectron energy distribution curves for Xe-Ar mixtures are shown in Fig. !
for three different photon energies. The position of the maxima in the measured
PED's depends on the concentration because both the binding energies of the Xe
and Ar valence states with respect to the vacuum level and the band gap are
sensitive to the guest-atom concentration. For a clear representation, the
energy scale for all PED's in Fig. ] has been fixed at the maximum due to the
Xe 591/2 level (marked by a line in the figure). The positions relative to the
vacuum level for the Xe Sp]/z level Eée (1/2) and for the top of the Xe-bands
Bﬁe and Ar-bands Eér versus the concentration are presented in the upper part
of Fig. 2. No hackground has been subtracted from the experimental PED's in
Fig. 1 which have been normalized to the same maximum counting rate, In order
to avoid charging of the samples thin films with thicknesses of less than 100 &
have been used., It should be noted Lhat.under these conditions hot electroas
from the gold substrate can contributed to the PED's {6]. Electron-electron
scattering is negligible at the low photon energies chosen for the experiments
and clectron-phonon scattering has only a miner influence [5]. The estimated

background due to the combined influence of electrons from the gold substrate

and secondary electrons is indicated by the dashed lines in Fig. 1.

The PED's represent the joint density of initial and final states but according
to our expericnce for rare gas solids iﬁ,B] the main structures in the PED show
tire deusity of initial states to a reasonable approximation. The changes in the
PED's from the Xe-states for hv = 13.8 and (8.0 ¢V surve as an example for the

modulation caused by different final states.

The energies involved for the system Xe in Ar have been discussed in detail in
Refs. [8,12]. The photon energy hv = 13.8 eV is smaller than the binding energy

of the Ar bands EA

vr (with respect to the vacuum level). Thus, only the concen-

tration dependence of the Xe stales appears in the first columm of Fig. 1. For
5 % Xe in Ar the twe maxima correspond to the Xe 5p3/2 and Xe 5p1/2 sbates.
This PFD is very similar to the PED of 1 Z Xe in Ar reported in Ref. {8). Tn
both cases a spin orbit splitting of 1,25 eV is cbhserved. The xperimental half-
width of 0.6 eV for the Xe 5p states is a convelution of the esperimental re-
solution of %0.2 eV with the width of the Xe states in Ar. The latter has to
be attributed to the interaction of the Xe atoms with the Ar matrix and with
the neighbouring Xe atoms. The Xe-Ar interaction is expected to give only a
minor contribution. As a rough estimate we consider the width of exciton bands
of R0.1 eV in absorption spectra for Xe in Ar at low concentrations as dis-—
cussed by Baldini (13). We conjecture Lhat the dominant contribution to the
width is due tv broadening by Xe atom pairs. Pair formation occurs already

at 5 7 Xe with a probability of %1/2. This influence can be seen also in ab-
sorption spectra where the n=1 cxcitons have a halfvidth of 0.3 eV {11}.

The shape and width of the Xe S5p structure is rather insensitive to the Xe

1/2

concentration. For Xe concentration of about 50 Z only a small increase in

the width is observed and for pure Xe the width is even smaller (see also

Fig. 21EX6(I/2)). The Xe 5p3/2 band shows a marked broadening of <1 eV with



increasing Xe concentration. From 5 7 Xe to 25 7 Xe only a small change in
width is observed this being caused by an asymmetric increase at the high

energy side of the band. From 20 % Xe to 70 % a second peak appears at the

high energy side, which increases even further Lo a maximum at pure Xe.

Since in the fec lattice each atom has twelve nearest neighbours, each Xe atom
has on the average ome other Xe atom at a concentration of about 10 Z.
Accordingly, the broadening due to Xe pair interaction is almost saturated

at 10 7 resulting in an observed haliwidth of the Xe 5p3/2 band of 0.5 to

0.7 eV. This value has to be compared with a width of 1.5 eV at high concen-
trations. The fact that the width at high Xe concentrations is still in-
creasing, leads to the conclusion that not only the interaction of one Xe pair
but that the interaction of three Xe atoms and more determines the features
of these bands. For a detailed description, large Xe cluster- or size depen-

dent band structure calculations are needed.

