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Photoionization cross section of d-core levels in solids: A synchrotron radiation study of the
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The partial photoionization cross section of In 4d, Sn 4d, Pb 5d, and Bi 5d in different materials has
been investigated in the photon energy range #iw = 20-60 eV. The experiment consisted of measuring the
intensity ratio between the two spin-orbit components, R, as a function of #iw. A large deviation of R from
its statistical value of 1.5 has been found which exhibits a strong dependence on fiw. The R vs #w
dependence is quite similar in different materials and for different d core levels. Closer than ~ 6 €V to the
photoionization threshold this dependence is mostly due to the rapid changes with #w of the partial atomic
photoionization cross section o. Further away from threshold the R-o relation is more complicated, but

atomic effects still prevail over solid-state effects.

I. INTRODUCTION

The synchrotron radiation emitted by the Univer-
sity of Wisconsin Storage Ring has been employed
to study the partial photoionization cross section
o of d core levels in solids. The investigations
have been carried out in the photon energy range
7w =20-60 eV on the In 4d level in InSb, InSe, and
In metal, on the Sn 4d level in SnS,, on the Pb 5d
level in PblL,, and on the Bi 54 level in Bil, and
Bi,Te;. We have concentrated on measurements
and interpretation of the branching ratio between
the partial cross sections of the j=3/2 and j=5/2
spin-orbit components of the 4d or 5d doublet. We
have found a large deviation of R from its statis-
tical value (I+1)/1=1.5. The actual value of R de-
pends on the photon energy and the variation of R
is quite rapid close to the photoionization thresh-
old. This is primarily due to the dependence on
7w of the atomic-d-level partial cross section™?
although some small solid-state effects®* cannot
be excluded in the measured R vs 7Zw behavior.
From our results it appears feasible to use the
R vs fiw behavior to study the photoelectric cross
section of core levels at photon energies close to
the photoionization threshold. Indeed, a direct
study of the ¢ vs Zw behavior is made difficult in
that energy region by the large number of inelas-

J

tically scattered secondary electrons.

Deviation of R from its statistical value has been
reported by several authors for p and d core lev~
els in solid and gases.*!> We have employed syn-
chrotron radiation to study R for the first time
over an extended photon energy region in the case
of Cs 5p.'® Afterwards, synchrotron radiation
measurements of R for extended Zw ranges have
been reported by several authors for the
Xe 5p,%1% Xe 4d,'*'® Cd 4d,** and Hg 54** doub-
lets in the gas phase and by Bancroft, Gudat,. and
Eastman® for the Pb 5d level in Pb metal and in
Pb compounds. In all the above investigations R
exhibited an Zw-dependent deviation from its sta-
tistical value. This deviation was particularly
strong in the spectral region close to the photo-
ionization threshold. i

Relativistic Dirac-Slater model calculations of
R have been reported for the first time by Walker
et al.?® In general, R is related to the statistical
factors and to the partial cross sections, o;_,, /,
and 0,_,.,,,, Of the two spin-orbit components as
follows:

R(ﬁw) = [(l + 1)/l] [Gj=1+1/2 (ﬁw)/ojzt_l /2(ﬁw)] . (1)

For d core levels (I + 1)/1=1.5"and the cross-sec-
tion ratio in Eq. (1) becomes
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where (alV1bd, c) is the radial dipole matrix ele-
ment between a bound state with j=a and an ion-
ization state with energy b and j=c. The two fi-
nal-state energies in Eq. (2) are E;p=E+lw

for transitions from |3/2) and E, ;,,=E+A +w
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for transitions from | 5/2), where E is the energy
of the state |3/2), A is the spin-orbit splitting
between the bound states, and all energies are
measured from the ionization limit. Walker et
al.»? have observed that there are two major
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causes for strong deviations of R from its statis-
tical value. One is the small difference between
the two final-state energies for transitions at a
given iw involving either a [I-1/2) or a |1+1/2)
bound state. This is reflected in Eq. (2) by the
two different final-state energies, E; ;,,=E+Zw and
E;s;;=E+A+Rw. The second major cause is the
difference between the radial wave functions of the
two initial states [7-1/2) and |I+1/2) in Eq. (2).
The first cause should prevail whenever the ¢’s
are rapidly changing functions of Zw and in par-
ticular close to the photoionization threshold. In
that case, as we quote from Ref. 1, “if the partial
cross section is rising the ratio of cross sections
is greater than statistical, while if the partial
cross section is falling the ratio will be less than
statistical.” In other words, R - (I+1)/I qualita-
tively behaves like the photon energy derivative

of 0. [In a crude rigid-shift model one would have
R—(1+1)/1=d(lno)/diw.] ’

Studying the R vs Zw behavior is then a way to
investigate how the partial cross section changes
with Zw.'® Animportantfeature of this method is
that measuring R does not imply absolute mea-
surements of partial cross sections. Thus it is
reasonably easy to measure R at photon energies
close to threshold, where absolute measurements
of partial cross sections are made difficult by the
large background of inelastically scattered sec-
ondary electrons. Solid-state effects in o(Zw) and
therefore in R(Zw) cannot be excluded a priovi—
for example, the final states in Eq. (2) are Bloch-
like low-energy-electron-diffraction states rather
than pure atomic ionization states. However, our
experimental results demonstrate that for the d
core levels under investigation atomic effects
prevail in the R vs Zw behavior.

