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Valence-level photoemission spectra of the actinide intermetallic compounds
ThPt3, UPt5, UAu3, and Usn3
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The valence-level excitations of the actinide intermetallic compounds ThPt3, UPt5, and UAu3 have

been investigated with resonant photoemission techniques, while those of USn3 have been studied
with x-ray photoemission. In all compounds, 5f spectral weight is found at the Fermi energy.
Comparison of the spectra with calculated densities of states shows an overall agreement for the
transition-metal d bands, but for UAu3 reveals that the measured width of the 5f contribution is

considerably larger than calculated. This behavior points to Coulomb correlation effects among the

Sf electrons which may lead to excitation spectra reminiscent of those of Ce systems.

Some intermetallic compounds with a rare-earth or ac-
tinide atom as one of the constituents show exotic low-
temperature properties like, e.g., enormous linear
specific-heat coefficients. These materials have been
called heavy-fermion systems' or heavy-electron metals,
since their effective electron masses must be orders of
magnitude larger than the free-electron value. This
behavior is believed to be closely related to the presence of
the partially filled 4f or 5f shells. Two different ap-
proaches to understanding the electronic structure of
heavy-electron metals are presently being undertaken.
The many-body theories start from the Anderson single-
impurity model and then construct a lattice of such im-
purities to account for coherence effects. In light rare-
earth compounds, the single-impurity model has proven
to be very successful for the description of ground-state
properties and of high-energy spectroscopies. In par-
ticular, the observed density of low-lying excitations in Ce
metal is properly accounted for, and this model can cer-
tainly be considered a correct first approximation of the
electronic structure of Ce-based heavy-electron com-
pounds like CeCu6. The single-impurity model has also
been applied successfully to core-level spectra of various
Th compounds where no direct overlap of the 5f wave
functions is expected. ' '" Recently, the first calculations
for U impurities in metals within the Anderson model
have been carried out and exhibit agreement with experi-
ments on dilute alloys. '

The one-electron models start from first-principles
band-structure calculations of the electronic structure in
order to understand the normal-state high-temperature
behavior of heavy-fermion systems. Since the interatomic
distances between the rare-earth or actinide atoms are
large in these compounds, the f wave functions do not
overlap. Therefore, in these calculations special attention

is devoted to the f-electron hybridization with ligand
states. ' ' In this way, a useful reference is obtained
from which the low-temperature specific-heat enhance-
ments, characteristic for many-body electron-electron
correlations, can be estimated. ' For Ce systems, this ap-
proach has been successful in determining ground-state
properties like lattice constants and f occupation num-
bers, ' '' but in correlated electronic systems the calculat-
ed eigenvalue distribution can never be compared directly
to excitation spectra. Sophisticated concepts had to be
introduced into band calculations for the highly correlated
and weakly hybridized 4f electrons in order to describe
approximately the observed excitation spectra. ' ' In the
light actinide compounds, in general the 5f states are sup-
posed to be strongly hybridized with ligand states. ' For
such systems, calculated densities of states (DOS's) seem
to be better adapted for comparison with excitation spec-
tra, since for extended states the eigenvalues can be identi-
fied with the ionization energies. In fact, angle-resolved
and resonant photoemission studies of UIr3 showed good
agreement with the calculated DOS, and the observed f
band dispersion followed closely that of the calculated en-

