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The optical properties of crystalline thorium have been determined between 0.2 and 8 eV. The reflectivity and
interband conductivity are seen to be rich in structures, some of which can be identified as arising from d-to-d
interband transitions and others which must involve hybridized 5f final states. Strong structure previously
reported near 4 eV is shown to be an artifact. Comparisons are made with existing band calculations, and

tentative interpretations are suggested.

INTRODUCTION

The actinide metals and actinide compounds dis-
play a wide range of interesting phenomena and
these are being examined with increasing inten-
sity.! In many respects, the lighter actinide met-
als display electronic structures which are analo-
gous to those of the lighter transition metals,
while the structure of the heavier actinides is such
that they more closely resemble the rare-earth
metals.?”* The feature which is of principal con-
cern in most investigations is the character of the
5f electrons. A considerable controversy over
how best to describe the 5f’s has existed, and con-
siderable discussion continues. Recent efforts!™*
suggest that the 5f states in the lighter actinide
metals are itinerant or bandlike, lie within the
7s%6d" band manifold, and hybridize strongly with
the sp-d states. According to this itinerant model,
the degree of 5f localization in Th is roughly inter-
mediate between that of the 3d electrons in the first
transition-metal series and the 4f electrons in the
rare-earth metals.?’* To describe the 5f’s in the
lighter actinides, a one-electron formalism is
then satisfactory, and calculations show that in
Th the f-derived states lie close to, but above,
the Fermi level. On the other hand, in the heavier
actinides, where the 5f states are occupied, the
width of the f bands is markedly narrower, re-
flecting much greater localization. With such acti-
nides as Cf, for example, a one-electron formal-
ism is no longer valid to treat the 5/ states. A
complete and consistent description of the elec-
tronic structure of the actinide metals thus offers
many interesting challenges, and some of those
are being addressed now.!”™5

Several experimental studies of the electronic
structure of the actinides are presently underway
or have recently been completed. Most investiga-
tions of the metals have involved the lighter acti-
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nides Th and a-phase U, but a considerably larger
literature exists for the actinide oxides and com-
pounds, For thorium, in addition to the earlier

de Haas—van Alphen results,® there are now studies
of the pressure dependence of the Fermi surface.”
X-ray photoelectron spectroscopy,®'® appearance
potential spectroscopy,'®*!! low-energy-electron
diffraction,'? and soft-x-ray absorption!® measure-
ments have been reported. Optical studies of thor-
ium have been limited to a single investigation'*
and, as will be shown here, a crucial feature of
that study is in error.

A series of calculations of the electronic struc-
tures of the actinides' has been closely linked with
the experimental investigations. Th has again re-
ceived the most attention since it has an fcc crys-
tal structure and is more tractable to calculation
than orthorhombic @-U. The most recent studies'®
of the electronic behavior of Th are focusing on
sophisticated comparisons between experiment and
(itinerant-model) calculations including the con-
sideration of matrix-element effects in optical ab-
sorption.

In this paper, we present the results of an opti-
cal study of Th and emphasize the photon energy
range between 0.2 and 8 eV. A discussion of the
higher-energy interband absorption, 6p absorption,
and absorption due to the deeper 5d core levels
will be postponed until subsequent papers. Qualita-
tive comparisons between the present data and
existing calculations will be made now, and the
groundwork prepared for more elaborate compari-
sons in the near future.

EXPERIMENTAL TECHNIQUES AND RESULTS

The sample used in these measurements was a
large high-purity crystal generously provided by
Peterson of the Ames Laboratory, U. S. ERDA.!"
The techniques employed in measuring the optical
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FIG. 1. Optical reflectivity of crystalline thorium from
0.2 to 8 eV.