This article will be structured as follows. The
experimental procedure will be illustrated in Sec.
II. The results will be discussed in Sec. III in
light of previous d-doublet branching ratios mea-
sured in solid"*'? and gaseous systems$" 91013114
The main points of the discussion will be sum-
marized in Sec. IV.

, 1. EXPERIMENTAL METHODS

The experiments have been carried out at the
University of Wisconsin Synchrotron Radiation
Center employing a beam line equipped with a
bakable vertical Seya-Namioka monochromator.
The spectral yield of this optical facility has
proven suitable for photoemission experiments on
core levels at least up to 60 eV. The photoelec-
trons were collected and analyzed with a PHI
double-pass cylindrical mirror analyzer (CMA)
at typical energy resolutions of 250-350 meV.
The axis of the analyzer was at 45° with respect

to the sample normal. The experimental system
enabled us to change the direction of polarization
of the photon beam with respect to the sample
without modifying the photoelectron collection ge-
ometry.!” In the present experiments we have
employed linearly polarized radiation with elec-
tric field either parallel to the surface of the
sample or at 45° from the sample normal with-
out finding any remarkable photon polarization
dependence of R. The samples have been pre-
pared in situ under ultrahigh vacuum conditions,
base pressure 5x107!° Torr. The sample prepara-
tion technique was cleavage for InSe, Pbl,, SnS,,
Bil;, Bi,Te;, and InSb and evaporation for In
metal. The surface contamination of the samples
as checked by Auger-electron spectroscopy was
below the 0.01 monolayer limit in all our experi-
ments.

Figures 1 and 2 show typical results for the
In 4d doublet in InSe and for the Bi 5d doublet
in Bil,. In both cases the lower photon energy
is close to the photoionization threshold. The de-
viation of R from its statistical value 1.5 is quite
evident. For Zw close to threshold R is much
larger than 1.5— this appears to be a general
feature of all the d-level branching ratios in-
vestigated here or reported in the litera-
ture.l' 59 Ty 9y 10, 12=14

The branching ratio R has been estimated from
the raw experimental data upon subtraction of a
smooth background due to inelastically scattered
secondary electrons'® (see dashed lines in Figs.
1 and 2). The area of each peak has been esti-
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FIG. 1. Photoemission spectra exhibiting the In 4d
doublet. The spectra have been taken on InSe at two dif-

" ferent photon energies. There are evident deviations of

the branching ratio from its statistical limit, 1.5. These
deviations clearly depend on Zw.
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FIG. 2. Bi 5d doublet in Bil; photoemission spectra
at two different photon energies. As in Fig. 1, close to
threshold the branching ratio appears much larger than
1.5 and then it decreases.

mated from its height and width. In some cases
we have also estimated the area by a numerical
integration technique.'® The values of R given by
the two techniques coincide within 5%. We em-
phasize that the experimental evaluation of R is
approximately unaffected by systematic errors.
The errors in estimating the background for the
two spin-orbit components tend to cancel each
other while calculating R. Therefore, correcting
the data for the secondary-electron background is
a reasonably accurate procedure even close to the
photoionization threshold. That is a great advan-
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FIG. 3. Plots of R vs Zw for In 4d in three different

materials. E; is the photoionization threshold for the
d doublet.
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FIG. 4. R vs Fiw for Pb 5d in Pbl, (top) and for Sn 4d
in SnS, (bottom).

tage with respect to absolute cross-section mea-
surements where the background correction is
different close to threshold.

Plots of R vs Zw are reported in Figs. 3, 4,
and 5 for the In 4d, Sn 4d, Pb 5d, and Bi 5d
core levels. We estimate the typical errors in
the experimental points to be less than 5%-T% of
the value of R. The smooth dashed curves drawn
through the experimental points emphasize the
R vs Iiw features detectable above the noise.

Table I reports the values of the binding energy
and of the photoionization threshold for each one
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FIG. 5. R Vs #w for Bi 4d in Bil; and Bi,Te;.
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TABLE I. Binding-energy and photoionization-threshold values for d core levels.