ergy bands. ' Systematic calculations of the partial and
total DOS's for the sequence UIr3, UPt3, and UAu3 re-
vealed important changes in the U 5f and transition-metal
d hybridization. ' Based on these computations, x-ray
photoemission spectra (XPS) were recently calculated
and good agreement with experimental data for UPt3
and UAu3 was found. On the other hand, spectroscopic
evidence [photoemission and bremsstrahlung isochromat
spectroscopy (HIS)] for Coulomb correlation effects
among the 5f electrons has been reported for UPd„
UA12 and UPt3, and UNi Cu5, indicating the deli-
cate balance of the 5f electrons between localization and
itineracy in U compounds.
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The present paper presents and discusses valence-level
spectra of ThPt3, UPt&, and UAu3, excited with tunable
synchroton radiation. The interest in these systems lies in
the fact that ThPt3 and UAu3 may serve as reference
compounds for the heavy-electron metal UPt3. ' ' The
compound UPt5, which shows no magnetic ordering down
to 2.5 K, ' does not seem to be far from heavy-electron
behavior, since ligand substitution with Au (UPt4Au) in-
duces a heavy-fermion state. The much better resolved
spectra (0.25 eV) than those presented in an earlier work
(1.2 eV), and exploitation of the resonant enhancement
of the 5f states, ' provide detailed information for com-
parison with model calculations. In particular, the fol-
lowing items are discussed. (i) Identification of Sf sym-
metry in the valence-level excitations; (ii) differences be-
tween the width and shape of observed and calculated f
contributions; (iii) overall shape of observed and calculat-
ed transition-metal DOS s; (iv) hybridization-induced
split-off transition-metal d states in the energy region of
the 5f states. Finally, as an example of a possible hybridi-
zation of 5f with ligand p states, a valence-level XPS
spectrum of USn3 is presented and interpreted in the con-
text of band-structure calculations ' for the isostructural
compound UGe3.

The polycrystalline samples were prepared and charac-
terized as described in Ref. 23. The compounds UPt5 and
USn3 crystallize in the cubic AuBe5 and AuCu3 struc-
tures, respectively. The interatomic U-U spacings are
5.25 and 4.6 A. For ThPt3 and UAu3, the crystal struc-
tures are not known experimentally. The photoemission
measurements of ThPt3, UPt5, and UAu3 were performed
in the photon-energy range 30 & h v & 130 eV with a two-
dimensional display-type spectrometer at the Synchrot-
ron Radiation Center of the University of Wisconsin-
Madison. The XPS measurements of USn3 were carried
out in a Vacuum Generators ESCA-III spectrometer. To
obtain clean surfaces, the samples were scraped in situ
with a diamond file in a vacuum of better than 1 & 10
TOff.

Figures 1(a)—1(c) show valence-level photoelectron
spectra of ThPt3, UPt5, and UAu3 taken at 92-eV (dashed
curves) and 98-eV (thick solid curves) photon energies, in
order to take advantage of the resonant-intensity enhance-
ment of the Sf-electron emission when the photon energy
is swept through the 5d core-level threshold of the ac-
tinides. ' While for uranium materials these photon en-
ergies correspond to the Fano minimum and maximum
around the 5d5&2 threshold, respectively, these energies
also characterize the minimum and maximum of the
conduction-band emission around the 5d3/2 threshold for
thorium materials. Also shown in Fig. 1 are DOS calcu-
lations (thin solid curves) relevant for these compounds. '

The limits of a pure atomiclike interpretation of the reso-
nance phenomena in the presence of Sf-electron hybridi-
zation have been recently discussed. For Ce systems,
with their weakly hybridized 4f states, important progress
in the interpretation of resonant photoemission data has
been achieved. Within the Anderson single-impurity
model, the 4f contributions to the valence-level spectra at
the 4d 4f resonance were calculate-d and found to be in
fair agreement with the observed intensity distribution
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FIG. 1. Valence-level excitations of (a) ThPt3, {b) UPt5, (c)
UAu3 at resonance (thick solid curve) and off-resonance (dashed
curve) to show the Sf spectral weight (dotted curve). The total
instrumental resolution is 0.25 eV. For comparison (see text) the
calculated (Ref. 15) DOS's are given as thin solid curves. The
hatched area in (c) denotes the calculated partial f DOS.

and the photon-energy dependence. Based on this result,
in first approximation it seems to be justified to interpret
the difference between on-resonance and off-resonance
spectra (dotted curve in Fig. 1) as the contribution of f
symmetry states to the conduction bands. These curves
were obtained by normalizing the two sets of spectra at
the higher-lying maximum of the transition-metal d
bands, since at these energies the contribution from 5f
states appears to be negligible. ' This rough subtraction
procedure neglects the decrease in the d-emission cross
section between 92 and 98 eV photon energy and the in-
crease in inelastic background owing to scattered 5f elec-
trons.