reflectivity R, or the absorptivity A =1 — R, have
been discussed in considerable detail elsewhere!®
and have been used extensively in studies of the
transition metals and rare-earth metals. Briefly,
the absorptivity was determined at near-normal in-
cidence by a calorimetric technique which lends
itself particularly well to low-energy measure-
ments, where A is small (R large)—as is gen-
erally the case for metals in the near infrared and
visible. The sample temperature was 4.2 K, and
the data were taken between 0.2 and 4.4 eV. They
are estimated to be accurate to better than 1%
(e.g., at 1 eV, A =0,286 £+0.003) and showed ex-
cellent reproducibility from one run to another,
Between 2.5 and 35 eV, the reflectivity was deter-
mined at room temperature and near-normal inci-
dence with an uncertainty in R of less than 5% of
the magnitude of R—again with excellent repro-
ducibility. For the reflectivity measurements, the
intense, highly polarized, continuum radiationfrom
the Tantalus I electron storage ring!® was used.
(Tantalus I is operated under the auspices of the
Synchrotron Radiation Center, University of Wis-
consin-Madison and is supported by the NSF.) In
the region of overlap, the agreement was very
good, For each set of measurements, the sample
was electropolished?® and quickly transferred to
the nitrogen-purged ion-pumped experimental
chamber. Since exposure to the atmosphere was
unavoidable, the influence of a thin oxide layer has
been assessed. ThO, is transparent in the photon
energy range under discussion,? and a thin layer
introduced no significant changes in the measured
spectrum.

The results of our measurements are shown in
Fig. 1. The reflectivity spectrum is rich in struc-

ture. Strong structures in the form of reflectivity
minima are evident at 1.02, 1.22, 2.25, and 3.3
eV, with a weaker feature at 2,96 eV and inflec-
tions at 4.3 and 5.7 eV,

A comparison between theory and experiment is
made best through the imaginary part of the dielec-
tric function €, or the optical conductivity o =€,E/
4r7, since it is these functions which are most
readily calculated and are a measure of the inter-
band absorption strength. A Kramers-Kronig
analysis was used to determine ¢ from the reflec-
tivity spectrum of Fig. 1. A Drude extrapolation
was assumed for the Kramers-Kronig analysis be-
low 0.2 eV, and a power law of the form R =R E™3
was assumed in the high-energy range to the upper
limit of E =10% eV, The results of that analysis
are shown in Fig. 2, and, in addition to the total
conductivity, an interband conductivity obtained by
subtracting the assumed Drude contribution
is also shown in Fig. 2. For that subtraction
and the infrared Kramers-Kronig extrapolation,
Drude parameters of 0,=3.7%x10'® sec™! and 7/%
=10.1 eV™! were used, but these should not be
taken too seriously. To determine reliable Drude
parameters, the low-energy data must extend suf-
ficiently far into the infrared that only intraband
absorption was being measured. Ours did not, and
we could not uniquely determine the intraband ab-
sorption. Nevertheless, the assumption of a rea-
sonable Drude contribution proved to be useful to
accent interband features.

Strong features in the interband conductivity are
visible in Fig. 2 at 1.08, 1.28, and 2,32 eV with
additional weaker structures at 2.92, 3.34, 4.2,
and 5.88 eV. These latter weak features corre-
spond to the reflectivity features marked in Fig. 1.
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FIG. 2. Optical conductivity of crystalline thorium
obtained after Kramers-Kronig analysis of the data of
Fig. 1. The dashed line represents the interband con-
ductivity as determined through subtraction of a Drude
contribution from the total conductivity.
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The low-energy optical spectrum of Th is clearly
rich in structure, and these provide us with valu-
able information about the electronic states re-
moved in energy from E.. They provide an excel-
lent and compelling test of any band calculation, as
well as any assumptions made concerning matrix-
element effects.

A comparison of the results shown in Figs. 1 and
2 with those of Veal et al.'* shows only very rough
agreement. Below ~4 eV, the two sets of data have
some resemblance, though the present results
show the structures far more clearly. The more
striking discrepancy occurs above 4 eV. In that
region, Veal et al, reported a minimum in R while
we show a gradual, structured decrease toward a
minimum in R not shown in Fig. 1. It is now felt??
that the structure previously reported results from
surface-roughness-induced coupling of the photon
to surface plasmons. (The surface roughness
came as a result of the rather severe etching from
the glow discharge sputtering of the surface.)
While such an effect is interesting, it provides no
information regarding 5/ final states.