Photoionization
Binding energy threshold?
Core level Material j=3 j=3 j=3 j=2
InSe 16.9 17.7 23.2 22.3
In 4d InSb 17.0 17.8 22.1 21.3
In metal 16.35¢ 17.25¢ 21.6 20.7
Sn 4d SnS, 24.1 25.2 31.2 30.1
Pb 5d Pbl, 18.3 20.8 29.15 26.65
Bl 64 3 Bil, 24,7 27.7 32.7 29.7
Bi,Te, 24.6 27.7 31.8 28.6

2Binding energies in eV, measured from the top of the valence band (except for In metal),

Uncertainty + 0.1 eV,

PThreshold energies in eV. Uncertainty +0.1 eV,

¢Measured from the Fermi level,

of the d core levels investigated here. The bind-
ing energy has been defined in Table I as the kin-
etic energy distance measured in the photoelec-
tric spectra between the core level and the Fermi
edge for In metal or the top of the valence band
for all other samples. The measured binding en-
ergy did not change while the photon energy was
changed—this is a relevant result as far as the
nature of the so-called core excitonic shifts is
concerned (see discussion in Ref. 18).

III. RESULTS AND DISCUSSION

A. Atomic effects close to the photoionization threshold

A comparative inspection of the results shown in
Figs. 3, 4, and 5 shows remarkable similarities
between all the experimental R vs Zw curves. In
a region 6-8 eV wide right above threshold R is
much larger than its statistical limit and gener-
ally decreasing. Beyond that region the behavior
is more complicated and to some extent different
for different core levels. In this section we will
discuss the Zw-dependence of R close to threshold,
while in Sec. III B the discussion will be extended
to higher energies.

The d-doublet R values right above threshold
have been found to be larger than statistical and
decreasing with increasing Zw in all our present
experiments and also in all previous gas-phase
experiments on Xe 4d,'>? Cd 4d4,™'* Hg 54,% ™14
and solid-state experiments on Pb 5d.* In this re-
gion the partial photoelectric cross section is a
rapidly changing function of Zw. Therefore, the
R vs 7w behavior should be mainly due®? to the
slightly different kinetic energies of the final states
in Eq. (2). An R value larger than its statistical
limit must correspond to a rising partial cross
section at these photon energies.»? Since the value
of R is decreasing we also expect the rate of vari-
ation of the cross section to decrease, i.e., the

cross section approaches a maximum. These pre-
dictions are confirmed by the experimental data
for the gas-phase experimental cross section of

Xe 4d (Ref. 10) and of Cd 4d (Ref. 7) and by the
data of Lindau et al.'® on In 4d and Sb 4d. The the-
oretical calculations, too, indicate that for d levels
0 increases but |do/dAw| decreases in this re-
gion.”®7 The increase of ¢ eventually comes to an
end and 0 reaches a maximum corresponding to
R=1.5 in the data of Figs. 3, 4, and 5.

The above qualitative discussion is corroborated
by the calculated R vs % w behavior for Hg 5d,?
Cd 4d,? and Xe 4d,'® with relativistic Dirac-Slater
models. References 1, 2, and 13 all predict that
R is larger than 1.5 and decreasing in this energy
region. Besides being affected by the different
final-state energies, however, the exact value of
R is also affected by the radial wave functions of
the initial states in the photoionization process.
Reference 13 also predicts for R an extremely
sharp increase in a very narrow photon energy
region right at the threshold. This region might
be too close to the threshold to see the increase
of R in the experimental data. Indeed, the sharp
increase is not even present in the experimental
data presented by the same Ref. 13 for Xe 4d. We
observe, however, that our data for Bi 5d do show
some evidence for an increasing R at the threshold
(see Fig. 5). ,

In summary, the dependence of R on Zw at photon
energies closer than 6-—8 eV to the photoionization
threshold appears to be a purely atomic effect.
The behavior of R is mostly related to the depen-
dence on Zw of the partial d-level photoionization
cross-section 0. This leads to R values above the
statistical limit 1.5 in all this energy region.

B. R versus hw behavior beyond the region close to threshold

The overall shape of R(Zw) is still somewhat
similar for In 4d, Sn 4d, and Bi 5d even at photon
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energies more than 6—8 eV above the photoion-
ization threshold. In the range Zw = 10 eV the

Pb 5d branching ratio exhibits instead a some-
what smoother behavior than the In 4d, Sn 4d,

and Bi 5d branching ratios. For In 4d, Sn 4d, and
Bi 5d the decrease of R ends with a minimum
T-12 eV above threshold. Then R increases for
3-5 eV, reaches a maximum, and afterwards de-
creases again. A similar behavior has been found
by Shannon et al.'° for gas-phase Xe 4d (the cor-
responding results on Xe 4d by Wuillemier et al.'®
do not present enough experimental points in this
energy region to confirm or contradict the results
of Ref. 10). The R vs 7w behavior reported by
Bancroft et al.* for Pb 5d is similar to ours, and a
similarly smooth behavior has also been found for
gas-phase Hg 54.'"!* Simple cross-section argu-
ments do not help much in explaining the above
data. Since ¢ is close to a maximum, the depen-
dence of 0 on 7w is not as dramatic as it is close
to threshold. At larger photon energies o is ex-
pected to decrease (and eventually reach a Cooper
minimum?®), and consequently R should be below 1.5
as found in the high-energy end of our experimen-
tal R-7Zw curves.