Figure 1(a) displays the valence-level spectra of ThPt3
recorded at the indicated photon energies which corre-
spond to a minimum and near-maximum position in the
partial electron yield ' and electron-energy-loss curves
at the Sd3/2 5f excitation threshold in Th systems. The
on-resonance spectrum agrees well with an experimental
XPS spectrum of ThPt3 recorded with slightly poorer
resolution. ' Comparison with the off-resonance spec-
trum (dashed curve) reveals an enhanced emission intensi-
ty near EF, indicating resonantly enhanced emission from
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Th-derived Sf and 6d states . ' ' The off-resonance
spectrum reflects emission from states of different sym-
metries, where owing to the favorable cross-section ratio
of 5d to other symmetries Pt 5d emission dominates. On
comparison with a calculated" DOS of UPt3, where the
Fermi energy has been shifted by 0.5 eV towards higher
binding energies to simulate ThPt3 with its low Sf popula-
tion, agreement between the gross features like bandwidth
and position of the minimum between the spin-orbit split
d bands is found. This correspondence between spectra
and calculated DOS indicates that the one-electron model
seems to be appropriate for the description of states with
angular momentum l & 3.

Figure 1(b) shows the spectroscopic results for the
valence levels of UPt&. The overall shape of the Pt d
emission is similar to the one of ThPt3. In spite of the
different crystal structures of the two compounds, this is
not too surprising, since even for UPt3 the band positions
and gross features are not much different from those of
the pure Pt metal. ' To illustrate this point, the calculat-
ed DOS of UPt3 is reproduced in Fig. 1(b). The difference
between on- and off-resonance spectra (dotted curve)
clearly reveals a considerable contribution of Sf spectral
weight. Figure 2 shows a direct comparison between
resonant photoemission data for UPt3 (Ref. 40) and UPt&
taken at the giant Sf resonance where the favorable SfSd-
cross-section ratio is exploited. Also, when the lower
resolution of the UPt3 data is accounted for, most of the
Sf spectral weight in UPtq is distributed over a distinctly
narrower energy range than in UPt3. This can easily be
seen by comparing the mean intensity ratio of the Sf
derived peak near EF and the Pt-derived 5d band, which
remains constant in both spectra, although the U content
in UPt3 is nearly twice as large as in UPt5. In an oversim-
plified rigid-band picture of the Sf states, this behavior
could be understood as a lowering of the Fermi energy as
observed by the work-function increase in going from
UPt3 to UPt5. Since the Fermi edge in UPt3 falls into a
small region of very high U Sf density, ' ' lowering of
the Fermi energy would not only lead to a charge transfer
from U to Pt, but also to an immediate decrease of the Sf
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FICx. 2. Comparison between the valence-level excitations of
UPt3 {from Ref. 40) and UPt5 (this work) recorded at the photon
energies indicated.

DOS at the Fermi level. Comparison of the calculated
DOS of UIr3, UPt3, and UAu3 (in the AuCu3 structure)
does indeed reveal such a lowering of the Fermi edge with
respect to the 5f states between UPt3 and UIr3, while for
UAu3 a small rise is observed. On these grounds, one may
speculate that substitution for a Pt by a Au atom in UPt5
will cause a rise of EF to a region of high Sf density as in
the case of UPt3. BIS spectra of UPt3 and UPt& (Refs. 25
and 41) show a small decrease in width of the 5f-derived
structures near EF, which points to another possible ori-
gin of the observed narrowing of the Sf emission in Fig. 2,
namely, Sf-band narrowing as a consequence of the higher
U dilution in UPt5. Both arguments are noncontradictory
and detailed calculations are needed for UPt5 to clarify
the situation.