A complete alloying of Xe and Ar is essential for the conclusion drawn above.
Such an alloying is supported by optical experiments {14) as well as by the
observation of the continuously changing shape ol the PED's with changing

concentration in the present study.

The behaviour of the Xe band shapes at hv = 16.5 and 18 eV is somewhat different
from the above because of final state effects. Nevertheless, Lhese spectra

reveal also a gradual growth of the Xe bands with increasing concentration.

Electrons from the Ar 3p valence bands are also excited above the vacuum level
at the higher photon energies hv = 16.5 and 18.0 eV. The concentration dependence

is gimilar to that of the Xe states if one takes into account the smaller
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valence bandwidths and the smaller spin orbit splitting of 0.184 eV {4]. The
half width of the Ar band decreases from EAr = 1.25 eV fer pure Ar te 1.15 eV
at 50 7 Ar and to 0.7 eV at 10 % Ar in Xe (Fig. 1 and 2). Thus again the major
change in band width appears at rather high concentratioms of Ar that is be-
tween 20 7 and 50 7. The half width of %0.7 eV for 10 % Ar includes both spin-
orbit partners and the spin-orbit splitting. The observed width is consistent
with a halfwidth of 10.6 eV of two bands as in the case of Xe separated by a

spin orbit splitting of A30.2 eV which cannot be resolved.

We have made an attempt to describe Lhe concentration dependence of the observed
width of the valence bands in terms of a concentration dependent tightbinding
band structure. Dur results are displayed in Fig. 3. It has been demonstrated

for linear chains as an example that with increasing lemgth of the chains there

is qualitative agreement for the bandwidth between the results of CNDO and
Hartree Fock calculations for molecular vrbitals on the one hand and tightbinding
band structure calculations on the other hand (see e.g. Ref. 15). For simplicity
we have used the band structure approach in the tightbinding scheme [16]. The
parameters ppd, ppr and the spin orbit splitting A& have been determined from the
PED of pure Xenon by Réssler [f?] to be ppo = +0.33; ppr = ~0.038 and & = 1.37 eV,
The change ol pp» and pp7 with concentration due to the reduced overlap integral
of the wave function has been represented by an exponential decrease with in-
creasing mean separation of the ¥e atoms using the nearest neighbour distance in
solid Xe d0 multiplied by « as a reference length {see Fig. 3). The mcan sepa~
ration has been correlated with the concentration. In Fig, 3 a comparison of the
measured valence bandwidth with calculated bandwidths is shown using o as g free
parameter. The experimental bandwidth has been determined from the crossing points
of the PED's with the dashed lines (Fig. 1) by a linear extrapolation of the

PED's at hall maximum {sce also Fig. 4). For the calculated bandwidth the energy



difference between I' and X has been used because this is the largest width of
the bands in the tightbinding approach given the above parameters. For both
the Xe and Ar valence states a value of o = 2 agrees statisfactorily with

the experimentally determined concentration dependence (Fig, 3).

In Fig, 4 the valence bands along the direction from the center of the Brillouin
zone T to the X point at the boundary are compared with the measured PED's

for Xe (upper part) and Ar (lower part) at three concentrations using o = 2

for the calculation, The common feature in Fig. 4a for the threc photon ener-
gies is the appearance of two maxima which correlate quite well with the maxima
of the density of states of the lower valence band and of the center of the
density of states of the split upper valence bands. The maximum of the density
of states is expected to lie at the flat region near the X point. The relative
shift of the maxima with reduced Xe concentration is well reproduced by the
position of the upper and lower bands at X. Changes in the PED's with photon
energy are attributed to structures in the final states. lIn Fig. 4a such changes
are only significant for pure Xe. The splitting of the upper valence band con-
tribution at hv = 13.8 eV is absent at 50 % Xe/Ar and it disappears entirely

at 987 XefAr (Fig. |) where the total width is practically unaffected. This
observation can be taken as a hint that the conduction band states are dis-

turbed by a relatively small concentration of guest atoms.

The similar tendencies found for the Ar valence states (Fig. 4b) support these
interpretations but the smaller spin-orbit splitting yields a less clear cut
case for the separation of the different contribution. We feel that for Xe and

Ar the agreement is encouraging.

