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The valence-band structures of the light actinides thorium, uranium, and their dioxides have been
investigated by means of x-ray photoemission spectroscopy. This study shows that the electronic
structures of ThO, and UO, are quite similar, except for the presence of 5f electrons in UO, which lie
close to the Fermi level. It is these low-binding-energy 5f electrons that give rise to the most dramatic
differences in physical properties, notably the magnetism, electrical conductivity, and color. Conduction
in UO, apparently occurs via holes created by excitation of rather localized 5f electrons from the
uranium to interstitial oxygen-acceptor sites. Sputtering experiments on thin oxide film and bulk samples
show Fermi-level shifts in x-ray photoemission spectra associated with doping changes that result from
preferential removal of interstitial (“impurity’’) oxygen atoms. The deep-trap and polaron conduction
models have been reexamined. It is our view, at this time, that neither model can be ruled out. For
the pure metal thorium, valence-band spectra were compared with the available density-of-states
calculations and satisfactory agreement was obtained. For a-uranium, no detailed band calculation
exists. However, the results agree with the qualitative density-of-states picture presented by Friedel.

1974

I. INTRODUCTION

The actinide series, consisting of those ele-
ments heavier than radium, is a transition series
in which the 5f-electronic states become filled.
The actinides are analogous to the lanthanides,
where 4f-electron occupation begins. In the lan-
thanides, ! the 4f electrons are relatively well
understood. However, little is known about the
nature of the 5f electrons in the actinides, and the
interpretation of the observed electric, magnetic,
and optical properties remains somewhat obscure.
Thorium is thus far the only metal in the actinide
series for which experimental data exist that re-
late the detail of the electronic structure and the
Fermi surface.?® Unfortunately, the electronic
structure of thorium metal has no occupied states
of f character so that Fermi-surface data were
unable to delineate the role and nature of the 5f
electrons.

Thorium, at the beginning of the actinide series,
has a 6d%7s? free-atom electronic configuration,
and the metal has a face-centered-cubic structure
at room temperature. The free-atom electronic
configuration of uranium is 5f°6d' 7s2, and the
room-temperature allotrope has an orthorhombic
crystal structure. Since thorium contains no oc-
cupied 5f states and uranium does have 5f occupa-
tion, the elements thorium and uranium (and
their respective compounds) provide good com-
parative systems for investigating the role of 5f
electrons.

Thorium dioxide is a stable diamagnetic com-
pound and is a wide-gap transparent insulator with
a melting point of 3600 °’K. Uranium dioxide is
also a refractory oxide with a melting point of
3200 °K.* However, UO, is a colored (brown

to black) semiconductor and exhibits antiferromag-
netism with a Néel point of 30 °K.*® Both ThO,
and UQ; occur in the CaF, crystal structure.
Thorium dioxide forms stoichiometrically, where-
as UO, tends to form hyperstoichiometrically,
with excess oxygen at interstitial lattice sites.”’
Detailed magnetic studies on UQ,, , indicate that
the magnetic susceptibility decreases with an in-
crease in oxygen concentration.® The magnetic-
susceptibility results were interpreted in terms

of U** or U® ions replacing U** ions in the uranium
sublattice with the introduction of excess inter-
stitial oxygen in the stoichiometric UQO, lattice.
Data obtained from electrical-transport properties
of single-crystal® and polycrystalline®!° UO, were
interpreted both in terms of a band model and a
simple ionic model.

The technique of x-ray photoelectron spectros-
copy (XPS), which can provide a direct picture of
the occupied electronic bands in metals, alloys,
and compounds, has been applied to study the
occupied electronic states of uranium and thorium
oxides by several investigators. !~ Most of this
work was concerned with chemical shifts of the
uranium 4f levels in different atomic environments.
Recently, Fuggle et al.'* reported valence-band
and core-level XPS spectra for clean and oxidized
thorium and uranium surfaces. They found large
discrepancies between their measurements of
several uranium core-level energies and the pre-
viously reported energies. Their valence-band
spectra show some of the features that we are re-
porting. However, because of resolution or other
limitations, they were unable to discern the be-
havior of the 5f electrons in these materials.

