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Using synchrotron radiation in the energy range 60 <hv < 130 eV, we have measured
hv-dependent photoemission energy distribution curves and constant-initial-state spectra
from single crystals of U, Th,_,Sb, UTe, UO,, and UPd;. The US5f and U and Th 6d
conduction bands, as well as the Sb and Te 5p valence-band emission, all exhibit Fano-
type resonance behavior at the 5d core ionization thresholds. The 5f emission shows the
strongest intensity variation, which can be explained by the super-Coster-Kronig character
of the decay of the autoionizing core excited state. Thus f and d emission features in the
photoemission spectra are unambiguously identified by their different resonance behavior.
It is concluded that the spectra are dominated by localized 5f states in all of these com-

pounds.

I. INTRODUCTION

The coupling between different ionization chan-
nels changes the spectral features in the valence-
band emission when the photon energy is tuned
through a core absorption edge. Such a Fano-type
resonance! behavior has been found, e.g., for the 3p
edges in Ni (Ref. 2) and Cu,’ for the 4d absorption
edges in rare-earth compounds,*~® and recently for
the 5d thresholds in USb (Ref. 7) and a-U.® To
date, this so-called “resonant photoemission” has
been used to study the core-hole photoexcitation
process itself, e.g., the many-electron processes in-
volved and the various decay channels of the excit-
ed state.” The resonance enhancement of the Ce4f
emission has also been used to locate the 4f level
in Ce compounds.'~!2 Here we want to use the
5d core-hole excitation to assign 5f and/or 6d
character to emission features in the valence bands
of various ‘uranium and thorium compounds. We
have studied semiconducting UO, (Ref. 13) and
metallic UPd; (Ref. 14) which are considered to
have a localized 52 configuration as well as
U, Th,;_,Sb (Ref. 15) and UTe (Ref. 16) which
have recently been shown to have a quasilocalized'’
5f3 configuration which is hybridized with
itinerant 6d states. Since the resonance behavior
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can be understood®® within an atomic picture,'® it
does not a priori tell us anything about the
localized-versus-itinerant character of the 5f elec-
trons. However, we can give an unambiguous as-
signment of the 5f emission in energy, and we find
that these energy positions favor a localized
description of the 5f electrons in the presently in-
vestigated compounds. Furthermore, by studying
the intensity variations in the valence bands it is
possible to derive to what extent the 5f electrons
are hybridized with valence p or d electrons.

II. THEORETICAL CONSIDERATIONS

A Fano-type resonance behavior of the photo-
emission intensity is generally viewed as being due
to autoionization of some (virtual) intermediate ex-
cited state.>? As an example, we discuss the
valence electron emission of an uranium atom hav-
ing a trivalent (U 5f°) configuration. The main
photoabsorption above the 5d ionization threshold
corresponds to processes of the type

5d1953%6d Ts? + hv—[5d°5f%6d 7s2]* , (1)

where the asterisk denotes an excited state within
this configuration. For clarification in the present
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discussion of decay processes, we adopt a purely
atomic picture and do not explicitly denote the na-
ture of the screening electrons. After the photoab-
sorption, the intermediate state in Eq. (1) can de-
cay via various channels. For the 5f and 6d
valence electron emission we have, in particular, to
consider the following Auger decay processes

SCK 5d'°5f%6d7s’+e~  (2a)
[5d°5f*6d 7s*]*
CK 5d'°5f%6d%Is*+-e~, (2b)

where CK and SCK denote Coster-Kronig and
super-Coster-Kronig transitions, respectively. The
final states in Eq. (2a) correspond to a 5f ionized
state while Eq. (2b) describes a U 6d photoioniza-
tion. The name CK is used for an Auger process
in which one of the final-state holes has the same
main quantum number as the initial vacancy. In a
SCK process all three participating electrons be-
long to the same main shell. From studies of
core-hole decay processes we know that generally
CK processes are more rapid than ordinary Auger
processes (all three electrons in different shells) and
that SCK processes often are found to be particu-
larly important.!® Since the coupling of the 5f
emission to the 5d absorption in Eq. (2a) is of the
SCK-type while for the 6d emission [Eq. (2b)] it
corresponds to a CK process, we anticipate the
strongest resonance behavior for the 5f electrons.
Equations (2a) and (2b) thus demonstrate that dif-
ferent final single-hole states can couple differently
to the 5d photoabsorption.

Experimentally, the resonance behavior mani-
fests itself as a minimum in the photoemission
intensity-versus-Av curve, which is followed by an
enhancement when Av is tuned through the 5d core
absorption edge. The minimum reflects Fano-type
interference effects! which occur between two
channels: direct photoionization and excitations
into an intermediate state (1) only, while the
enhancement is owing to the subsequent processes
of Eq. (2).

