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Changes in the 5d photoionization spectra between atomic and solid Pb
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The Pb 5d photoionization spectrum of free atoms and the corresponding solid state have been measured
simultaneously in one experiment. In addition to the 5d binding-energy shifts, which were found to differ for
different spin-orbit components, the lifetime of the 5d core hole was observed to be much shorter in solid Pb
in comparison to atomic Pb. Model calculations based on a so-called excited-atom approximation were used to
predict the influence of charge transfer in the observed drastic changes between atomic and solid Pb. The model
indicates that level widths could serve as a sensor for a metal to nonmetal transition in neutral Pb clusters.
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I. INTRODUCTION

Binding-energy (BE) shifts between free atoms, molecules,
and different solid compounds have been studied extensively,
both experimentally and theoretically, over the years.'™ In
only a very few experiments, however, were the BE shifts
determined accurately by simultaneous measurement of the
vapor and solid phases of a single element.’™ In this Rapid
Communication we demonstrate that simultaneous observa-
tion of both phases allows us to monitor the changes in
spin-orbit splitting and lifetime broadening in addition to the
BE shifts in a very demonstrative way. Based on a simple
excited-atom model, the changes can be traced back to result
from charge transfer towards created holes in metallic Pb.

The huge role of relativistic effects in the lead-acid battery
attained notable attention recently.'” Core-hole screening was
shown to serve as a probe for a metal-to-nonmetal transition
in 5d ionized size-selected Pby, (N = 12-49) clusters in
Ref. 11. In addition, electron correlations were reported to
play an important role in 5d photoionization of atomic Pb,'>1
creating extra structures in addition to the main 5d3,, and
5ds), photoelectron lines.'® In solid Pb, the photoemission
from the 5d level was seen to show, instead, a simple doublet
structure due to spin-orbit splitting into the 5d3,, and 5ds,
components.'’~?! Different experimental setups were used for
the vapor and solid phases in previous reports, and no attention
was paid to differences in linewidths.

In this work we present results of simultaneously measured
Pb 5d photoelectron spectra from the vapor and solid phases.
Accurate binding-energy shifts are obtained, and an analysis
of the difference in 5d core-hole lifetimes between solid and
atomic Pb is made. An excited-atom model using an atomic
multiconfiguration Dirac-Fock (MCDF) code is applied to
explain the observations. The results provide new reference
data and interesting hints for future cluster studies where the
metal-to-nonmetal transition is expected to strongly influence
the behavior of the 5d photoelectron lines.

II. EXPERIMENT

The experiments were carried out using synchrotron radi-
ation (SR) from undulator beam line 1411 at the MAX-II??
storage ring at the MAX-laboratory in Lund, Sweden. The
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photoelectron spectra were measured with 55 eV photon
energy. The emitted electrons were detected with a modified
Scienta SES-100 electron energy analyzer’® at the magic
angle of 54.7° with respect to the polarization plane of the
horizontally polarized SR, corresponding to an angularly
independent atomic photoelectron spectrum. An inductively
heated oven’® was used to create Pb vapor condensing
continuously on the Cu substrate, providing a fresh Pb surface
at all times during the measurement. The electron spectrometer
is computer controlled so that during a short inductive heating
interval the electron signal is rejected from the detector in
order to avoid disturbances from the high-frequency induction
field.

For the simultaneously measured atomic and solid-state
spectra, a needlelike copper wire was installed above the hole
of the crucible, and the vapor was condensing on it. The
position of the photon beam spot was tuned to hit the condensed
solid and vapor samples. The condensed solid sample was
assumed to be polycrystalline, but the layer was not studied in
detail.

The experimental spectra were fitted using a Voigt profile
for atomic photolines and two Doniach-Sunjic-type line shapes
(corresponding to surface and bulk components) for solid
photolines. A linear background was subtracted from the
experimental spectra.

The 5d photoionization spectrum was calibrated using
a BE of 25.284 eV as a reference from the photoab-
sorption experiment,'> which corresponds to the atomic
5d°(D3 ,)65%6p3 , state of Pb* (the highest peak in the spec-
trum of Fig. 1). For calibration of the valence photoionization
spectrum, a BE of 7.4167 eV of 6, electron was used from
the laser spectroscopic studies.”

III. RESULTS AND DISCUSSION

Figure 1 shows an experimental 5d photoelectron spectrum
taken at 55 eV photon energy simultaneously from vapor and
solid Pb. For metals the core-level binding energies are lower
by several eV relative to the atomic values due to the changes in
the chemical environment in the initial state and the complete
screening of the core hole in the photoionization process by
valence electrons due to their mobility.>*
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FIG. 1. (Color online) Experimental 5d photoelectron spectrum
from the atomic and solid states of Pb taken at 55 eV photon energy.

