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Vacuum-ultraviolet absorption techniques are used to study 4f-shell optical excitations in Gd metal. The

results provide insight into the discrepancy between 4f-shell excitation thresholds reported from x-ray
absorption and x-ray photoemission studies. The different threshold energies are attributed to different
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screening configurations in the final states, or to spurious shifts of the x-ray photoemission peaks.

Much recent interest has centered on the excita-
tion spectra of rare-earth metals as probed by
optical,' electron energy loss,? and x-ray photo-
emission® (XPS) methods. Closely related theo-
retical investigations have also appeared.® This
paper reports on the first optical detection of ex-
citations from the 4f shell of a rare-earth metal,
in this case Gd, and suggests several possible ex-
planations for the existing discrepancy between the
4f excitation thresholds reported from x-ray ab-
sorption and XPS techniques.

Optical-absorption measurements were made
through the energy range 4-12 eV by comparing
the light intensities transmitted by two Gd films
having different thicknesses (from 100 A to 400 &),
using an apparatus described elsewhere.® The
films were prepared in sifu at He temperatures on
a LiF substrate and covered with a Ne film to pre-
vent contamination in the 2 X 107 Torr vacuum.
The comparison method eliminates reflectivity cor-
rections (multiple-bounce effects are negligible
since n%<«< % for Gd) and the rare-gas coating has
been found to maintain even alkali metals clean.
Calibration runs established both the relative back-
ground transmissivities of the two substrate halves
and the relative efficiencies of detection, and these
effects were eliminated from the data to yield the
absorption K(w) = | 2wk(w)/c]Ax, with Ax the thick-
ness difference between the two films.

The index of refraction n was calculated from
the absorption by Kramers-Kronig analysis using
additional data for Zw<5 eV and Zw>12 eV. The
present data agreed to 3% in the overlap range
4.5-5.5 eV with precise ellipsometric studies of
thin Gd films held at 10™*! Torr.! The ellipsomet-
ric data were judged to have the higher absolute
precision and the present results shown in Fig. 1
were therefore normalized to the earlier results,
also shown in Fig. 1. The results obtained in this
way agreed well in ratio of slope to amplitude with
absorption results calculated from electron energy-
loss measurements by Daniels et al.? These re-
sults have been corrected (decreased) for an ap-
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parent scale discrepancy of ~25% in order to obtain
the best consistent results shown in Fig. 1. Wing
corrections outside the range 0.2-40 eV used in
the Kramers-Kronig analysis were made by stan-
dard methods using » and & from the ellipsometric
measurements.

Figure 2 shows the number N(w) of electrons
per atom contributing to the absorption according
to the equation
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The second term here allows for Drude response
at w<w, with 7Zw,=0.2 eV; it is model dependent
but not large. For one s electron having m*=m
and two d electrons with m =4m,, together with
Hodgson’s! value for 7, %#/7=0.4 eV, one finds the
value 0.45 electrons with perhaps a 50% uncertain-
ty.

With the reliability of Fig. 2 thus established
there can be no question that for 7w =10 eV, far
below the 5p edge at 20 eV, N(w) calculated from
the data exceeds the limit N=3 set by the number
of Gd valence electrons. The excess clearly origi-
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FIG. 1. Optical absorption spectrum of Gd metal.
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FIG. 2. Number of electrons N contributing to ab-
sorption as a function of energy. Solid line, computed
value based on the equation given in the text. Dashed
lines suggest component contributions to N due to three
conduction electrons (lower curve) and due to 4f elec-
trons (upper curve).

nates from the break in slope of N(w) at Zw=6.1 eV
in Fig 2, and hence from the sharp absorption
threshold evident in Fig. 1 at 6.1 eV. This thresh-
old is therefore associated unambiguously with
transitions originating on the f state of the Gd 4f”
(S,,,) core. We note that the total strength of
f—g matrix elements are expected to exceed f—d
matrix elements by a factor of® 5 so that the latter
may contribute in all only ~ 1.4 electrons to the
sum rule. In addition a sharp and quickly exhaus-
ted f—d transition threshold is predicted, whereas
the f— g transition is delayed in energy and pos-
sesses a gradual threshold. The observed absorp-
tion and behavior of N(w) above 6 eV are thus con-
sistent with their assignment to f—d core transi-
tions. This analysis constitutes the first detection
by optical methods of 4f excitations in metals.
Theories of optical absorption and photoemission
from metals are not yet sufficiently developed to
permit a detailed analysis of the data. Coarse fea-
tures may, however, possess useful qualitative
interpretations. Into this category falls the dis-
crepancy between the single peak at 8.1 eV ob-
served in XPS studies of Gd, and the present sharp

threshold at 6.1 eV. We note that M, absorption
studies’ and early predictions from uv photoemis-
sion spectroscopy® (5.5 and 5.8 eV, respectively)
yield 4f thresholds that fall close to our optical re-
sults, and the agreement with the theoretical pre-
diction of° ~7 eV (although model sensitive) is very
satisfactory. The discrepant threshold of the XPS?
results thus requires explanation.

The final states reached by optical and XPS pro-
cesses coupling to the 4f shell must both contain
4f% ("F) cores, but a variety of conduction electron
configurations are possible. It is nevertheless
clear that whatever process occurs, final states
that persist for a time exceeding the plasma period
must be self-consistent. Sharp structure ~1 eV
wide certainly satisfies this criterion, so that the
core holes produced in both optical and XPS ex-
periments are fully screened by a deformation of
the electron gas. It remains to be seen whether
or not the local self-consistent excited configura-
tion left in the lattice by the two processes are
identical.

We can offer only two possible explanations for
the observed difference between the XPS and ab-
sorption thresholds: (i) the two processes reach
different final states and thus require different
excitation energies; or (ii) the XPS peak is spuri-
ously shifted. It is well known that XPS results
are sensitive to work function changes induced by
surface contamination. In addition chemical shifts
of 4f shell XPS peaks in'® Gd are compatible both
in sign and magnitude with the discrepancy between
the XPS and absorption thresholds. Although a
third possibility could involve oxidation of the thin
films used in this study, absorption measurements
made on deliberately oxidized films allow us to
clearly distinguish between the metal and metal
oxide absorption spectra and thereby rule out this
possibility. Based on all available data, one can-
not rule out the possibility that the threshold dis-
crepancy is genuine, and results from differences
between the final states reached by the optical ab-
sorption and XPS processes.11 Presumably these
would represent different conduction band screen-
ing configurations for the 4f hole. Different optical
absorption and XPS thresholds are observed in in-
sulators and these can be attributed to the un-
screened charge. In metals, the electron gas
eliminates this possibility, but alternative screen-
ing charge distributions cannot be ruled out.
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