Except for the very Th-rich compounds, the
photoemission density of states (PDOS’s) of
U,Th;_,Sb and UTe were thought**?! to consist
of a “5f-6d” hybridized conduction band (CB)
with a high DOS of 5f electrons at Er and an
anion-derived p valence band (VB) several eV
below Er. With our present resolution (AE ~0.15
eV) we are able to resolve several spectral features
in the conduction band and to follow their spectral
behavior through the 5d core-hole threshold. The
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different resonant behavior of the various spectral
features and a comparison of ThSb and USb allows
a delineation of 5f and 6d contributions to the
conduction bands and the identification of f-p hy-
bridized parts in the valence bands.

A comparative x-ray photoelectron spectroscopy
(XPS) study'* of UPd; and ThPd; (Ref. 22) has
found the 5f main peak —0.86 eV below E;=0
assigning Pd d character to all the other notable
valence-band features. In semiconducting UO, the
5f emission is located at —1.36 eV and clearly
separated from the O 2p emission. Thus, it could
serve as a base line for all other 5f resonance stud-
ies. There is, however, some uncertainty®>!* about
a weak spectral feature around —9 eV. Though,
in principle, it could be part of the O2p band,
Schneider and Laubschat® have recently suggested
that it is a 5f satellite due to a two-hole-bound fi-
nal state, whose existence they claim to be indica-
tive of localized 5f electrons in uranium com-
pounds. :

The unifying characteristic in all the above com-
pounds is the localized or quasilocalized nature of
the 5f state, while the electronic properties scan
the entire range from metallic (UPd;), through
semimetallic (USb,UTe), to semiconducting (UO,).
Future studies will examine itinerant 5f bands.

III. EXPERIMENTAL

Measurements were performed with a two-
dimensional display-type spectrometer?® using syn-
chrotron radiation 60 <hv <130 eV at the Syn-
chrotron Radiation Center of the University of
Wisconsin-Madison. It combines an ellipsoidal re-
flection mirror low-pass filter with a retarding grid
high-pass filter to achieve a band pass energy
analyzer (energy resolution of 0.15 eV) and accept-
ing a full 86° cone of emission angles. Data were
obtained from single crystals of U, Th;_,Sb
(x=0.0, 0.34, and 1.0) and UTe of dimensions
~3%3%5 mm?> which were cleaved along the
(100) planes in a 1X 107 1%Torr vacuum. A single
crystal of UO, could be cleaved and exhibited a
(111)-(1 X 1) surface in low-energy electron diffrac-
tion. The UPd;(0001) surface was cleaned by re-
peated cycles of 600 V Ne* ion bombardment and
annealing at ~700°C. Angle integrated energy
distribution curves (EDC’s) of photoelectrons were
measured in a vacuum of 10~ Torr in which a
sample stayed clean for several hours as monitored
by Auger spectroscopy and the oxygen 2p signal in
photoemission.
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IV. RESULTS AND DISCUSSION
A. U,Th;_,Sb and UTe

In Fig. 1 we compare the photoelectron spectra
from ThSb, Uy 34Thg ¢Sb, USb, and UTe recorded
at two different photon energies, Av=60 and 92
eV. Looking first at the 60-eV spectra we observe,
for all the compounds, a similar structure of the
photoemission DOS. At the Fermi level Ex there
is a narrow (1 —2 eV wide) conduction band fol-
lowed at higher binding energies by a several eV
broad, fully occupied Sb- or Te-derived p valence
band. There is, however, a clear distinction be-
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FIG. 1. Energy distribution curves for ThSb,
Uo.34Thg ¢6Sb, USb, and UTe at Av=60 eV (solid line)
and hv=92 eV (dashed line). For each sample the
curves are normalized to equal p valence-band heights.
The arrows indicate the separation between the conduc-
tion (CB) and valence (VB) bands as used for the in-
tegrated CB and VB intensities to obtain the CIS curves
in Figs. 2 and 3. Spectral features 4 —C are discussed
in the text.

tween the ThSb spectrum and the spectra from the
uranium containing compounds. In ThSb the VB
emission dominates the spectrum recorded at
hv=60 eV, while for all the other compounds the
main intensity originates from the CB features.
This difference can be directly related to the pres-
ence of 5f electrons in the uranium compounds.
The VB contains, in all cases, six electrons which
correspond to a fully occupied p band. Starting
with the antimonides, we note that the Sb atom
has a 5p* atomic configuration. Thus, there is a
formal charge transfer of three electrons from the
U (hexavalent) and Th (tetravalent) atoms to the Sb
derived p bands. In UTe only two U electrons can
enter the VB due to the 5p* atomic configuration
of tellurium. We have previously concluded'® !
that the uranium atoms in the presently investigat-
ed compounds have a configuration close to 5f°.
We can, therefore, connect the following approxi-
mate configurations to the various CB spectra. In
ThSb the CB contains one 6d electron while in
USD there are three 5f electrons. In the mixed

U, Th,_,Sb compounds the situation is intermedi-
ate between the pure cases. Finally, in UTe the
CB configuration is essentially of the type 5f36d .
It is immediately clear from the much higher CB
intensity in the uranium compounds compared to
the ThSb CB spectrum that at A~v=60 eV the
photoemission of the 5f electrons gives the dom-
inant contribution to the spectrum. The 6d pho-
toionization cross section is considerably smaller
than that of the 5f’s even after taking into ac-
count that there are three U 5f electrons in the
pure uranium compounds, while there is only one
Th 6d electron in the corresponding thorium com-
pound.

