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Chemical Effect on the Ds/2'. D3I2 Branching Ratio of the 5d photoionization of ph
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Significant intershell interaction effects are observed in the 5d branching ratio of the heavy non-
transition metal Pb. Atomic calculations reveal their atomic character, but a distinct influence of
the chemical environment on the branching-ratio's energy dependence is reported for the com-
pounds PbI2 and Pb02.
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Atomic photoionization cross sections and branching
ratios have attracted much attention over recent years
because they are very sensitive to atomic many-body
interactions. This is also generally true for photoioni-
zation processes in solids. Some experiments have
been reported recently in which partial subshell cross
sections of solids and branching ratios of a solid com-
pound show deviations from atomic behavior. This
raises the important question of how, and to what ex-
tent, atomic exchange and correlation effects are
modified in solids.

In this paper we study this question by an investiga-
tion of the Sd branching ratios in metallic Pb and in
the solid compounds PbI2 and Pb02 which we compare
with atomic calculations. We demonstrate for the first
time that the structure in the branching ratio of solids
arises from coupling to other core excitations, in the
present case from Sd 4f'coupling. In add-ition, we ob-
serve a pronounced chemical effect on the Sd branch-
ing ratio in Pb compounds which we attribute to a
chemical effect on the Sd 4f intershell interac-tion.
We argue that the intershell interaction is extremely
sensitive to the small change in the Sd electronic wave
function introduced by the chemical environment of a
Pb atom in a solid. Note that the Sd electron binding
energies of Pb are 18 eV (J= —', ) and 21 eV (J = —', ),
and the Sd level is usually considered an atomiclike
core level, hardly affected by chemical bonding in
compounds. Such small changes do not influence the
partial subshell cross sections notably, but are clearly
detectable in the Sd photoionization branching ratio.

Experiments have been performed with the angle-
integrated photoemission setup at the FLIPPFR
monochromator4 5 at the Hamburger Synchrotron-

strahlungslabor HASYLAB. The base pressure of the
system was 1x10 '0 Torr. Metallic Pb samples were
evaporated from Ta baskets onto stainless-steel sub-
strates. PbI2 was prepared by cleaving a single crystal-
line sample i n situ; Fig. 1 shows a valence-band
energy-distribution curve (EDC) of this compound. 6

Pb02 could not be prepared in situ; we introduced a

I I I I I I I l l I

5d g/p

51

I I I I I I t I I I I I
I I I I I I f I

0 8 16 24 32

0 4 8 12

I I I

BC D E. F G
I I I I I I I

20 24 28 3216

EB {eV)

FIG. 1. Energy-distribution curve of PbI2, excited by s-
polarized light. For comparison, the calculated density of
states by Schluter and Cohen (Ref. 7) is also shown. The Sd
photoemission is accompanied by satellite structure labeled
A—G.
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powder sample, pressed into an In substrate, into the
spectrometer chamber. While this preparation pro-
cedure does not yield a sample of high purity, the Sd
branching ratio so obtained may still be regarded as a
reference measurement of Pb in its highest oxidation
stage.

The Sd branching ratio is obtained from EDC's tak-
en at stepwise-varied photon energies and after sub-
traction of a linear background. The ionized Sdsj2 and
Sd3~2 electrons have different kinetic energies as a
result of the spin-orbit interaction. The measured
photoemission intensities depend on the atomic cross
sections, but also on photoelectron mean free path,
surface refraction, and analyzer transmission, which
are all dependent on the kinetic energy. The latter
factors describe the probability of the photoelectrons
leaving the solid without being scattered inelastically
and the experimental detection probability for the pho-
toelectron (analyzer transmission) which can be deter-
mined experimentally. 5 The escape probability of pho-
toelectrons from a solid sample has recently been in-
vestigated for Au. 5 Here we shall use these results to
evaluate branching ratios and cross sections for Pb
metal and its compounds using measured photoemis-
sion intensities which can then be compared with
atomic cross-section calculations. Note that this
evaluation procedure is not very critical for branching
ratios because only the differences of escape and
detection probabilities are needed for photoelectrons
having little relative energy difference.

The Sd photoemission spectrum of PbI2 shows satel-
lite structure (see Fig. 1) concerning which some com-
ments are necessary. Two main 5d emission lines, la-
beled B and D in Fig. 1, are clearly dominant, and we
relate these two peaks to the atomic D5~2 and D3j2
core hole states of Pb. Structures A and C, which
have the same energy separation as B and D (2.6 eV),
are probably due to crystal-field splitting. Because B
and C partly overlap and cannot be deconvoluted reli-
ably for all spectra as a result of limited experimental
resolution, we have neglected the satellite structure in
our study. The possible error can be estimated from
the energy dependence of the intensity ratio between
peaks A and B which was found to be constant at a
value of 0.1 for photon energies above 70 eV. Thus
the energy dependence of the main Sd spin-orbit com-
ponents is not disturbed by underlying unresolved sa-
tellite structure.

