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We report self-consistent energy band calculations using the linear muffin-tin orbital method and the local-
spin-density approximation to exchange and correlation in density-functional theory for the light actinide
metals Th, Pa, and U. The optical properties have been calculated and compared with measurements, where
possible. The dependence of the optical response functions upon crystal structure was found to be surprisingly
large and the dependence upon spin-orbit coupling, less so. Where it was possible to make comparison,
agreement with experiment was obtained for the maxima of the optical spectra, the exception being a feature
in the optical conductivity at 10 eV measured in both Th and U but not obtained in the calculations.
@S0163-1829~96!02528-3#

I. INTRODUCTION

Self-consistent energy-band calculations for the ground
states of the actinide metals, both scalar relativistic1 and fully
relativistic,2 yield approximate agreement with experiment
for the lattice constants of the elemental metals. More re-
cently, full potential calculations have been used to calculate
the total energies of different lattice structures as a function
of volume3 and, again, good agreement with experiment has
been obtained.

One of the fundamental questions concerning the ac-
tinides is whether theirf states are localized or itinerant and
from this point of view it is of interest to compare theory and
experiment for spectroscopic as well as ground-state proper-
ties. Optical spectroscopy, like photoelectron spectroscopy
and bremsstrahlung isochromat spectroscopy, is a method
which allows one to probe the states~both occupied and
vacant! around the Fermi energy.4,5 The effects of electron-
electron correlation arising from 5f electron localization
upon excited-state properties are stronger than upon ground-
state properties as, for example, when the on-site attraction
of electron and hole quasiparticles is strong. The most thor-
ough spectroscopic studies of the light actinide metals are for
thorium,6–9 although there is less than satisfactory agreement
between the different experiments.8 Data are also available
for uranium metal10 but not for protactinium.

A comparison between early energy-band calculations11,12

and the measured optical conductivity was used to argue that
the Th 5f states are itinerant,6 although no optical response
functions had been calculated. Subsequently Fa¨ldt and
Nilsson9 attempted to compare their measured spectra for
Th,9,10 with an optical response estimated from the energy
band calculations of Skriver and Jan.13 These early theoreti-
cal analyses9,10 left many questions unanswered.5 More re-
cently, a theoretical study14 of the optical properties of tho-
rium metal explained quite well the measured structures in

the dielectric function and optical conductivity. The only
available calculations for uranium metal10 estimated the op-
tical response from energy-band calculations for the fcc
structure,1 although uranium at ambient pressure is ortho-
rhombic. The aim of this paper is to compare the early ac-
tinides Th, Pa, and U, paying attention to both the role of
their crystal structure and relativistic effects, and to give a
thorough theoretical interpretation of the experimental data.

II. CALCULATION

We have calculated the band structure of Th, Pa, and U at
their equilibrium lattice constants, both in the fcc structure
and their actual structure types~Pa is tetragonal and U ortho-
rhombic!. This we have done within the linear muffin-tin
orbital method,15 using the von Barth and Hedin16 exchange-
correlation term in the local-spin-density approximation.17

The conductivity tensor is obtained from the Kubo
formula18,19
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and, for optical properties, theq50 limit is appropriate.
Then the conductivity and dielectric tensors are related by
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When Eq. ~1! is evaluated over the set of single-particle
energy-band states, the diagonal elements of theinterband
conductivity tensor become
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where f n~k! is the Fermi distribution function, andl andn
label initial and final energy-band states. Here the energies of
transitions between energy-band states arevnl~k!
5vn~k!2vl~k!, andp ln

i ~k! is a matrix element of the proper
momentum operator between the branchesn and l at the
wave vectork. In practice, the proper momentum operatorp,
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\

4mc2
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is replaced byp since the difference is small.
The matrix elements of the momentum operator between

energy-band states expanded in anl ,s basis set with the
spherical symmetry of the atomic-sphere approximation15
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and factor to a product of a radial component and an angular
component.20 The angular component is evaluated from the
Wigner-Eckart theorem, leading directly to the optical selec-
tion rulesD l561 andDml561. The radial component is
evaluated by direct differentiation of the radial wave func-
tions followed by integration. In cubic systems it is neces-
sary to calculate only one of the three diagonal components
of the dielectric tensor; however, some of the structures of Pa
and U are not cubic, and we have calculated the sum of the
diagonal elements of the conductivity and dielectric tensors.