Turning next to the 92-eV spectra in Fig. 1 we
find that, for the uranium compounds, the spectral
shapes are completely different from what was ob-
tained using the lower photon energy. The CB in-
tensities have decreased drastically and only a very
weak, featureless CB structure can be seen. Only
in ThSb is the same spectrum obtained at both ex-
citation energies. If we further compare the 92-eV
CB spectra from the different samples, we find
that all the characteristic differences which were
seen at hv=60 eV have disappeared. Since the ob-
served differences at the lower photon energy were
attributed to the U 5f electrons, this result shows
that at hv=92 eV the 5f emission is almost van-
ishing.

We will now investigate this drastic photon ener-
gy dependence of the VB and CB photoemission



intensities in a more quantitative way. In Fig. 2
we present constant-initial-state (CIS) spectra from
the ThSb, USb, and UTe CB regions. These
curves were obtained from EDC’s (measured in 2
eV photon energy steps around the 5d core-hole
thresholds and normalized to the incident photon
flux) by integrating the intensity over the whole
CB width. The energy positions which we have
used to divide the CB and VB energy regions are
shown by the arrows in Fig. 1. At first we consid-
er the USb CB CIS curve in Fig. 2. Previously we
have concluded!® that the USb CB emission spec-
trum is dominated by the 5f electrons with the
spectral features B and C being due to f? final-
state multiplet levels.””>*® From Fig. 2 we can thus
make the following conclusions concerning the
photon energy dependence of the U 5f photoioniza-
tion cross section: Firstly, this cross section has a
maximum at photon energies in the range 30—40
eV (not shown in Fig. 2). The 5f intensity then
decreases gradually with increasing photon energy
until for Av=92 eV a minimum is reached. This
energy position corresponds to the U 5d;5,, core
ionization threshold. Within the next 6 eV of pho-
ton energy, the intensity increases by a factor of
about 70 and the 5f emission has a sharp max-
imum at Av=98 eV. At hv=100 eV a new but
less pronounced minimum is found which is corre-
lated with the position of the 5d;,, threshold. At
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FIG. 2. Constant-initial-state (CIS) spectra for the
conduction bands of USb, UTe, and ThSb (X 10). The
curves are obtained from integrated (up to the arrows in
Fig. 1) EDC’s which have been normalized to the in-
cident photon flux. The normalization of the three CIS
curves is done for USb and UTe to equal conduction-
band intensity at Av=98 eV (dominant 5f emission) and
for ThSb and USb to equal valence-band emission at
hv=92 eV. Also shown are the Th and U 5d core ab-
sorption edges (from Ref. 26).
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higher photon energies the 5f emission is again in-
creasing. These results are in good qualitative
agreement with previous results for USb by Baptist
et al.” and for a-U by Iwan et al.®

In Fig. 2 we also show the CB CIS spectrum of
UTe. The USb and UTe curves have been normal-
ized to each other by assuming that the intensities
at hv=98 eV are the same. Although the CB con-
figurations of these two compounds are different,
we expect that at this resonance maximum both
spectra are dominated by the emission from the
uranium 5f’s (in both cases 5/°, see Ref. 16) and
therefore that the two CB spectra, to a good ap-
proximation, are equally intense. The spectral
feature 4 has been shown'>!® to contain consider-
able 6d character and is less affected by the reso-
nance (to be discussed below). With this normali- -
zation we note that the USb and UTe intensity
variations fall on a common curve within our ex-
perimental accuracy. This similarity is consistent
with our previous conclusion!® that USb and UTe
have the same 5f° configuration.