DISCUSSION

The electronic structure of Th is particularly
intriguing. Not only does Th possess bandlike 5f
states (itinerant model), but it also possesses a
partially filled d band which is analogous to what
is found in the 5d (fcc) transition metals. Compar-
ison of the bands of Th with those of, say, Au re-
veals several interesting features. In Au, the 5d
bands are completely occupied, the interband edge
at hv=>2.,5 eV involves the p-like states, and sub-
sequent strong absorption arises from the pre-
dominantly d-like initial states. The f-like states at
I’ withsymmetry 7-, 8-, and 6" lie 218 eV above E,**
and have been of considerable interest because of
their possible involvement in high-energy interband
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FIG. 3. Energy bands of Th determined by Ref. 29
using a symmetrized relativistic augmented-plane-wave
(RAPW) technique, d’s? configuration, & =%. The dashed
bands are (sp -d)-like and have little or no hybridized f
character.

transitions.?*”%¢ The band structure of Th is quali-
tatively similar, but now the 5f levels lie within
the d bands, the width of the d bands is very large
(~12 eV), and the p-like X and L] states are deep
within the d bands. In addition, the Fermi level
lies far lower in the d bands than in anv of the fcc
transition metals.

The energy band structure of Th, as calculated
by Koelling and Freeman,?” is shown in Fig. 3. It
should be noted that these bands are now being re-
fined,'® but they are sufficient for the qualitative
interpretations suggested here. Comparison of the
bands of Fig. 3 with those of an fce transition
metal, or the tabulated sp-d eigenvalues for Th
(Ref. 2, p. 73), shows that the first two bands are
entirely sp-d like without any hybridization with
the nearby, but empty, 5f states. Hybridization
begins with the third band. In particular, the third
band near X is derived from the f levels, but at
T, L, and W it is nearly all d-like. Subsequent
higher bands are strongly f-like. Above the seven
f bands and the region labeled f asymptotes, the
d character is again dominant.

Two points should be made before attempts are
made to compare the experimental results of Figs.
1 and 2 with the energy bands of Fig. 3. First, any
comparison is at best qualitative and can be made
quantitative only after detailed matrix element cal-
culations are completed. Existing calculations in-
dicate that the constant matrix element assumption
is too rough an approximation. Second, our work
with the transition metals® has shown that large
volumes of & space are often involved in a particu-
lar experimental structure, and, further, that
volumes of & space which are removed from lines
of high symmetry (and hence not shown in band
calculations) can be responsible for experimental
features. As a result, the identifications which
we can make at this point are subject to verifica-
tion or vilification as the calculations improve,

Strong structures are seen in the conductivity
(Fig. 2) at 1.08 and 1.28 eV. Interband ab-
sorption continues to lower energy, but its
strength is impossible to assess at this point
because of the uncertainty in the Drude contribu-
tion to the total conductivity. Certain candidates
can be found from the bands of Fig. 3 to account
for the strong absorption below ~2 eV, In particu-
lar, transitions between bands 2 and 3 along = ap-
pear to have an energy separation of approximately
the right magnitude. All bands along Z have Z,
symmetry and hence the transitions are allowed,

d to d transitions. Additional absorption may arise
from the bands along A.

The interpretation of the strong feature at 2.32
eV is difficult since a large number of possible
states might be involved. Of these, few are d to d
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FIG. 4. N,y (E) sum rule for thorium using the data of
Fig. 2. The magnitude of N, (E) reaches four electrons
per atom near 16 eV.

transitions. Only between bands 1 and 3 near W
and between bands 2 and 3 along @ are d band tran-
sitions possible, Other possible volumes of B
space involve d-like initial states and hybridized
f-like final states. Among these, transitions be-
tween bands 2 and 5 in the A and Z directions are
possible, From a joint density of states argument,
bands 2 and 4 along @ may also be important.
Bands 2 and 4 along A (energy separation 1.6 eV
and f-like final state) have a hard-to-estimate
influence. What should be clear at this point is
that the lower-energy features in thorium present
a great many experimental features, that several
parts of 2 space may be involved, but that is not

yet possible to sort out the contributions of each.
It is interesting to consider the sum rule defined
by

2 1 B2
Nerr(E)=7———-—'Giw)2f €,EdE,
£y

and representing the number of electrons which
have been involved in absorption between energies
E, and E,. hwp is the plasma frequency and is
calculated to be 12,94 eV, N.(E) has been calcu-
lated with the results of Fig. 2 and is shown in Fig.
4 for the energy range between 0.1 and 8 eV, It is
clear that below 8 eV, the oscillator strength is
quite low. Only by continuing the integration to

16 eV (using our unpublished vacuum-ultraviolet
data) does N, reach the four electrons per atom
magnitude expected. Above 16 eV, the contribu-
tions of the 6p,, and 6p,, core levels are evident,
as will be discussed at a later time. What is clear
is that all of the oscillator strength is not bunched
into relatively narrow energy range correspond-
ing to transitions to f-like final states.
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