In the present paper, XPS spectra are reported
for the metals thorium and o-U as well as ThO,
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and UO,. For UO,, we have seen excitation spec-
tra in which the 5f-electron states can be specif-
ically identified and located in relation to the re-
maining valence-band electrons. The results pro-
vide new insight into the conductivity mechanism
in UQ,, a process that has not been well under-
stood.

II. EXPERIMENTAL PROCEDURE

The XPS spectra were obtained with a Hewlett-
Packard 5950A spectrometer using a monochroma-
tized aluminum x-ray source with a resolution of
~ 0.5 eV. The vacuum in the measuring chamber
of the instrument was in the low 10°-Torr range.
The spectrometer was equipped with an ion-sput-
tering gun for sample cleaning, and a low-energy-
electron flood gun for neutralization of surface
charge buildup in insulators. The spectra were
obtained from bulk polycrystalline ThO, obtained
from a commercial source and from an oxidized
thorium metal surface. Since the bulk ThO, sam-
ples could not be cleaned in situ, all of the ThO,
data presented in this paper were taken from the
thin surface-film rather than sintered bulk sam-
ples. Such films should be suitably characterized
since only one oxide of thorium can be stabilized.
In any case, except for identifiable contaminants
in the bulk sample, the film and bulk spectra were
the same. Spectra of UO, were obtained from a
bulk sintered sample with a composition of UO,, g
and from the oxidized surface of uranium metal.
No significant differences were found between
bulk and film UQ, samples.

Spectra of thorium and uranium metals were
obtained using bulk samples that were cleaned by
dc sputter etching with argon ions. The etching
was done in a sample preparation vacuum chamber
attached to the XPS instrument. The sample was
moved between the preparation chamber and the
“run” chamber with a sample insertion rod iso-
lated from the atmosphere with Teflon sliding
seals. A burst of gas was always observed in the

preparation chamber when the sample was inserted.

Thus some surface contamination was inevitable.
Furthermore, the oxide contaminant line moni-
tored on the thorium- and uranium-metal spectra
could be seen to grow while XPS spectra were
being recorded. The oxide growth rate for both
metals was relatively slow so that, after about
20 h of run time, the spectrum was still pre-
dominately that of the metal. The “cleanest”
a-U spectrum was obtained by adding together
seven runs of ~ 6 min duration obtained under
maximum x-ray power. Data were recorded and
the sample was etched in alternate sequence un-
til adequate statistics were obtained. For thorium
metal, the spectrum was recorded in a single
run after sputter cleaning.

Since ThO; is a good insulator, positive charge
buildup on the bulk sample surface results from
electron depletion during the XPS measurements.
This electron depletion results in a severe shift
of the entire spectrum with attendant line broaden-
ing. Consequently, the sample was “neutralized”
by flooding with low-energy electrons supplied by
a filament located in close proximity to the sam-
ple. 15 The electrons generated by the filament are
accelerated by a grid, so that this charge-compen-
sation device may result in a slight negative
charge buildup on the sample during measurement.
The buildup can apparently be calibrated by looking
at the “flooded” oxide spectrum and comparing it
with the spectrum of a thin oxide layer grown on
the conducting-metal substrate (no shift of the thin-
film spectra is observed when the sample is flooded
with low-energy electrons). Furthermore, for a
fixed setting of the flood-gun control, the same
calibration is obtained in a similar experiment
with aluminum and Al,03.

According to the measurements of Nagels ef al.,
the sample of UO, that we used should be a mod-
erately good room-temperature conductor
(0~1000 Qcm). We would therefore not expect
charge buildup on the sample during the photoemis-
sion measurement and, in fact, no shift was ob-
served with application of the electron flood gun.

8

III. RESULTS AND DISCUSSION

A. Thorium and a-uranium metals

XPS spectra of thorium were recorded using a
bulk sample that was cleaned by dc sputter etching
with argon ions. Although it was impossible for
us to obtain a completely oxygen-free thorium sur-
face, we were able to obtain samples with no more
than a few monolayers of oxide contaminant. Thus
a strong metal spectrum superimposed on the ThO,
spectrum was obtained. Figure 1 shows the clean-
est thorium-metal sample we were able to obtain
(lower spectrum) and also the oxide-film spectrum
(upper curve). Similar results were obtained by
Fuggle ef al. " on vapor-deposited thorium metal,
which was prepared and measured in high vacuum
and subsequently oxidized at the metal surface.
However, they were able to obtain an XPS spectrum
of thorium metal with less oxygen contamination.