The ThSb CB photoemission intensity also
shows a photon energy dependence in the vicinity
of the 5d core ionization thresholds. The shape of
the CIS curve in Fig. 2 is, however, quite different
from the USb and UTe curves. As in the uranium
compounds, we find Fano resonance edges at the
5d ionization energies which for ThSb are at 85
and 92 eV.?® The maxima are, however, much less
pronounced and especially the feature following the
5ds, threshold is very weak. Comparing the U-
and Th-derived CB CIS curves we find that at 92
eV both curves go through a minimum. This is
caused by the coincidence of the U 5ds,, and the
Th5d;/, core ionization energies which are both
close to 92 eV. For the different antimonides we
have used the existence of this simultaneous
minimum to normalize the resonance curves to
each other via the intensities of the Sb-derived
valence-band spectra. Since at 92 eV both the Th
and U emission is at a minimum, any uranium or
thorium contribution to the VB emission should be
very small. At this photon energy we expect there-
fore the VB spectra to be entirely determined by
the Sb 5p ionization cross section. Based on this
assumption we have normalized all the antimonide
spectra according to the integrated VB intensity at
hv=92 eV.

As was demonstrated in Fig. 2 the U and Th
emission each exhibit a very characteristic reso-
nance behavior. We will now investigate what type
of photon energy dependence is obtained for the
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solid solutions U, Th;_,Sb. In Fig. 3 we compare
the USb and ThSb CB CIS spectra from Fig. 2
with the corresponding curve for Uj 34Thg ¢Sb.
The normalization of the CIS curves relative to
each other has been made via the VB intensities, as
described above. The solid solution produces a
curve which shows both the typical USb and ThSb
resonance features. To further demonstrate this
observation we have, in Fig. 3, included a CIS
spectrum which is obtained as a linear combination
of the USb and ThSb curves, according to the
stoichiometric composition of the solid solution.
As can be seen from Fig. 3 this curve follows the
measured CIS spectrum very closely.

So far we have only investigated the photon en-
ergy dependence of the total integrated CB intensi-
ty and found that the Th and U resonance be-
havior contribute according to the stoichiometric
composition of the solid solution. Is it further
possible to detect different photon energy depen-
dencies of different parts of the CB spectrum?

The CB EDC of U 34Thg ¢Sb reveals two spectral
features (see Fig. 1), a shoulder A4 close to Er and a
peak B at —0.5 eV. One possible way to investi-
gate whether these features have different orbital
character, in terms of U5f and Th 6d contribu-
tions, is to compare the EDC’s recorded at two dif-
ferent photon energies. In Fig. 3 we note that a
comparison of the spectra at 86 and 88 eV should
have the potential to reveal if there are characteris-
tic differences between the orbital compositions of
peaks A and B. When the photon energy is tuned
from hv=286 to 88 eV the U5f emission decreases
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FIG. 3. CIS spectra for USb, Uy 3,Thg ¢Sb, and ThSb
as in Fig. 2. Also shown is a superposition of the USb
and ThSb CIS curves multiplied by 0.66 and 0.34,
respectively, which gives good agreement with the exper-
imental CIS curve for Ug 34Thg 4Sb.

while at the same time the Th 6d emission becomes
stronger. Looking at the relative photoionization
cross sections, taking also into account the
[U]/[Th] concentration ratio, we find that at
hv=_86 eV the U contribution is 4 times more in-
tense than the Th contribution while at Av=_88 eV
the U and Th intensities are comparable. Since the
difference in photon energy is only 2 eV we-expect
all other differences, i.e., changes in the electron
loss functions, changes in the spectrometer trans-
mission function, etc., to be of minor importance.
In Fig. 4 we present the EDC’s of Uy 34Thg Sb at
these two photon energies. There are significant
differences. Along with increasing U 5f emission
intensity we find that peak B is enhanced while
peak A becomes more pronounced as the Th 6d
emission is emphasized. From this comparison we
can thus conclude that peak B has to be associated
with the main U5f emission. It is also clear that
the Th 6d character in the shoulder 4 is significant.
These findings indicate that the 5f emission is
below Er and not pinned at Ep, favoring a local-
ized description of the 5f electron states.

Next we will consider the resonance behavior of
the VB features. A good measure of the total VB
emission is more difficult to obtain than for the
CB intensity. First of all the VB is much wider
than the CB, which makes the result quite depen-
dent on the background subtraction procedure.
The background contribution is also considerably
stronger in this part of the spectrum because of the
CB loss intensity. As a further problem, the shape
of the VB spectrum might also change as a func-
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FIG. 4. EDC’s for U 34Thg ¢Sb for Av=288 and 86
eV normalized to the incident photon flux. The 88-eV
spectrum shows stronger 6d emission (feature 4), the
86-eV spectrum reveals more 5f character (feature B).
See text also.
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tion of photon energy, which makes accurate com-
parisons of the VB intensities for different photon
energies difficult. These changes will be further
discussed below. Because of these inherent prob-
lems we have not investigated the VB intensity
variations in the same quantitative way as was
done above for the CB. We will only point out a
few observations. For ThSb the background is not
as problematic as for the uranium compounds,
since the CB intensity is relatively low. We find
for the ThSb VB emission a photon energy depen-
dence which is almost identical to the CB CIS
curve shown in Fig. 2. The main difference is the
remaining intensity at the resonance minima,
which is much larger for the VB (see, e.g., the 92-
eV spectra in Fig. 1). With respect to the ampli-
tudes of the variations we find, in fact, that the Th
resonance behavior is about twice as strong for the
VB as for the CB. The orbital composition of the
fully occupied VB could provide an explanation.
The neutral Sb atom has a 5p* configuration. If
we use one electron as a reasonable charge transfer
from the Th to the Sb sites we end up with essen-
tially two VB electrons which still have Th d char-
acter. Since there is one Th electron in the CB,
the Th character in the VB is about twice as large
as in the CB, which is consistent with the observed
stronger resonance behavior of the VB. In the
uranium compounds the VB spectra also show a
significant resonance behavior. In this case, how-
ever, the CB intensity variations are clearly dom-
inant. _