In the present paper the imaginary part of the dielectric
function was obtained by summation over the Brillouin zone.
The real part was subsequently obtained by Kramers-Kronig
transformation. These calculations yield the unbroadened
functions. To reproduce the experimental conditions cor-
rectly, it is necessary to broaden the calculated spectra. The
exact form of the broadening function is unknown, although
comparison with measurements suggests that the broadening
usually increases with increasing excitation energy.

The intraband contribution is approximated by

« intra~v!512
vp
2

v~v1 ig!
, ~7!

where the free-electron plasma frequency is given by the
Drude relationshipvp

254pne2/m* , andg is the relaxation
frequency. The only available data for the intraband contri-
bution are given by Weaver and Olson7 for Th, who give
sdc51.79 Ry andg50.0073 Ry. In practice we find that the
intraband contribution is negligible compared with the inter-
band contribution above 0.5 eV, as is generally the case for
metals with strong interband transitions.

The first calculations were scalar relativistic, where the
spin-orbit interaction is set to zero, but the mass velocity and
Darwin shifts are included properly. However, for uranium,

the spin-orbit interaction parameterz for the 5f states is 0.2
eV, leading to a splitting between thej5361

2 bands of 72z
'0.7 eV, compared to a bandwidth of about 3 eV. Although
uranium is nonmagnetic, the spin-orbit interaction in prin-
ciple has an effect upon the electronic structure and chemical
bonding. When the spin-orbit interaction is large it can split
the 14 degenerate 5f bands into sets ofj5 5

2 and
7
2 states with

degeneracies of 6 and 8, respectively.2 The j55
2 states in a

light actinide are therefore filled preferentially to thej57
2

states. The resulting changes in cohesive properties arise
from the fact that the antibonding orbitals of thej5 5

2 bands
are filled earlier than they would be if the spin-orbit interac-
tion were zero and the 5f levels 14-fold degenerate. The
actual magnitude of such effects can only be obtained from a
complete self-consistent energy-band calculation, since the
spin-orbit Hamiltonian is off-diagonal in anls representa-
tion. Calculations2 showed that the spin-orbit interaction
starts to have an appreciable effect upon ground-state prop-
erties for Np and Pu since it is for these elements that the
antibonding j5 5

2 states are nearly filled. For Th-U the hy-
bridization between thej55

2 and
7
2 states is large compared

with the spin-orbit interaction, and cohesion is not altered
significantly. The spin-orbit interaction does, however, in-
crease the total 5f bandwidth, as may be seen from the
following argument.21 The width W of the 5f bands is
essentially given by the second moment which is
W2/125Tr~H2!/14, for a rectangular state density, where the
trace runs over the 5f states and H is the Hamiltonian. If the
width of the 5f bands in the absence of spin-orbit coupling is
W0, it easy to show that it is given byW25W0

2

112 Tr~zl•s!2/14 in the presence of spin-orbit interaction. A
little algebra shows thatW2 is increased by 36z2. Since
z'0.2 eV the change in the square of the width of the 5f
states is about 1.5 eV, leading to an estimated increase in 5f
bandwidth of about 0.25 eV for 5f bands with an original
width of 3 eV. In practice for uranium metal, but not for Pu,
the calculated state densities are very similar whether or not
spin-orbit interaction is included. The same is true for the
optical spectra. For Pa and Th these differences are even
smaller. This may be seen in Fig. 1, where we compare the
low-energy dielectric function for uranium with and without
spin-orbit interaction. As the spin-orbit coupling splits the
degenerate bands, it leads to a broadening of the optical
spectra; thus the peaks for the case with spin-orbit coupling
tend to be broader but lower than the respective peaks cal-
culated without spin-orbit coupling.