From examination of Fig. 1, we see that the
metal valence-band spectra, which intersect the
Fermi level E;, are well separated from the va-
lence electrons that make up the metal-oxide bond
in ThO,. Thus the presence of the contaminant-
oxide spectra does not distort the shape of the met-
al valence-band spectrum and can easily be sub-
tracted from the composite spectrum.

Electronic band- structure calculations for tho-
rium metal have been reported by Gupta and
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FIG. 1. XPS spectra of ThO, (upper spectrum) and

thorium metal with ThO, contaminant (lower spectrum),

Loucks® and by Koelling and Freeman. " Both
calculations have been able to predict all the ob-
served Fermi-surface areas found in de Haas-van
Alphen experiments. Both give quite similar va-
lence-band densities of states. Figure 2 shows a
comparison between the valence-band XPS spectrum
and the band calculation of Freeman and Koelling. '
In this figure, the theoretical results were broad-
ened with a 0. 55-eV full width at half-maximum
Gaussian function to simulate the instrument res-
olution function. No correction was made for the
small experimental background resulting from in-
elastically scattered electrons. The agreement
between theory and experiment is quite good, ex-
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FIG. 2, Comparison between the XPS spectrum and
the theoretical density-of-states curve for thorium metal.
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FIG. 3. XPS valence-band spectrum of o -uranium,
The weak shoulder near —2 eV may result from oxygen
contamination,

cept at the high-binding-energy side of the spec-
trum. Substantially more broadening occurs at
this energy in the experiment than in the theory.
This broadening of valence-band spectra at ener-
gies remote from E is a frequently recurring ob-
servation for metal XPS spectra. 1 Presumably
we are observing an energy-dependent broadening
phenomenon that is outside the realm of one-elec-
tron theory.

The XPS valence spectra for a-uranium are
shown in Fig. 3. Unlike thorium, the uranium-
metal valence-band spectra are not well separated
from the oxide spectra. Since the oxide could not
be completely removed from the metal and since
the oxide spectra shift in energy relative to Ep
with decreasing film thickness, the derived va-
lence-band spectrum is uncertain as a result of
a small, but not easily determinable, contribution
from the oxide film. This uncertainty is most
prominent in the vicinity of the small shoulder
near — 2 eV. More discussion on this point will
be given in Sec. III B.

No detailed comparison can be made between
theory and experiment, since the theory has not
been adequately developed.?® However, the XPS
results are consistent with the qualitative band
picture of a-uranium suggested by Friedel.? Us-
ing magnetic-susceptibility, specific-heat and
thermoelectronic-power data, Friedel inferred
band structures for the «, B, and y phases of ura-
nium metal. The form of the valence band sug-
gested for a-uranium consists of a narrow band
that contains four electrons per atom and is de-
rived from hybridized 5f and 6d orbitals. The
two remaining electrons form a broader band de-
rived from 7s orbitals hybridized with 5f and 6d
orbitals. The band that contains four electrons

should start about 0.3 eV below the Fermi level.
It is difficult to compare the XPS spectra of

a-uranium with that derived from one-electron
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band theory since the XPS electron yields are
significantly affected by the angular momentum
quantum number .22 The /-dependent transition
rates are quite important to the valence-band spec-
tra of a-uranium, in which the bands are an admix-
ture of s, p, d, and f electrons. We should expect
our XPS measurement to show significant distor-
tionfrom the ground-state density of states by dis-
playing strong enhancementof the f-electron char-
acter. A calculationof the transition-rate correc-
tion should be performed before making detailed
comparisons with band theory.

B. ThO, and UO,
The XPS spectra of UO; and ThO, within 45 eV

of the Fermi level Ep are shown in Fig. 4. The
prominent narrow peak near E in the UO, spec-

trum must be attributed to the uranium 5f electrons.