Another aspect of the photon energy dependence
of the VB spectra is demonstrated in Fig. 5. Here
the spectra at the resonance minima (off-resonance)
and maxima (on-resonance) of ThSb, USb, and
UTe are compared. For each compound the inten-
sities of the spectra have been normalized to equal
heights of the VB maxima. We note a marked
difference between the thorium and the uranium
compounds. For ThSb there is no significant
difference in the VB spectral shape between the
spectra recorded at different photon energies.
However, for the uranium compounds we note a
considerable shift of the VB maximum towards Ep
when the 5f resonance maximum is reached. For
USD the shift is about 0.5 eV while for UTe it is as
large as 1.5 eV. At 92 eV the U5f emission is at a
minimum so in these spectra the Sb5p and Te Sp
contributions will dominate the VB spectra.
Therefore, from the 92-eV spectra we can locate
the p-band peaks to 2.1 eV for USb and to 3.9 eV
for UTe. At hv=98 eV, when the 5f emission
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FIG. 5. EDC’s for ThSb, USb, and UTe on- and
off-resonance. The curves are normalized to equal p
peak heights. Note the enhanced emission at Av=98 eV
at the top of the valence bands in USb and UTe indicat-
ing a strong f-p hybridization.

dominates the spectrum, the main VB emission is
instead found at an energy which corresponds to
the top of the VB. We interpret these changes as
due to a substantial f-p hybridization, as originally
suggested by neutron scattering experiments®® and
supported by band-structure calculations.*® (Note,
however, that it is questionable if it is relevant to
treat the ground state of the uranium pnictides and
chalcogenides within a band picture.'>!%) At
hv=98 €V the 5f hybridized parts of the VB are
very much enhanced. The change in the spectral
shapes thus shows that it is only at the top of the
VB that the 5f hybridization is of any importance.
This interpretation of the shifts is given further
support by the comparison with the ThSb spec-
trum. In this case, there are no 5f electrons in-
volved and consequently no shift is observed. In
the ThSb VB spectrum there is only an intensity
variation of the whole VB structure along with the
Th 6d cross-section variations. This indicates that
the Th d contribution to the VB is evenly distribut-
ed over the whole VB.

B. U02 and UPd3

It is quite established that the 5f electrons in
semiconducting UO, and metallic UPd, are local-



1848 REIHL, MZ\RTENSSON, EASTMAN, ARKO, AND VOGT 26

ized and have a 5f2 ground-state configuration (see
Refs. 13 and 31). In Fig. 6 we present their VB
spectra recorded at Av=60 and 80 eV, respectively.
Semiconducting UO, exhibits no emission intensity
at Er, a dominant 5f emission peak at —1.37 eV,
and oxygen-derived p emission with broad struc-
tures p; at ~—4.8 eV and p, at ~—7.0eV. All
emission features agree very well with recent XPS
studies by Baer and Schoenes.”® The only excep-
tion is p; which we find at —10.3 eV while Baer
and Schoenes locate it at —9.4 eV. The origin of
p3 is unclear.!*? Though it could originate from
a p valence-band structure, Schneider and Laub-
schat®* have recently suggested that it represents a
5f satellite due to a two-hole final state. Similar
5f and/or 4f satellites have been observed in XPS
spectra of several other uranium com-
pounds'#?32432 at 741 eV below the f main line.
Schneider and Laubschat have shown that the oc-
currence of this satellite is an indication for 5f lo-
calization and a weakening of the f-d (and f-p) hy-
bridization. If our p; feature represented a 5f sa-
tellite we would expect it to show a resonance
behavior correlated to the 5f resonance, in analogy
with the 6-eV satellite in Ni® or the 2-eV satellite
in a-UB

An initial-state 5f? configuration leads to a 5f!
final state in photoemission with two spin-orbit
components (*Fs,, and *F; ;) split by 0.9 eV (Ref.
33) and an intensity ratio of 6:1 (Ref. 28) in
Russel-Saunders coupling. Such a double structure
is not seen in the 5/ emission spectrum of UQ, in
Fig. 6, due in part to the large width of the 5f
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FIG. 6. EDC’s for UO, at hv=60 eV and UPd; at
80 eV. The curves are not normalized. Similar as in
Fig. 1 the arrows distinguish different spectral features
for the integrated intensities to obtain the CIS curves in
Fig. 7.