A different approach for an understanding of the PED's from rare gas solids and
rare gas alloys has been developed recently by Wolff 218]. Starting from the
assumplbion that relaxation effects of the surrounding medium lower the local
0h~symmerry of the Ar' and Xe' ions the splitting of the 33})3'/2 and 5p3/2 levels
due to the removed degenerazcy has been calculated. With reasenable ion-medium
interaction parameters three p-states are obtained for pure Ar and Xc with
splittings close to the experimental observation, It remains to be seen in

detail how Lhe alloying changes the interaction parameter and hence the splitting

of the states as well as the appearance of the PED's,

Finally we want to discuss the recent paper by Parinello et al. (9] in view of
the experimental results presented herce. These authors have considered the im—
portance of hole-electron bound states, The considerable difference between the
calculated bandwidth for Xe and the bandwidth observed in the PED's (6] has

been attributed by Parinello et al. [9] to different relaxation energies of the

relaxed holes for the Xe 5p3/2 and Xe 5p valence states. On the basis of a

1/2
two-band Koster-Slater model the following gualitative predictions for doped

rare gas samples have been made [9]:

I. For heavy rare gas aloms (Xe) in light rare gas matrices (Ar) no bound
state is expected but at higher concentratians of the heavy atoms (Xe)

the 3/2 state should shift to higher energies as observed in our experiment.

On the other hand a strong bound state is expected for the case of light

[

impurities (Ar) in a matrix of heavy atoms (Xe). Therefore at small Ar

concentrations in Xe a large apparent spin orbit splitting is predicted.
However, taking a width for the Ar states comparable with that of the Xe
states in Ar, a splitting much larger than the real spin-orbit splitting

of 0.2 eV does not fit the experimental results.
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There are good arguments for interpreting the experimentally determined sepa-
;ation between the top of the Xe 5p3/2 band and the maximum of the Xe 5p|/2
structure by considering not only spin-orbit splitting but also by including
the width of the lower Xe 5P1/2 band. Note, that the Xe 5pl/2 band has its
maximum density of states near the boundary of the Brillouin zone. As has
been suggested by Réssler [17] the width of this band may be larger than
previously assumed because in earlier calculations the constant part of the
muifin tin potential had been chosen rather high in order to fit the experi-
mental band gap {IQ}. With a more realistic polential the valence band widlh
may increase [17] in agrcement with the results of other calculations for

the ligher rare gas solids.
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Figure Captions

Fig. |

Fig. 2

Fig. 3

Fig. 4

Photoelectron energy distribution curves for Xe/Ar alloys for three

diiferent photon energies with the Xe concentration given as a para-

meter. All spectra are normalized to the same maximum counting rate.

The estimated background is indicated by the dashed lines. The energy

scale for all PED's has been fixed at the Xe 5p (1/2) maximum. The

arrows indicate the onset of photoemission at Eki

0= Q0. The dash

dotted curve for pute Ar (hv = 18,37 eV) was taken from Ref. 6a.

Upper part: Binding energies in eV relative to the vacuum level for

X
the top of the Xe valence bands Evc, the center of the Xe 5p (1/2)

Xe 1/2

level EV

and the top of the Ar valence bands Eﬁr as a function

of the Xe concentration. Circles represent data obtained with

hv = 13.8 eV, crosses with hv = 16.5 eV and triangels with hv = 18.0 eV

respectively.

Lower part: Half widths AE in eV [or the Xe 5p (3/2), Xe Sp (1/2)

and the total Ar 3p valence bands respectively as a function of con-

centration. The symbols have the same meaning as in the upper part.

Comparison of the measured total valence band widths in eV for Xe

(WXeJ and Ar (WAr) as a function of concentration including estimated

errors {crosses) with calculated band widths. The free parameter o is

used in the following expression: ppﬂ(c)= ppﬂ(o}e -d/a-d

© and an ana-

logous expression for ppo, with (c)and (b)denoting the band structure

parameters at a given concentration and for the pure material. do is

the Xe nearest neighbour distance in pure Xe.

Comparison of the experimentally determined PED's for Xe at hv = 13.8,

16.5 and 18,0 eV (upper part) and the Ar valence bands at hv

= 16.5

and 18.0 eV (lower part) for three dilferent concentrations with the

calculated valence bands between the T and X point using @

the calculation.
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