In both UO, and ThO,, the “bonding” band, which
consists of metal 64 and s electrons bonded with
oxygen 2p electrons, is centered at ~6 eV below
Ep. The uranium 6pj,, and 6p,,, peaks are located
at 18 and 28. 5 eV below the Fermi level, respec-
tively. These values are close to those obtained
by Fuggle et al. ™ The oxygen 2s,,, spectrum oc-
curs at 23 eV. The oxygen 2p, which is 16 eV
apart from the 2s,,,, can be recognized within the
valence band. [This 16-eV separation between the
O(2p) and the O(2s,,,) observed in both UO, and
ThO, is also found in numerous transition- metal
oxides. 2] The thorium 6ps,, and 6p,,, doublet
peaks are located at 17. 3 and 26 eV, respectively,
from the Fermi level. For the insulator ThO,, the
Fermi level is, of course, not defined during the
XPS measurement because of nonequilibrium con-
ditions. However, because the data were taken on
a thin oxide film grown on a bulk thorium-metal
substrate, no spectral shifts due to charge build-
up were observed. Thus no arbitrary shift of the
ThO; spectra relative to UO, was necessary for the

T T T T
uer,, very,
o2s oz2p
166V
./m'.
S uo, NS kY /~
, v -
YnsP,;\~—/ .
A .
T™hes TheP, ! —
‘ AN,
.A>7"°2 B i JunN
e e \al : .
02s R \
e W A L 1 1 1 1 1 Mhasne
~a0 =30 -20 -10 €F

ENERGY (eV)

FIG. 4. XPS spectra of UO, and ThO, within 45 eV of
the Fermi energy. The narrow peak in UO, near Ef is
associated with the 5f electrons.
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FIG. 5. XPS valence spectra of UO, and ThO,. The
strong similarity between the bonding bands of these two
oxides provides for easy identification of the 5f electrons
in UO,. The near proximity of the 5f electrons to Ex im-~
plies that they are responsible for the conductivity and
color of UO,.

data shown in Figs. 4 and 5. Again, these energies
are nearly identical to those obtained by Fuggle

et al. The thorium 6s,,, spectrum can be observed
at 43 eV below the Fermi level, whereas the ura-
nium 6s,,, line is outside the energy range we
scanned.

Except for the existence of the 5f-electron spec-
trum in UO,, ThO, and UO, valence-band spectra
are nearly indistinguishable (Fig. 5). Thus we ex-
pect the most profound differences in the two oxides
(notably, the conductivities, color, and magnetism)
to be directly related to the 5f electrons present in
UO, and missing in ThO,.

The optical gap in ThO,, determined by optical
transitions from the “bonding” band to the conduc-
tion-band minimum, is approximately 6 eV.?* For
UO,, the energy gap between the 5 states near E
and the conduction-band minimum is ~2.7 eV, as
determined by optical-absorption®® and high-tem-
perature electrical-conductivity? measurements.
From Fig. 5, however, we see that the separation
between the leading (low-binding-energy) edges of
the 5 peak and the bonding band is ~ 3.5 eV, so
that the energy difference between the bonding band
and the conduction-band minimum is, like ThO,,
~6 eV. Furthermore, we should expect an addi-
tional interband absorption onset in UO, at ~ 6 eV,
resulting from transitions between the “bonding”
band directly to the conduction-band minimum.
This absorption onset has, indeed, been reported
by Ackerman et al.?® Thus, in the absence of the
5 electrons in UQ,, we find a remarkable simi-

larity between the electronic structures of UO,
and ThO;.
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ThO, is diamagnetic whereas UQO, is antiferro-
magnetic with a Néel temperature of 30 °K. It has
been shown from neutron-diffraction experiments“
that two highly correlated 5f electrons in the ura-
nium ion are responsible for the magnetism in
UQ,. These results are consistent with the pres-
ent observations, which show the 5 electrons well
separated from the “bonding” band. UO; is a semi-
conductor in which charge transport apparently
occurs via low-mobility holes. The mobile hole
is formed when the “impurity” or “excess” oxygen
is ionized; a uranium 5f electron becomes bound
to the interstitial (acceptor) oxygen. Since the 5f
electrons lie closest to Ep, less energy is needed
to ionize these electrons than to ionize the “bond-
ing” electrons. This also acceunts for the fact
that the magnetic susceptibility of UO,,, is a
strongly decreasing function of x° because of a
dilution of the low-binding-energy 5f electrons on
the uranium ion.