peak. This width is too large to be due to lifetime
effects alone [compare, e.g., with the 5f widths
found in UTe (Ref. 16)], so we conclude that vibra-
tional effects play a major role in this compound.
Another possible reason?® that we cannot resolve
the 5f spin-orbit components is that only in the L-
S limit does one expect a 6:1 intensity ratio. In the
pure ;-T limit the intensity ratio is instead 37:1.28

For UPd; we observe in Fig. 6 several emission
features which we have labeled 4 —D according to
the notation of Baer et al.!* Their XPS peak posi-
tions agree very well with our values. Peaks A’
and E have not been observed in XPS (partly due
to limited resolution), but are readily visible in
angle-resolved photoemission for v <41 eV.* By
comparing the XPS spectra of UPd; and ThPd; it
was concluded!* that peak A contained all the oc-
cupied 5f DOS, while B — D probably represented
palladium-derived d states. The fact that 4 was
found at —0.9 eV and not at Er confirmed the lo-
calized 5f character in UPd;, as originally derived
from inelastic neutron scattering experiments.’!

As described above (cf. Sec. IV A) for
U, Th;_,Sb and UTe we have obtained CIS spec-
tra for distinct emission features in UO, and UPd;
by integrating the intensity within the arrows in
Fig. 6. EDC’s have been measured in 2-eV steps
and have been normalized to the incident photon
flux. The CIS spectra for the UO, 5f emission and
the spectral features 4 and B of UPd; are shown in
Fig. 7. Again we recognize the typical 5f Fano
resonance profile with two intensity minima at
hv=92 and 102 eV due to the 5ds,, and 5d;,,
core absorption edges. The UO,5f CIS spectra
shows the strongest intensity variation which is
consistent with its pure f character.!* The UPd,
CIS curves A and B also show strong intensity
variations. The less pronounced minima as com-
pared to UO, reflect the amount of Pd or U d
character and/or background intensity. This is
also the reason for the generally higher intensity of
curve B as compared to 4 in Fig. 7. Otherwise
curves 4 and B are very similar and, in fact,
should not be distinguished at all. They both con-
tain the 5f electron emission and the earlier spec-
tral assignment 4 or B of Ref. 14 is most probably
governed by the underlying Pd d emission features,
since they are also observed in rare-earth Pd; com-
pounds.3® This conclusion is emphasized in Fig. 8
where EDC’s at hv=92 eV (off-resonance) and 98
eV (on-resonance) are compared. The UO, spectra
have been normalized to equal p; peak heights, the
UPd; spectra to equal heights of peak C which is
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FIG. 7. CIS spectra for the UO, 5f emission and the
spectral features 4 +A4’ and B of UPd;. The higher in-
tensity of B as compared with 4 is due to a higher
amount of Pd d emission in B.

believed to be pure Pd 3d emission.'* At hv=92
eV the 5f emission in UO, vanishes almost com-
pletely, while in UPd; features 4 and B are still
clearly visible proving considerable residual d char-
acter. A difference curve of the 98- and 92-eV
EDC’s reveals a broad emission peak with a max-

U0, 1111 5f
—98eV

S

INTENSITY (arb.u.)

INITIAL ENERGY (eV)

FIG. 8. EDC’s for UO, and UPd; on- and off-
resonance. The curves are normalized to equal p, and C
peak heights, respectively. In UO, the 5f emission van-
ishes nearly completely at Av=92 eV while the features
D1, P2, and p; are still visible. In UPd; all peaks 4 —E
remain to be seen in the 92-eV spectrum. A difference
spectrum shows the pure 5/ contribution (dotted line).

imum at —1.2 eV. We believe that this broad
peak (encompassing the spectral features 4’, 4, and
B) represents the emission from the localized 572
ground state. Again, we do not resolve a f! final-
state splitting®® in UPd, due to the large width of
the 5/ emission. In addition, there are two ine-
quivalent uranium sites* in the double-hexagonal
structure of UPd;, which could smear out sharp
features. Angle resolved photoemission®* shows
small but measurable band dispersion E( k) for all
emission features except peak A. No dispersion is
expected for localized levels. The observed little
dispersion might arise from the underlying Pd d
emission. Features C —E all exhibit* a stronger
E(k) dispersion and a very small Fano resonance
behavior (not shown here). Peak E is most likely
due to s,p hybridized parts of the Pd d bands, since
it is not observed in XPS (Ref. 14) where the s,p
photo-cross-section is very low.