Another unique difference between atomic and solid pho-
toelectron peaks is the asymmetry toward the higher binding
energy of the latter. This asymmetry arises mostly from the fact
that electrons are losing kinetic energy (increasing binding
energy) by causing excitations during their interaction with
valence electrons as well as with lattice ions. Moreover, during
the photoionization process surface and bulk plasmons can be
excited.

The photolines from solid samples usually consist of two
components corresponding to bulk and surface atoms. Usually,
core-electron photolines of bulk atoms in metals appear at
lower binding energies compared to the photolines of surface
atoms. This is due to a more complete screening by the
neighboring atoms in the final state of photoionization in
the case of bulk atoms, which are more coordinated than
surface atoms. In the case of solid Pb the bulk-surface shift
has been recently reported to be 0.16 eV.?° Results of the
fitting procedure keeping the bulk-surface shift as 0.16 eV
are given in Table I. The solid-state binding energies are in

TABLE 1. Binding energies for 5d electrons in the atomic and
solid states of Pb with respect to vacuum (E") and Fermi (E¥) levels.
The energies are given in eV. The estimated experimental error bars
are +0.01 eV for atomic lines and 30.05 eV for surface and bulk
lines.

Sample EY EE EY EF

5ds > 5ds)» 5d3/» 5d3)2
Atom 25.28 28.28
Surface 22.05 18.09 24.70 20.74
18.20*
Bulk 21.89 17.93 24.54 20.58
18.04%
Average solid 21.93 17.97 24.58 20.62
22.35° 18.10°
22.20¢ 24.90¢
21.95¢ 18.00¢ 24.564 20.61¢

4Reference 20.
bReference 11.
‘Reference 26.
dReference 21.
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FIG. 2. (Color online) Experimental valence photoelectron spec-
trum of the atomic and solid states of Pb taken at 55 eV photon
energy.

relatively good agreement with those determined previously
within the experimental error bars.!!?%! The binding-energy
values from experiments on large clusters®® are appreciably
larger than those obtained from solid experiments.

The most striking change between atomic and solid photo-
electron lines is the dramatic difference in the lifetime widths
of the lines, the Lorentzian linewidths for the 5ds,, line being
90 and 284 meV, respectively. The bulk-surface shift or the
asymmetry cannot explain this difference. For example, in a
previous study of K 2p and Rb 3d photoionization, atomic and
solid lines were roughly of the same width.> We will return
to this observation after we first discuss the BE shifts of the
relativistic subshells 5ds,> and 5d3 5.

In Fig. 2 we show the outer valence region with a clear
Fermi edge and a sharp atomic 6p;, line. We can calibrate
the spectrum to vacuum level by using the known BE of the
atomic 6p) /; line.” Thus we obtain a value of 3.96 £ 0.01 eV
for the Fermi edge. The solid-state binding energies can now
also be obtained with reference to the vacuum level and also
with reference to Fermi level by subtracting the obtained Fermi
edge energy of 3.96 eV from the vacuum-referenced energies
(see Table I).

Semiempirical calculations for BE shifts done by Johansson
and Martenson* combine the complete screening picture and
(Z 4+ 1) approximation in the so-called Born-Haber cycle.
Their BE shift value of 7.44 eV relative to the Fermi level for
the 5ds, photoline is in good agreement with our experimental
value of 7.35 eV. BE shifts of 3.1 and 3.4 eV for 5ds;, and
5ds;, respectively, from the investigation of large clusters
(N ~ 6500 atoms) by Tchaplyguine et al.’® are just a bit
smaller in comparison to our real atom-solid shifts, which
confirms that large clusters approximate the infinite solid. All
results for BE shifts are given in Table II.

An interesting observation in this work is the large dif-
ference in spin-orbit (SO) splitting between atomic and solid
photolines. In the atomic case the SO splitting is 3.00 eV, while
for solids it is 2.65 eV, where the atomic SO splitting is taken
from the main lines assigned by 5ds,, and 5d3/, in Fig. 1.
Such a decrease is mainly caused by the screening of the
core hole and by the smaller influence of electron correlations
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TABLE II. Atom-solid binding-energy shifts for the Pb 5d level.
AEVY stands for the shift where both the atomic and solid binding
energies are obtained with reference to the vacuum level, and AE""
stands for the shift where the atomic binding energy is taken with
respect to vacuum level but the solid-state energy is taken with respect
to Fermi level.