III. ANALYSIS

Prior to making any comparisons between theory and ex-
periment, we wish to make some general comments about
the expected accuracy of our calculations. As stated in Sec.
II, we expect the eigenvalues, and thus the transition ener-
gies, to be more accurate than the magnitude of the conduc-
tivity which involves transition matrix elements, provided
that single-electron theory is a good approximation. We have
therefore analyzed the energies of transitions in detail.

As most experimental data are available for Th, we shall
begin our analysis with Th~Fig. 2!. Above 4 eV, the various
measurements of the conductivity vary by a factor of 2 in
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magnitude. This may well be because, as discussed in Refs. 8
and 9, the samples are known to have a considerable depen-
dence on surface preparation. In Fig. 2~a!, apart from the
available experimental data, we also show the calculated
conductivity for Th. The first maximum is clearly seen: for
the second experimental maximum we have two maxima.
Application of a broadening function results in these two
maxima combining to form the second maximum at 2 eV;
theoretical and experimental maxima are presented in Table
I. At higher energies@see Fig. 2~b!# the general decrease is
reproduced~note that we have not smoothed the high-energy
curve!, but there are two shortcomings. The first is the ex-
perimental feature at 9 eV, the second is the broader feature
at 19 eV. Considering the density of states, it is impossible to
find features that could correspond to this broad 19-eV fea-
ture. As discussed in Ref. 9, x-ray photoemission places the
Th 6p3/2 states 16.8 eV below the Fermi energy.22,23 We
have made two self-consistent calculations for free atoms to
check this feature at 19 eV. First, for a normal Th atom we
found that the 6p3/2 states lie about 20 eV below the center
of the 6d3/2 and 6d5/2 states. Second, we made a transition-
state calculation,24 by taking one-half of an electron out of
the 6p3/2 core state and placing in the 6d3/2 and 6d5/2 states,
weighted according to their degeneracy—thus allowing for
relaxation. In this case the 6p3/2 states lie 19.9 eV below the
center of the 6d3/2 and 6d5/2 states. We therefore assign this
19-eV feature to 6p→6d transitions. The breadth is due to
the width of the 6d band final states. In our calculations the
6p states are treated as core states, which are therefore not
included in possible transitions.

We do not obtain the lower feature at 9 eV. However,
since reflectivity is a bulk property, it is quite likely that
actinide samples, which normally contain some oxygen, will
somewhere produce a feature from the oxygen. In the optical
spectrum for ThO2 or UO2,

23,25,26 the dielectric function
«2~v! contains features at 8–11 eV, and we suspect that these
same features appear in the metal.

We now consider the low-energy range. We calculate two
peaks, at the same energy as seen in the experiments. The

origin of the low-energy features is normally analyzed
through the joint state density. The joint state density is
evaluated with Eq.~1!, setting the matrix elements in Eq.~2!
equal to a constant. This is equivalent to ignoring the selec-
tion rules and the variation of the radial integral over the
different wave functions. The joint state density is shown in
Fig. 3. By looking at the state density, Fig. 3, the rise in the
joint state density between 2 and 3 eV is seen to come from
transitions from feature 2 to feature 3, while the feature at 5
eV comes from 1-3 and 2-4 transitions. This is in good
agreement with the work of Skriver and Jan.13 As pointed
out by Fäldt and Nilsson, one would expect the conductivity
to have the appearance of the joint state density as the joint
state density arises~primarily! from transitions from thed
states to the emptyf bands, and thus does not contravene the
optical selection rules (D l561,Dml561). If this were re-

FIG. 1. Calculated optical conductivity for uranium with and
without spin-orbit interactions.