Figure 2 shows the Sd branching ratio of Pb. Includ-
ed are results of a previous measurement for metallic
Pb by Johansson et a/. which covers the energy range
below 200 eV. Our data for the metal at 160- and
180-eV photon energies agree reasonably well with the
earlier results, but the pronounced rise in the branch-
ing ratio between 180 and 250 eV shown by our data
escaped the previous authors' attention.
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FIG. 2. Comparison of the Sd branching ratio of Pb for

the metal, solid PbI2, and the atom. Experimental errors for
our data are +0.02 below, and +0.1 above, 180 eV. Data
of Johannson et al. (solid circles) are taken from Ref. 9.

The result of calculations in the relativistic random-
phase approximation (RRPA)' for a free Pb atom is
also shown in Fig. 2. These calculations were per-
formed by including all twelve channels allowed by re-
lativistic dipole excitations of the Sd and 4f shells. It
has been found in similar calculations" for Hg that the
inclusion of other channels which might contribute,
namely the channels arising from excitations of Ss and
Sp shells, does not change the results substantially.

By comparing theoretical results for the atom and
experimental data for the metal we find a satisfactory
agreement over the entire energy range. The differ-
ences do not exceed those previously found for the
photoionization parameters of Hg where the results of
the atomic RRPA calculation" were compared to
metal-vapor experiments. ' At this level of accuracy
we can conclude that the behavior of the Sd branching
ratio in the metal is essentially atomiclike. Note in
particular that this includes the pronounced rise of the
branching ratio at around 200 eV as a result of cou-
pling of the Sd excitations to the 4f excitations which
reach their maximum oscillator strength above 200 eV.
This atomic intershell interaction is clearly reflected in
the metal data contrary to the conclusion of the earlier
work on Pb metal. 9

Further included in Fig. 2 are our experimental
results for the branching ratio of the solid compound
PbI2. Previously determined branching-ratio data for
PbI2 are available for photon energies below SS eV';
at selected photon energies these data were repro-
duced. Figure 2 contains our results above 65 eV. Up
to 150 eV they agree quite well with the metal with
some slightly more pronounced structure around 100
eV. For higher photon energies, however, the branch-
ing ratios for PbI2 and Pb metal are distinctly different:
for the compound the rise of the branching ratio is
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shifted by some 40 eV towards lower photon energies,
and a maximum value of 2.0 is reached while the max-
imum measured value for the metal is 1.8, and the cal-
culated value is 1.7. Essentially the same behavior is
found for Pb02. Since the branching ratios of the two
compounds agree within the margin of error we have
not included the Pb02 values in Fig. 2.

We conclude that the difference in branching ratios
between the metal and the compound is related to the
Sd 4f cou-pling because it is this interaction which
shapes the Sd branching ratio in the energy region
studied. The effect of this intershell coupling on the
photoionization parameters is sensitive to the detailed
form of the electronic wave function, and it appears
possible that a change in the Sd wave function in the
compound induced by the chemical environment ac-
counts for the observed difference. Note that this
change is only small because the Pb Sd electrons form
a shallow core state rather than dispersive valence
band states. 6

Chemical effects on core absorption spectra in the
presence of intershell interactions have been reported
for a number of compounds'4 '5 demonstrating sensi-
tivity of the absorption process to the detailed form of
the potential in the absorbing atom. Very dramatic ef-
fects have been observed in the series of successively
valence-ionized atoms'6 Ba, Ba+, and Ba++; these
were induced by distortions of the atomic potential on
a much larger scale. In these instances, however, the
final-state wave functions show severe deviations from
the single-particle approximation due to exchange and
correlation interactions with the core hole. ' ' The
resonance character of the inner-core excitations is
clearly recognized from the absorption spectra.

Such effects are much less significant for Pb where
the final states in the region of interest really corre-
spond to continuum wave functions. Figure 3 displays
the Sd and 4f photoionization cross sections, both ex-
perimentally determined for PbI2 and calculated within
the atomic RRPA framework. In the energy region
around 200 eV the Sd cross section is dominated by
the Sd ef transitions with a clearly discernible
Cooper minimum, and the 4f cross section reflects the
decreasing 4f ed oscillator strength close to thresh-
old and the delayed onset of 4f eg transitions some
30 eV above. Compared on a relative scale (no attempt
was made experimentally for an absolute cross-section
determination), the measured values for the com-
pound are in excellent agreement with the calculated
atomic results. We note, however, that the experi-
ment yields a ratio between 4f and Sd cross sections
which is about a factor of 2 smaller than calculated. A
similar finding was already reported for Hg. '