For UO, the CIS spectrum of p; and p; exhibits
very little resonance behavior (not shown). In con-
trast to USb or UTe (see Fig. 5) we observe in Fig.
8 hardly any f-p hybridization, i.e., any enhance-
ment of emission states in the gap or near the top
of the p valence band as discussed in Sec. IVA
above. However, Gubanov et al.’’ have calculated
that 0.6 f electrons contribute to the oxygen 2p
band. In view of our findings it means that these
0.6 f electrons are distributed uniformly over the
whole p band and cannot be detected out of ~12 p
electrons per formula unit. -

Finally, we note that the resonance of the p;
feature is also very weak and can be understood by
the change of the loss intensity due to the resonat-
ing 5f emission. The fact that it appears at a dif-
ferent initial energy as in XPS suggests that in our
photon energy range hv < 130 eV p; most likely re-
flects a valence-band p feature, while in XPS
(hv=~1.4 keV) it could be superimposed by the 7-
eV satellite.?* It is not clear why a satellite should
be too weak to be discernible in our photon energy
range but show up in XPS. One reason could be a
change from the adiabatic to the sudden regime as
observed in photoemission from zinc.3

V. SUMMARY

We have studied the photon energy dependence
of the valence electron photoemission (CIS spectra)
for several uranium and thorium compounds; USb,
ThSb, mixed Uy 34 Thg ¢¢Sb, UTe, UO,, and UPd;.
For all these compounds a strong Fano-type reso-
nance behavior is observed at the 5d-core ievel
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thresholds. A comparison between the ThSb and
USb resonance curves shows that the amplitude of
the U 5f intensity variations (per 5f electrons) in
the photon energy range 70— 150 eV is at least a
factor of 3 stronger than the variations of the

Th 6d intensity. The US5f and Th 6d emission
show unique resonance curves. For the mixed
Up.34Thg ¢¢Sb system a photon energy dependence
of the integrated CB intensity is found, which is a
weighted average of the curves for the pure urani-
um and thorium compounds. The characteristic
Th and U resonance behavior also enables a del-
ineation of the U5f and Th 6d emission in the
mixed compounds. In Ug 34Thy ¢6Sb the main 5f
emission is found 0.5 eV below the Fermi level, in-
dicating a localized f character. It is also shown
that the PDOS contains significant 6d character at
the Fermi level. Comparing USb and UTe we find
identical CB CIS curves for the two compounds,
which implies that they have a common 5/ con-
figuration. For each sample the CIS spectra of the
anion derived p-band features show a similar hv
dependence as the U- and Th-derived conduction-
band peaks, though a closer investigation of the
photon energy dependence of the VB structures re-
veals significant differences between the various
compounds. In ThSb we find that the VB shape is

independent of photon energy. However, in the
uranium compounds the main VB peak is shifted
towards Ep as the 5f emission is enhanced. This
demonstrates a considerable f-p hybridization in
the topmost part of the valence band.

For UO, and UPd; we find a similar 5f reso-
nance behavior with a 5f emission peak in UPd;,
which has an energetic position and half-width as
in UO, in agreement with the localized 5f2
ground-state configuration in both of these com-
pounds. Structures in the EDC’s of UPd; are
mainly Pd d derived. In UQ, there is no evidence
for a f-p hybridization in the oxygen-derived part
of the valence band.

ACKNOWLEDGMENTS

We thank the staff of the Synchrotron Radiation
Center of the University of Wisconsin-Madison
and K. Mattenberger, J. J. Donelon, and A. Marx
for their help and support. We have benefited
from discussions with F. J. Himpsel and W. D.
Schneider. This work was supported by the Air
Force Office of Scientific Research under Contract
No. F49620-81-C0089, the U. S. Department of
Energy, and the Swiss National Science Founda-
tion.

IU. Fano, Phys. Rev. 124, 1886 (1961).

2C. Guillot, Y. Bally, J. Paigné, J. Lecante, K. P. Jain,
P. Thiry, R. Pinchaux, Y. Pétroff, and L. M. Falicov,
Phys. Rev. Lett. 39, 1632 (1977).

3M. Iwan, F. J. Himpsel, and D. E. Eastman, Phys.
Rev. Lett. 43, 1829 (1979).

4W. Lenth, F. Lutz, J. Barth, G. Kalkoffen, and C.
Kunz, Phys. Rev. Lett. 41, 1185 (1978).

5W. Gudat, S. F. Alvarado, and M. Campagna, Solid
State Commun. 28, 943 (1978).

6W. F. Egelhoff, Jr., G. G. Tibbetts, M. H. Hecht, and
I. Lindau, Phys. Rev. Lett. 46, 1071 (1981).

R. Baptist, M. Belakhovsky, M. S. S. Brooks, R. Pin-
chaux, Y. Baer, and O. Vogt, Physica B 102, 63
(1980).

8M. Iwan, E. E. Koch, and F. J. Himpsel, Phys. Rev. B
24, 613 (1981).