Since the photoelectron-escape depth is typically
a few atomic layers, 2T 3 simple procedure is avail-
able for studying the variation of the XPS spectra
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FIG. 6. XPS valence spectra of UO, (lower curve) and
a-uranium metal (upper curve). The intermediate
curves show composite spectra of thin oxide films over
uranium metal.
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FIG. 7. Valence-band XPS spectra for a sputtered and
unsputtered bulk UO, sample. The sputtered sample
shows a Fermi-level shift.

with oxygen content in a film of UO,. The experi-
ment is performed by means of sequential mea-
surements after sputter etching with a dc argon-
ion beam. Figure 6 shows several XPS spectra

of an oxide film grown on a bulk @-uranium sub-
strate. The lowest curve shows a pure oxide spec-
trum (the oxide film is sufficiently thick to block
any contribution from the underlying substrate),
and the uppermost curve shows the a-uranium
XPS spectrum with a small residual oxide shoulder
at 2.4 eV below E,. As the oxide is thinned, the
underlying metal valence-band structure is seen
(Fig. 6, middle two curves) superimposed on the
oxide spectrum. The sharp cutoff of the Fermi
edge provides easy identification of a metallic
contribution. Figure 6 shows that, as the oxide

is thinned, the UO; contribution to the XPS spec-
trum shifts away from E,. This shift is consistent
with the interpretation that the oxide film forms as
the heavily doped p-type semiconductor UOQO,,,

(x >0), in which case the Fermi level is pinned to
the “valence-band” edge. (The 5f electrons may
be quite localized, in which case a band descrip-
tion is not appropriate.) As the film thickness
decreases, the conductor becomes more nearly
intrinsic (for a monolayer coverage of oxygen, one
would expect no interstitial oxygen sites), with the
consequence that Er moves toward the center of
the semiconducting band gap.

Supporting evidence for this interpretation is
obtained by sputter etching a bulk UO,,, (x ~0.008)
sample. The lower curve in Fig. 7 shows the XPS
spectrum before sputtering, with E pinned close
to the “valence-band” edge. After sputtering, the
entire spectrum has shifted ~ 1 eV away from Ep.
These results indicate that interstitial oxygen is
preferentially removed from the bulk UO,,, sample.
The binding-energy difference between a lattice
and interstitial oxygen is probably sufficiently
small that, with ion bombardment, oxygen is re-
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moved readily from either site. However, because
of the difference in strain energy, an oxygen-ion
vacancy on a lattice site is quickly filled by a near-
by interstitial oxygen atom. In any case, the net
effect is that after sputtering the interstitial oxygen
is preferentially removed. Thus, as in the case

of the oxide film, sputtering ofthe bulkoxide makes
the surface layers sampled by the inelastically
scattered photoelectrons more nearly intrinsic.

In addition to the observed spectral shifts (which
are also observed in the deep-lying core states),

a small broadening occurs that is probably asso-
ciated with doping gradients. These results em-
phasize that one should proceed with caution when
examining XPS core-level binding-energy shifts of
semiconducting samples because the observed en-
ergies might vary significantly with impurity-
doping concentration.

Conductivity measurements® yield a thermal
activation energy of 0.2-0.4 eV, which could re-
sult from an activated mobility (polaron model) or
from an activated carrier concentration associated
with ionization of deep-trap impurity levels (band
model). The latter model, although it has appar-
ently been rejected by recent workers, ® may be
plausible since the ionization process involves the
conversion of a fairly localized f electron on a
uranium site to a p electron on an interstitial oxy-
gen site, a transition that might easily require the
observed activation energy.

Nagels ef al. ® have shown that the Hall mobility
for single-crystal UQ, is less than 0.015 cm?/V
sec at room temperature. They argue that this
small mobility is evidence for nonbandlike behavior
of the carriers and conclude that small-polaron
theory provides a suitable description of the con-
duction mechanism. The XPS measurements sup-
port the contention that a band description of the
carriers is inappropriate, since the 5 electrons
responsible for the conductivity must surely be
quite localized. However, it is not clear to us
that a polaron model need be invoked. K, for ex-
ample, we were to use the conductivity and Hall
measurements reported by Nagels et al., a rea-
sonable case can be made for the deep-trap picture.
From their smoothed results (oxygen concentra-
tion, conductivity, and activation energy), we com-
piled Table I.
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The term AE, is the activation energy obtained
by Nagels et al. from the expression