Two observations must be emphasized which are
evident from Fig. 3. First, the Sd cross section exhib-
its no obvious indication of a coupling to inner-core
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excitations in contrast to the D5~2.'D3~2 branching ra-
tio. Second, the good agreement between experiment
and theory precludes a significant direct influence of
the chemical environment on the partial subshell cross
sections. Observe in particular that the 4f partial sub-
shell cross section of PbI2 does not show a shift in os-
cillator strength towards lower energies compared with
the atomic calculation as might be conjectured on the
basis of the behavior of the Sd branching ratio.
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FIG. 3. Comparison of (a) Sdq~2 and (b) 4fphotoioniza-'

tion cross section as obtained by the atomic RRPA calcula-
tion (solid and dashed curves), and as measured on solid
Pb12. L and V stand for length and velocity form (Ref. 10).
Experimental data are measured in relative units only, with
an estimated uncertainty of + 30%. Below 190 eV the 4f5~2
component is not evaluated.
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In summarizing the above, we find significant inter-
shell interactions for Pb which is a heavy nontransition
metal. These interactions are readily identified in the
outer-core-shell branching ratio. Being essentially of
atomic character these interactions are also found in
the solid and solid compounds but distinct changes in
the photon energy dependence of the branching ratio
could be observed for the compounds studied here.
We attribute these changes to the influence of the
chemical environment on the intershell interaction by
slight modifications of the Pb 5d wave function. Con-
trary to intershell interactions in the presence of strong
absorption resonances, however, no effect of compar-
able significance is found in the partial subshell cross
sections of the interacting subshells themselves. We
conclude that outer-core-shell branching ratios which
are very easily and accurately obtainable by experi-
ments appear to be a very sensitive tool to study inter-
shell interactions in heavy nontransition metals.

This work was supported in part by the Bundesmin-
isterium fur Forschung und Technologie from funds
for synchrotron radiation research, and by the National
Science Foundation through Grant No. PHY-83-
08136.

&'~On leave of absence from Boris Kidrich Institute, P. O.
Box 522, 11001 Beograd, Yugoslavia.

tSee, e.g. , Many Body Theory -of Atomic Systems, Proceed-
ings of the Forty-Sixth Nobel Symposium, edited by
I. Lindgren and S. Lundqvist, Phys. Scr. 21, Nos. 3 and 4
(1980).

I. Abbati, L. Braicovich, G. Rossi, I. Lindau, U. del Pen-
nino, and S. Nannarone, Phys. Rev. Lett. 50, 1799 (1983);
J. Barth, I. Chorkendorff, F. Gerken, C. Kunz, R. Nyholm,
and G. Wendin, Phys. Rev. 8 30, 6251 (1984); J. Barth,
F. Gerken, and C. Kunz, Phys. Rev. 8 31, 2022 (1985).

G. Margaritondo, R. Rosei, J. H. Weaver, and W. M.

Becker, Solid State Commun. 34, 401 (1980).
4J. Barth, F. Gerken, C. Kunz, and J. Schmidt-May, Nucl.

Instrum. Methods 208, 307 (1983).
5J. Barth, F. Gerken, and C. Ku nz, Nucl. Instrum.

Methods 208, 797 (1983).
6For a comparison of photoemission valence-band spectra

of PbI2 with band-structure calculations, see G. Margariton-
do, J. E. Rowe, M. Schluter, G. K. Wertheim, F. Levy, and
E. Mooser, Phys. Rev. 8 16, 2934 (1977).

M. Schluter and M, L. Cohen, Phys, Rev. B 14, 424
(1976).

G. Margaritondo, F. Cerrina, G. P. Williams, and G. J.
Lapeyre, J. Vac. Sci. Technol. 16, 507 (1979).

L. I. Johansson, I. Lindau, M. H. Hecht, and E. Kallne,
Solid State Commun. 34, 83 (1980).

W. R. Johnson and C. D. Lin, Phys. Rev. A 20, 964
(1979); W. R. Johnson, C. D. Lin, K. T. Cheng, and C. M.
Lee, in Ref. 1, p. 409.

W. R. Johnson and V. Radojevic, Phys. Lett. A92, 75
(1982).

P. H. Kobrin, P. A. Heimann, H. G. Kerkhoff, D. W.
Lindle, C. M. Truesdale, T. A. Ferrett, U. Becker, and
D. A. Shirley, Phys. Rev. A 27, 3031 (1983).

G. Margaritondo, J. E. Rowe, and S. B. Christman, Phys.
Rev. 8 19, 2850 (1979).

S. Nakai, M. Nakamori, H. Tomita, K. Tsutsumi,
M. Nakamura, and C. Suigiura, Phys. Rev. B 9, 1870
(1974).

P. Rabe, DESY Internal Report No. DESY-F41-74/2,
1974 (unpublished).

~ T. Lucatorto, T. J. McIlrath, J. Sugar, and S. M.
Younger, Phys. Rev. Lett. 47, 1124 (1981).

~7L. C. Davis and L. A. Feldkamp, Phys. Rev. B 23, 6239
(1981).

tsG. Wendin, in Photoionization and Other Probes of Many
Electron Interactions, edited by F. Wuilleumier, NATO Ad-
vanced Study Institute Series, Vol. 18 (Plenum, New York,
1976) .

T. Lucatorto, T. J. McIlrath, W. T. Hill, and C. W. Clark,
in X-Ray and Atomic Inner-Shell Physics —1982, edited by
B. Crasemann, AIP Conference Proceedings No. 94 (Ameri-
can Institute of Physics, New York, 1982).

2136