FIG. 2. Conductivity of thorium.~a! Low-energy range: experi-
mental,@~a! Fäldt and Nilsson~Ref. 9! and~b! Alvani and Naegele
~Ref. 8!#. Note that the data of Weaver and Olsson~Ref. 7! are very
similar to that of Alvani and Naegele#, and theoretical.~b! Full
energy range: experimental@~Ref. 9! ~full line with points!# and
theoretical ~unsmoothed! conductivities. Both figures include a
Drude contribution, as given by Eq.~7!.
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ally the case, then a large feature at 5 eV should appear in the
conductivity. By considering individual transitions, we find
that the situation is more complicated than it first appears.
While d→ f transitions are allowed, the oscillator strength is
found to be nearly zero, as shown in Table II. The feature at
1.1 eV arises fromp, f→d transitions as the lower-f feature
in Fig. 3 has a non-negligibled occupation. Thef ,p occu-
pation of feature 1 and thed occupation of feature 4 in the
state density are much lower, and so there are no noticeable
transitions for this 5-eV energy range. Thus, although the
2-eV feature arises from transitions into 5f -derived bands,9

the transitions are actually to thed admixture of these states.
It is the absence ofd admixture in the higher 5f bands that
leads to the absence of any significant 5-eV feature.

Since we have found that the strength ofd→ f transitions
is much less than that off→d transitions, which, to our
knowledge, is the first time that such a claim has been made,
some explanation is required—particularly in view of the
fact that the momentum operator is Hermitian. For any given
energy the matrix elements ford– f and f –d transitions are
equal. However, in the actinides both occupied and excited
6d states in the energy range of interest are at the bottom
~the bonding part! of the 6d bands, which are over 1 Ry
broad. There is therefore little energy dependence in the 6d
wave functions, which are essentially bonding bands up to
energies greater than 7 eV. In contrast, the 5f bands are
narrow, their width being only a few eV. The occupied part
of the 5f bands are bonding, whereas the unoccupied 5f
bands at energies of more than 3 eV above the Fermi energy
are antibonding. We have illustrated the situation by plotting
the wave functions in Fig. 4. Transitions from occupied 5f
states to unoccupied 6d states are from bonding to bonding
bands, and over most of the atom the derivative operator in

the momentum matrix element operates on a wave function
with negative slope. In contrast, transitions from occupied
6d states to unoccupied 5f states are from bonding to anti-
bonding bands, where the slope of the wave function
changes sign, leading to cancellation and small transition
matrix elements. Thus, although the matrix elements of the
momentum operator are Hermitian, asymmetry in the nature
of the energy dependence of the 5f and 6d states, and the
fact the antibonding 5f states lie only a few eV above the
Fermi energy, lead to asymmetry in the oscillator strengths
of f→d andd→ f transitions. There has been discussion in
the literature concerning the large feature observed at 4 eV
by Veal, Koelling, and Freeman.6 Weaver and Olsson7 claim
that this is correlated with surface roughness~a surface plas-
mon!, and while we cannot confirm this we find no such

FIG. 3. Thorium fcc:~a! State density~with features as referred
to in Table II!. ~b! Joint density of states and conductivity.

TABLE I. Summary of theoretical and experimental features.

Feature

Th U

experimenta theory experimentb theory

A 1.2 1.1 0.7 0.3
B 2.3 2.0 1.4 1.5
C 3.8 5.0
oxide feature 9.0 8.5–10.5c 10.0 7.5–10.0c

6p→6d 19.0 18.8d 19.0 19.0d

aFäldt and Nilsson~Ref. 9!.
bFält and Nilsson~Ref. 10!.
cFrom calculations for ThO2 and UO2 ~Ref. 26!.
dEstimated from the x-ray photoemission initial state~Ref. 23! and
band final state.

TABLE II. Calculated oscillator strengthuŠff u“ufi‹u
2 for Th for transitions between the features marked in Fig. 3. The letters in the first

column refer tol quantum number of the initial and final states.