Figure 1(c) displays the valence-level excitations of the
compound UAu3. The on-resonance curve (thick solid
curve) is consistent with previous XPS results of the same
sample; the off-resonance spectrum essentially reflects
the transition-metal DOS in the compound. The most
striking feature in the spectra is the broad and intensive
distribution of 5f symmetry states (dotted curve) which
differs clearly from those in UPt3 and UPt5. On the other
hand, a similarly broad Sf spectral-weight distribution has
also been observed for UPd3 (Ref. 30) and for UCu5.
Under the assumption that UAu3 crystallizes in the cubic
AuCu3 structure, comparison with a recent band-structure
calculation' for UAu3 is shown as a thin solid curve in
Fig. 1(c). The overall Au Sd features are well reproduced
by the calculation. The hatched area near the Fermi edge
represents the calculated partial f DOS. ' It is evident
from this figure that the measured width of the Sf contri-
bution (dotted curve) exceeds considerably the calculated
one. Since oxygen-induced 5f features can be excluded,
the obvious interpretation of this observation is that
Coulomb correlations among the 5f electrons are
present ' which lead to a breakdown of the one-electron
description of the 5f states. It appears that for some suf-
ficiently diluted U intermetallic compounds, the 5f states
should be better described by Anderson-type models, used
so successfully for Ce compounds.

An important point of the band-structure calcula-
tions' ' is the prediction that hybridization between
transition-metal d states and the f states removes states
from the top of the transition-metal d band, and places
them above the hybridization gap in the energy region of
the Sf bands. In Fig. 1(c), these split-off d states are indi-
cated by the lower line limiting the hatched area near EF.
In principle, these d states should show up in the off-
resonance spectra but there is no clear indication of their
presence. The ratio of the intensity maximum of the d
emission (around 4 eV) to the intensity height around 1 eV
binding energy is about 10, corresponding precisely to the
ratio found in an XPS spectrum of pure Au. Also, at 30
eV photon energy where the Sd to Sf cross section is
large, ' this ratio is still 9, which is not in favor of the
presence of split-off d states in this energy region. Split-
off states, however, are typical for materials crystallizing
in the AuCu3 structure. Their absence in the UAu3
spectra may well indicate that UAu3 does not crystallize
in this structure. It has been suggested to test the pres-
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ence of d symmetry around EF using resonant Sp-Sd exci-
tation' ' which remains to be done in the future.

Finally, in Fig. 3 the XPS valence-level excitations
(resolution 1.2 eV) of USn3 are presented. In the sequence
UPt3-UAu3-USn3, the transition-metal d band moves to-
wards higher binding energies so that in USn3 the f phy--
bridization will become dominant. The spectrum of this
material, crystallizing in the cubic AuCu3 structure and
showing an enhanced linear specific-heat coefficient,
can be described in first approximation as a superposition
of the valence-level spectra of a-U (Ref. 49) and Sn. '
The prominent peak at EF then arises predominantly
from Sf states; the shoulder around 3 eV in accordance
with the findings ' for a-U, UGa2, and UCxa3 from U 6d
and to a lesser extent Sn Sp states, the hump at about 7 eV
from the Sn 5s states. It is interesting to note that this
spectrum of USn3 is very similar to those obtained from
the isostructural compounds UGe3 and USi3 where the 5f
character of the peak at EF has been established using dif-
ferent photon energies. Since in USn3 a direct 5f-Sf
overlap can be excluded (U-U spacing is 4.6 A) it is con-
cluded that a strong hybridization of the 5f states with
conduction electrons occurs. ' Band-structure calcula-
tions for the isostructural and isoelectronic (concerning
the valence levels) compound UGe3 predict Sf 4p hybrid-i-
zation caused by the participation of the Sf electrons in rr
bonding with the Ge 4p orbitals. ' In analogy to this cal-
culation, in Fig. 3 the dominant wave-function mixing is
indicated in the corresponding spectral regions.

In closing, we want to emphasize that the low-
temperature heavy-fermion properties like the enhance-
ment of the linear specific-heat coefficient y(T~O) are
not directly connected to the density of states at the Fermi
level. Rather, the enhancement reflects the strong f
electron correlation which manifests itself in the Ander-
son impurity model as the slope of the excitation spec-
trum at Ez, the scale of which is the inverse Kondo tem-
perature: y(T~O) proportional to I /Tz. Consequent-
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FIG. 3. XPS spectra of USn3 excited with Al Ka radiation
(hv=1486 eV). The total instrumental resolution is 1.2 eV.
The symmetry labels denoting the relevant wave-function mix-
ing have been assigned to the peaks and the shoulder according
to Refs. 31 and 50.

ly, these manifestations are expected to be observable in
excitation spectra only at low temperatures and with an
energy resolution of a few meV.
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