Vv VF 144 VF
A E5d5/2 A E5d5/2 A E5£13/2 A E5£l3/2

This work 3.39 7.35 3.74 7.70

Large cluster (Ref. 26) 3.1 3.4

Born-Haber cycle (Ref. 4) 7.44

in solids. In atoms, the correlations heavily shift the main
lines and redistribute the intensities between them and the
satellites, as seen in Fig. 1 (for a detailed analysis of the atomic
5d photoionization spectrum see Ref. 16). The difference in
passing from atoms to solids can be understood with the aid of
atomic MCDF calculations. The SO splitting calculated with
only two configurations 5d°6s%6 p? /> (Which means that there
are no electron correlations between valence and inner-shell
electrons) is 2.82 eV. This approximation is well suited to
solids because in order to account for electron correlations in
the atomic case a much bigger configuration space should be
used. By increasing the configuration space with all valence
correlations, a calculated SO splitting of 3.03 eV approaches
the experimental value for atoms. To include the screening
effect in calculations we adopted the excited-atom model?’ and
added one extra electron to the lowest unoccupied orbital; i.e.,
we used the configuration 5d°6s>6 p} ,6p3 ,. The SO splitting
value calculated in this way is 2.62 eV, which is very close to
the experimental value of 2.65 eV for solids. Also we were able
to estimate the relativistic contribution to SO splitting, which
is around 75% of total SO splitting. This is, in fact, very close
to the relativistic contribution of 80% to the reaction energy
for the lead battery.'”

In order to explain the drastic differences in level widths
we will take a look at the decay channels of the 54 hole
states in atomic and solid Pb. The calculated energy-level
diagram within the single configuration scheme for Pb is
shown in Fig. 3. The solid phase was approximated, as was
discussed before, by adding one extra electron to the 54!
state, i.e., with the 5d°6s526 p% /26 p; P configuration, and adding
two extra electrons to the 6s~'6p~! and 6p~2 states, i.e.,
with the 5d1°6sl6p%/26p§/2 and 5(1106s26p§/2 configurations,
respectively. As one can see, a new decay channel is open for
solid Pb, which leads to shorter lifetimes of 5d core-hole states
and in turn to wider photoelectron peaks in the spectrum of
Fig. 1. To avoid having the obtained effect depend only on a
particular screening electron, we used 6d,,, and 7s electrons
in addition to 6 p3/; in the calculations. In both cases it turned
out that the 5d'°6s'6p| ,,nl* configuration lies lower in energy
than the 5d96sz6pf/2nl configuration, where nl is 6 p3 2, 6d, 2,
or7s.

Inspection of the energy-level diagram in Fig. 3 indicates
that in passing from an atomic to a solid state, the 6s~16p~!
threshold moves across the 5d~! threshold. This has interesting
consequences: the lifetime broadening effect is expected to
be seen in neutral Pb clusters where the 5d~' — 6s~'6p~!
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FIG. 3. Calculated energy-level diagram in the region of 5d
photoionization from atomic and solid Pb. The excited-atom model
is applied for solid Pb.

decay will be allowed with increasing cluster size. For given
cluster sizes, the new decay channel may be open for the 5(13_/12

hole state but forbidden for the 5dj, 12 state, resulting in large
differences in lifetime widths of the SO components. If the
charge transfer is fully forbidden, which would most likely
be the case for the nonmetallic cluster, the 5d~' — 6s~16p~!
transition would not be energetically allowed at all according
to our model calculations. Level widths would thus serve as
a crucial test for the metallicity of the sample. Our prediction
is based on a simple excited-atom model, which fully omits
the solid-state effects, such as the formation of the 54 band.
The simple model, however, explains nicely the evolution of
the manyfold 5d3,, peak structure into a single peak in passing
from an atomic to a solid state and the change in the SO
splitting.

In addition to the predicted lifetime broadening, the new
channel is determined by the large decay amplitudes of the
form (5del||V,.||6s6p), which may vary as a function of the
kinetic energy of the continuum orbital, making it possible
for the level widths to vary with increasing cluster size. A
very different behavior of the relativistic subshells is thus
expected. Future experiments with neutral clusters of selected
sizes would be very interesting to confirm these predictions. It
should be noted that in the case of negatively charged clusters'!
the 5d~' — 6s~'6p~' channel remains open independent of
cluster size. There is thus an urgent need to develop a system
to produce size-selected neutral Pb clusters for photoelectron
experiments.

IV. CONCLUSIONS

In conclusion, in this work an experiment was carried out
simultaneously for the vapor and solid phases of the Pb sample,
and accurate binding-energy shifts for 5d photolines were
reported. The excited-atom model was used together with
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an atomic multiconfiguration Dirac-Fock code to calculate
spin-orbit splitting in solid Pb, which showed the p-type
screening of the 5d core hole. Due to charge rearrangement in
solid Pb a new decay channel for the 5d core-hole state opens,
which results in a shorter core-hole lifetime in comparison to
atomic Pb. This effect is supported by our model calculations
and is expected to be seen in other elements of group 14. Level
widths may then serve as a sensor for the metallicity of the
sample.
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