1→3 1→4 1→5 2→3 2→4 2→5

Energy~eV! 3.5 4.5 6.5 2.0 3.0 5.0
f→d 0.314 0.302 0.270 0.221 0.212 0.185
p→d 0.518 0.533 0.593 0.476 0.490 0.548
d→p 0.012 0.010 0.006 0.039 0.003 0.002
d→ f 0.002 0.001 0.022 0.004 0.000 0.002
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appreciable structure in our bulk optical spectrum.
There are no data for Pa, but one would expect the same

features at high energy as for Th. There is no great difference
between the state density for bct, bcc, and fcc at equilibrium
volume, as shown in Fig. 5~it should be remembered that
both Pa bct and fcc are arrived at from the bcc structure by a
distortion in thez axis, so these structures are similar!. All
three densities are dominated byf states, forming two main
peak systems. The first lies at between 1 and 2 eV, the sec-
ond at 3 eV. At first glance thed states appear less impor-

tant, but the partiald-state densities differ from one structure
to another. The calculated conductivity is shown in Fig. 6,
where for the fcc structure it has two noticeable features, at 2
and 4 eV, in contrast to the bcc and bct structures, which are
relatively flat. The explanation for this is the same as for Th:
thed→p, f oscillator strength is extremely low, and the op-
tical spectra results fromf→d transitions. Looking at the
partial state densities, Fig. 5, we immediately see the feature
in thed-state density for fcc at 1 eV. It is this final state that
gives rise to the two features. Other than this, the conduc-
tivities are relatively featureless due to the flatness of the
d-state density above the Fermi energy.

Unlike Pa, the state density for fcc U is noticeably differ-
ent from that of its ground-state crystal structure~a-U!, Fig.
7. As for Th and Pa, thed→p, f oscillator strength is ex-
tremely low, and it is thef→d transitions which dominate.
As before, the fcc structure contains a feature in the unoccu-
pied d state density, and this gives rise to two optical fea-
tures, at 2.2 and 4.5 eV. The conductivity fora-U is much
more smeared out; this is an immediate response to the al-

FIG. 4. Calculated thoriumd and f wave functions. Thef -wave
functions are calculated at22.0 eV ~bonding! and 2.5 eV~anti-
bonding!. Thed-wave function shows very little variation over this
interval.

FIG. 5. Protactinium state density—fcc, bct, and bcc.

FIG. 6. Theoretical protactinium conductivity.

FIG. 7. Uranium state density—a-U and fcc.
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most constantd-state density above the Fermi energy~see
Fig. 8!. Over this background we see rises in intensity at 0.3,
1.5, and 5.0 eV. Applying a broadening of 0.3 eV~not shown
here! simply has the effect of lumping together the minor
peaks to produce the three rises noted above. Comparing this
with experiment10 we see features at 0.7, 1.4, and 3.8 eV,
although the intensity seems too low for the first two fea-
tures. This could be improved by the addition of a Drude
term. As for the case of Th, there is poor agreement as re-
gards the magnitudes of the peaks. The possible explanations
for this are, as for Th, due to both experimental and theoreti-
cal considerations. As before, we assign the higher features,
at 10 and 19 eV, to oxide and 6p→6d transitions,10 respec-
tively. Fäldt and Nilsson have attempted to compare the
spectra for Th and U,9,10 with the aid of bandstructure data
~joint state density for Th provided by Skriver and Jan13!.
Unfortunately, their analysis is invalidated by the near-zero
strength of thed→ f transitions. They also compared the
three features 1.2, 2.3, and 4 eV in Th with 0.7, 1.4, and 3.8
for U and, tentatively, stated that they where analogous.
Given that thef bands fall by 3 eV from Th to U~from
bremsstrahlung isochromat spectroscopy measurements27!
thed band must then fall by more than 2 eV to maintain this
feature distribution. This argument is refuted by our calcula-
tions, which find that thed→ f oscillator strength is practi-
cally zero, and that for Th it is thed final state that plays the
dominant role, whereas in U it is the Uf initial state that
dominates.