9L. C. Davis and L. A. Feldkamp, Phys. Rev. B 23,
6239 (1981), and references therein.

101, 1. Johansson, J. W. Allen, T. Gustafsson, I. Lindau,
and S. B. M. Hagstrom, Solid State Commun. 28, 53
(1978).

113, W. Allen, S.-J. Oh, I. Lindau, J. M. Lawrence, L. L.
Johansson, and S. B. M. Hagstrom, Phys. Rev. Lett.
46, 1100 (1981).

12M. C. Croft, A. Franciosi, J. H. Weaver, and A.

Jayaraman, Phys. Rev. B 24, 613 (1981).

133, Schoenes, Phys. Rep. 63, 301 (1980), and references
therein.

14Y. Baer, H. R. Ott, and K. Andres, Solid State Com-
mun. 36, 387 (1980).

15B. Reihl, N. Martensson, D. E. Eastman, and O. Vogt,
Phys. Rev. B 24, 406 (1981); B. Reihl, N. Martensson,
and O. Vogt, J. Appl. Phys. 53, 2008 (1982).

16B. Reihl, N. Martensson, P. Heimann, D. E. Eastman,
and O. Vogt, Phys. Rev. Lett. 46, 1480 (1981).

7In Ref. 16 the term “quasilocalized” was introduced to
point out that even if the photoemission final state
corresponds to a localized 5f state the situation can in
principle be different in the ground or initial state.

18A similar giant resonance is observed in the absorption
spectrum of ThF, vapor [J. P. Connerade, M. Pan-
telouris, M. A. Baig, M. A. P. Martin, and M. Cukier,
J. Phys. B 13, L357 (1980)] and UF, vapor [J. P. Con-
nerade, M. L. D. Mansfield, M. Cukier, and M. Pan-
telouris, J. Phys. B 13, 1.235 (1980)] near the 5d core-
hole thresholds.

I9E. J. McGuire, J. Phys. Chem. Solids 33, 577 (1972).

20See, e.g., Proceedings of the International Symposium
on Actinides and Related 4/ Materials, Zirich, 1980
[Physica B 102, (1980)].

213. Schoenes, Phys. Rep. 66, 189 (1980).



22J, C. Fuggle and Z. Zolnierek, Solid State Commun.
38, 799 (1981).
23y. Baer and J. Schoenes, Solid State Commun. 33,

885 (1980). See also B. W. Veal and D. J. Lam, Phys.

Rev. B 10, 4902 (1974).

24W. D. Schneider and C. Laubschat, Phys. Rev. Lett.
46, 1023 (1981).

25D. E. Eastman, J. J. Donelon, N. C. Hien, and F. J.
Himpsel, Nucl. Instrum. Methods 172, 327 (1980).

26], C. Fuggle, A. F. Burr, L. M. Watson, D. J. Fabian,
and W. Lang, J. Phys. F 4, 335 (1974).

27), F. Wyart, V. Kaufman, and J. Sugar, Phys. Scr.
22, 389 (1980).

28N. Beatham, P. A. Cox, A. F. Orchard, and I. P.
Grant, Chem. Phys. Lett. 63, 69 (1979).

29G. H. Lander, S. K. Sinha, D. M. Sparlin, and O.
Vogt, Phys. Rev. Lett. 40, 523 (1978).

30M. S. S. Brooks and D. Gloetzel, J. Magn. Magn.
Mater. 15-18, 873 (1980).

26 RESONANT PHOTOEMISSION AS A TOOL TO STUDY f ANDd. .. 1851

31A. F. Murray and W. J. L. Buyers, Crystalline Electric
Field and Structural Effects in f Electron Systems,
edited by J. E. Crow, R. P. Guertin, and T. W.
Mihalisin (Plenum, New York, 1980), p. 257.

32F. Greuter, E. Hauser, P. Oclhafen, H.-J. Giintherodt,
B. Reihl, and O. Vogt, Physica B 102, 117 (1980).

33v. Kaufman and L. J. Radziemski, Jr., J. Opt. Soc.
Am. 66, 599 (1976). '

34A. J. Arko and L. W. Weber, in Proceedings of Inter-
national Conference “Actinides 1981,” Asilomar,
1981, p. 71 (unpublished).

35N. Martensson, V. Murgai, R. D. Parks, and B. Reihl
(unpublished).

36T. J. Heal and G. 1. Williams, Acta Crystallogr. 8,
494 (1955).

37v. A. Gubanov, A. Rosén, and D. E. Ellis, Solid State
Commun. 22, 219 (1977).

38F. J. Himpsel, D. E. Eastman, and E. E. Koch, Phys.
Rev. Lett. 44, 214 (1980).