The direct theoretical calculations of R vs 7Zw for
Hg 5d (Refs. 1 and 2) and for Xe 4d (Ref. 13) show
some structure qualitatively similar to what we
find in this energy region for In 4d, Sn 4d, and
Bi 5d. Wuillemier et al.'® have demonstrated that
the exact energy position and prominence of the
calculated structure critically depend on the choice
of the exchange parameter in the Dirac-Slater
model. This prevents one from carrying out a
quantitative comparison between theory and experi-
ment at the present time and leaves the question
unanswered whether the experimental structure in
this region is purely atomic effect or, rather, con-
tain also some residual solid-state effects. We
believe the variation of R with Zw is primarily an
atomic effect, as we shall discuss in the following.

There is experimental evidence at these photon
energies that band-structure effects in the final
states are quite weak.'”?' Photoemission curves
taken in the constant-initial-state mode show, in-
deed, that even in materials with some molecular
character in the conduction band such as SnS,,
solid-state effects are diminished at energies
higher than ~5 eV above the vacuum level.”?! The
atomic final states in Eq. (2) could, however, still
be affected by the solid-state environment. Its
wave functions can be backscattered by the neigh-
boring atoms, as suggested by Lee®** —and give
rise to extended-x-ray-absorption-fine-structure-
like oscillations in the o vs Zw behavior. The
quantity [R - (Z+1)/1] is somewhat similar to
do/dliw when o is a rapidly changing function of

7w, and this quantity should oscillate too. This
mechanism has been proposed by Bancroft et al.*
to explain structure found by these authors in the
R vs 7iw curves for Pb 5d. However, it would im-
ply a simple relationship between the period of the
oscillations, the distance in photon energy from
the threshold, and the interatomic distances.??
Any attempt to fit this relationship to our R vs 7w
structures for In 4d, Sn 4d, and Bi 5d leads to un-
reasonable values for the interatomic distances
even if scattering phase shifts are taken into ac-
count. Therefore, our experimental structure in
this region cannot be explained with any currently
known solid-state effect.

Several facts suggest instead that this structure

" in R vs #w has an atomic origin at least for In 4d.

First the overall shape of R(%Zw) for In 44 is quite
similar in different indium compounds (see Fig. 3)
and is unaffected by a change of photon polariza-
tion. A similar conclusion is actually valid for

Bi 5d in Bi,Te, and in Bil, (see Fig. 5) and for

Pb 5d in different lead compounds (see Fig. 4 and
Ref. 4). Second similar structure has been ob-
served in free-atom Xe 4d4.*° Third structure of
this kind is not excluded but actually predicted by
the current atomic theories for R although at
somewhat higher photon energies.”®*!® It has been
shown that refinements in the theoretical calcu-
lations of o(%Zw) can reveal extremely sharp struc-
ture at low energies, *® which would be reflected
by R(Zw). In summary, even at these photon en-
ergies a predominantly atomic character of our
experimental R(%Zw) curves appears reasonable at
present, although some solid-state effects cannot
be excluded as suggested by Smith et al.® for Cs
thin films.

IV. CONCLUSIONS

In summary, our experimental results on the
R vs iw behavior for In 4d, Sn 4d, Pb 5d, and
Bi 5d in different crystals bear resemblance to
gas-phase results on 4d and 5d levels in free
atoms. In a spectral region extending from the
photoionization threshold to 25-30 eV above it, the
R vs Zw behavior is mostly determined by atomic
effects. In the lower quarter of this energy range
the behavior is primarily related to the dependence
on Zw of the partial d-level cross section. In the
upper three quarters of that region the results
still have prevailing atomic character, but they
cannot be fully explained by the current atomic
calculations for R.

Our experiments do not rule out solid-state ef-
fects in the branching ratio‘, although they do not
provide evidence for them. An answer to this
question should be given by angle-resolved mea-
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surements of R for both molecules and solids. The

asymmetry parameter 8 is a slowly varying func-
tion of Zw in the absence of strong final-state res-
onances and the angular atomic effects should be
predicted for molecules and atoms with current
theoretical models.»® Therefore, the possible
angular solid-state effects should be easily de-
convolvable from atomic angular effects by con-
densing the gas-phase atom or molecule and mea-
suring R for the corresponding solid.
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