In Table I we summarize the theoretical and experimental
features in these spectra. As commended upon above, there
is generally good agreement for the energies of the theoreti-
cal and experimental features. Taking the 6p3/2 state as lo-
calized 17.3 and 18 eV below the Fermi energy for Th and
U,23 we then need ad state 1–2 eV above the Fermi energy
to provide the final state. For Th this is clearly seen, but for
U the possibled features are much smaller. This correlates
very nicely with the experimental observation that the
6p→6d transition is weaker for U than for Th.

IV. ELECTRON-ENERGY-LOSS SPECTRA

The experimental electron-energy-loss spectra~EELS! for
Th and U~Refs. 9 and 10! appear quite similar, rising gently

from zero to a small feature at 7 eV, continuing to 13 eV
~Th! and 15 eV~U!, and then decreasing, both with a smaller
feature at 20 eV. This similarity is hardly surprising due to
the similarity in the conductivity. The low intensity of these
three features is indicative of strongly damped plasma oscil-
lations. The 7-eV feature comes from the passing of«1~v!
through zero, the higher features essentially from decreases
in «2~v!. Theoretically this behavior is not reproduced. The
calculated dielectric function for thorium metal is shown in
Fig. 9. The resulting calculated energy-loss and surface
energy-loss spectra, evaluated from 1/« and 1/«11, are
shown in Fig. 10, together with the experimental electron-
energy-loss spectra. We find that the electron plasma fre-
quency@«1~v!50# is around 15 eV. This is approximately
independent of~reasonable! values for Drude constants. This
plasma frequency then gives rise to a massive feature at 15
eV, approximately a factor of 10 higher than the experimen-
tal feature. Furthermore, we have no feature of 7 eV in the
calculated EELS but a small feature in the surface EELS at
between 8 and 9 eV, in agreement with Eckardt.14 The intro-
duction of a feature at 10 eV in the conductivity has the

FIG. 8. Experimental~Ref. 10! ~full line with points! and calcu-
lated optical conductivities of uranium metal.

FIG. 9. Experimental~Ref. 9! ~full line with points! and calcu-
lated real and imaginary parts of the dielectric function of thorium
metal.

FIG. 10. Experimental~Ref. 9! ~full line with points! and calcu-
lated electron energy loss and surface electron energy loss for tho-
rium metal.
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effect of damping the calculated EELS@as«2~v! is thereby
increased#. Thus, not only is the experimental intensity badly
reproduced but the origin of the 13–15-eV features is differ-
ent in theory and experiment. We suspect that the oxide acts
to inhibit the largest EELS feature, which would, therefore,
not be representative to pure Th or U. Whether these discrep-
ancies arise solely due to theory or whether experimental
difficulties play a role is, at present, hard to say; we know,
however, that the only two high-energy spectra measure-
ments were performed on samples with probable oxygen
contamination, and on samples that are sensitive to surface
treatment.

V. CONCLUSIONS

We have shown the spin-orbit interaction is not of major
importance for the calculation of optical properties of ura-
nium, but that the crystal structure has a surprisingly large
effect. The state densities for bcc, bct, and fcc Pa are similar,
yet the optical conductivities are noticeably different. This is
a result of the near-zerod→ f oscillator strength which
means that the small differences in the distributions ofd final
states are important. It would therefore be interesting to mea-

sure the optical properties of these actinides under pressure.
Either a change of crystal structure or a change in thed→ f
oscillator strength could result in a marked change of the
optical properties.

These results imply that the 5f states in the early actinides
are itinerant, which is hardly surprisingly given the great
bulk of evidence for this conclusion.28 This is similar to the
conclusions of x-ray photoemission and bremsstrahlung iso-
chromat spectroscopy.27

Lastly, the presence of oxygen in the early experiments is
implied by the lack of any feature around 10 eV in the theo-
retical curves. It would be interesting to see additional ex-
periments on Th and U~or, indeed, some data on Pa! if it
were possible to produce them in an oxygen-free manner.
Specifically, one could investigate our prediction of a drastic
change in the EELS.
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