0=(A/T)e~2Ew/*T (1)

a formula derived from small-polaron theory.
Here o is the conductivity, T is absolute tempera-
ture, A is a constant, and & is the Boltzmann fac-
tor. However, the functional form appropriate to
the deep-trap model is

O,:O,Oe-AE,/kT , (2)
where oy is the conductivity at T equal to infinity,
and AE, is the trap depth. The calculated values
of AE, obtained from the data of Nagels e? al. using
Eq. (2) are listed in Table I. From the oxygen
excess x in UQO,,,, we compute the maximum car-
rier concentration n,,,. The room-temperature
carrier concentration # is then given by

n= nmaxe-AE‘/kT . (3)
Then from ¢ and » we compute the room-tempera-
ture mobility p = o/ne. The value of p is small
and surprisingly constant as x is varied. This re-
sult is consistent with the deep-trap model. The
calculated mobility is substantially larger than the
upper limit obtained by Nagels et al. (they observed
no Hall effect and report that u <0.015 cm?/V sec).
However, in view of the rather large uncertainties
in the experimental values of x, AE,, o, and the
degree of ionization of the interstitial oxygen, the
computed u is close to the experimental upper lim-
it. For example, if AE, were ~40% smaller, then
the computed p will be less than 0. 015 cm?/V sec.
Another possibility is that both » and p can be ac-
tivated, in which case the observed activation
energy derived from o(T) is the sum of AE, and
AE ;. An accurate determination of the Hall mo-
bility might be helpful in clarifying our understand-
ing of the conduction mechanism.

Another observation that may be helpful for
choosing between the competing models is that
UO, forms hyperstoichiometrically even when ura-
nium metal is oxidized at room temperature. (We
base this conclusion on our XPS measurements of
uranium-oxide films grown at room temperature,
since they show p-type conductivity.) Thus the 5f
electrons that lie close to E; must be able to inter-
act with those interstitial oxygens even at room

TABLE I. Electrical parameters for UO, derived from the deep-trap model,

o AE,,  AE, Mnax n at 290 °K ©

x (Q cm)-! eV) (ev) (cm™) (cm=3) (cm?/V sec)
0.0012 10-° 0.286  0.306 2,7x10" 1.3x10% 0.48
0. 0037 10 0.253  0.271 8.3x101 16x 10 0.39
0.0061 10°3 0.220 0.235 13.7x10" 113x 101 0. 55
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temperature. (In the case of ThO,, on the other
hand, where all thorium valence electrons are tied
up in the metal-oxygen bond, interstitial oxygen is
excluded from the lattice.) This would imply that
the ionization energy of the oxygen acceptors might
be a few tens of millielectron volts or less. Should
this conclusion be correct, we would be forced to
abandon the deep-trap model, perhaps in favor of
small-polaron theory.

IV. SUMMARY

The valence-band electronic structure of thorium
metal obtained by the XPS technique agrees quite
well with the density of states from theoretical
band calculations. The valence-band spectrum of
a-uranium is consistent with the qualitative band
structure suggested by Friedel.

Except for the existence of the 5f-electron spec-
trum in UO,, the ThO, and UO, valence-band spec-
tra are nearly indistinguishable. Thus, in the ab-
sence of 5f electrons in UO,, we find a remarkable
similarity between the electronic structure of the
two oxides. However, the existence of 5f electrons
in UO, gives rise to the most profound differences

LAM 10
in the physical properties between the two oxides,
notably their electrical conductivity, color, and
magnetism.

Based on sputtering experiments, we have con-
cluded that UO,,, is a heavily doped p-type semi-
conductor. Conduction in UO, apparently occurs
via holes created by excitation of rather localized
5f electrons from the uranium to interstitial oxy-
gen-acceptor sites. The strong dependence of the
electrical conductivity and magnetic properties on
excess oxygen concentration results from the exis-
tence of low-binding-energy 5f electrons in UO,.

With this new insight into the valence-band elec-
tronic structure in UO,, we have reexamined the
deep-trap and small-polaron conduction models.

It is our view at this time, that neither model can
be ruled out.
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