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We have carried out high-energy spectroscopy measurements (x-ray photoemission on the 4/ core lev-
el, ultraviolet spectroscopy on the valence band, and bremsstrahlung isochromat spectroscopy) on UPd;,
UPt,;, and URh; compounds. A progressive localization of the 5f states is expected throughout this
series: the 5f electrons are usually considered to be itinerant in URh;, localized in UPd;, and UPt; is a
heavy-fermion compound. We show that the different spectroscopic measurements cannot be explained
with one-electron band-structure calculations and are best analyzed in terms of the Anderson-impurity
model. Many-body effects dominate the spectral functions, suggesting that the correlations between the
5f electrons play an essential role in the uranium compounds.

I. INTRODUCTION

Electronic correlations are known to play an important
role in transition-metal, lanthanide, or actinide com-
pounds. In fact, the physical properties depend on the
competition between correlation (the intra-atomic
Coulomb interaction U) and effective bandwidth W
which results from the direct overlap of the d or f orbit-
als on different sites and the hybridization of these orbit-
als with the other bands.! In transition metals, the d
states are delocalized, so that their mutual overlaps are
important and the bandwidth is larger than the Coulomb
interaction. Therefore, it is a good approximation to
treat the many-body problem by a one-electron Hamil-
tonian- with a local potential containing exchange-
correlation terms [for example, the local-density approxi-
mation (LDA)]. In the opposite extreme, the electrons
are very localized and the band picture is no longer valid
(W << U). This is the situation encountered in rare-earth
systems for which the correlations select a 4f"
configuration so that many-body atomiclike models are
more appropriate. Between these two asymptotical be-
haviors, a description of the electronic properties is much
more complicated, which is the case for transition-metal
oxides and many cerium-uranium compounds.
Lanthanides and actinides exhibit unusual physical prop-
erties such as valence fluctuations, heavy-fermion behav-
ior, and superconductivity which are due to the high
correlation of their f states.? The localization and
itinerancy of the f electrons and their hybridization with
the ligand states in compounds are then fundamental
points in the understanding of the physical properties of
such systems.

High-energy spectroscopies, such as photoelectron
spectroscopy (PES), bremsstrahlung isochromat spectros-
copy (BIS), and x-ray absorption spectroscopy, are
powerful techniques to get information on these different
questions,> "% but sophisticated many-body models are
needed to interpret the experimental spectra. For exam-
ple, in 4f systems, the anomalous physical properties as-
sociated with the f states and encountered in many ceri-
um or ytterbium compounds have been satisfactorily de-
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scribed in the framework of the degenerate Anderson
model.”? In this model, the strongly correlated atomic-
like f orbitals are hybridized with the conduction elec-
trons leading to a singlet ground state separated from the
f excited states by the Kondo energy (kzTyx) which
governs the thermodynamic properties. The different
phenomenological parameters of the model can be ob-
tained by fitting theoretical spectra to the experimental
results. Indeed, the 4f Coulomb interaction can be es-
timated from the energy separation of the different struc-
tures appearing in the PES/BIS and core-level x-ray pho-
toemission spectra (XPS). A many-body resonance,
whose position with respect to the Fermi level determines
the low-energy excitations (Kondo energy) and thus the
low-temperature properties, has been observed in high-
resolution  ultraviolet photoemission spectroscopy
(UPS).>!% Moreover, these spectroscopic results are con-
sistent with thermodynamic measurements like magnetic
susceptibility and specific heat.!! On the contrary, densi-
ties of states obtained from LDA calculations give nei-
ther a good description of the PES/BIS spectra nor a sa-
tisfactory value of the linear coefficient of the specific
heat.?

Some uranium compounds exhibit behaviors similar to
those observed in cerium systems. Nevertheless, their oc-
cupied valence-band spectra do not resemble those of
cerium. They always present a broad structure near the
Fermi level'? which is sometimes in qualitative agreement
with band calculations. In contrast to cerium systems,
the importance of correlation in the 5f spectral function
is not obvious and the fundamental question raised by
this situation is the validity of a band formalism for
describing the 5f electrons. Despite extensive studies in
the last few years, this question remains open. The calcu-
lated one-electron bands of heavy-fermion systems are
too broad to account for the large value of the linear
coefficient of the specific heat and still too narrow to ac-
count for the measured 5f spectral functions.!* On the
other hand, the applicability of the impurity Anderson
model to uranium systems is controversial. In this ap-
proach, a heavy-fermion behavior is associated with a
weak hybridization and a low Kondo temperature
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[7(0)=1.2 J/mol. K? and Tx =3 K in CeAl; (Ref. 14)]
giving rise to a narrow f structure at Ep in the spectral
function. The observation of large ¥ in certain uranium
compounds [i.e., ¥ =430 mJ/mol. K? in UPt; (Ref. 15)]
should reflect the strongly localized character of the 5f
electrons. However, the experimental structure at the
Fermi level is too wide to be consistent with a Kondo res-
onance and the 5f electrons are usually considered to be
more extended than the 4f ones even in heavy-fermion
systems. Thus, both approaches, the band picture and
the single-impurity Anderson model, seem to miss impor-
tant aspects of the 5f electrons in uranium compounds.

In this paper we would like to investigate the conse-
quence of 5f localization on the high-energy spectroscop-
ic results and see how far one model can describe the evo-
lution of the spectroscopic results. We have carried out
high-resolution ultraviolet valence-band photoemission,
BIS, and core-level x-ray photoemission in the three typi-
cal uranium compounds UPd;, UPt;, and URh;, where a
progressive delocalization of the 5f electrons occurs.
The 5f states in UPd; are known to be localized, UPt; ex-
hibits a heavy-fermion behavior, and URh; is described
in terms of a band picture.

The paper is organized as follows. In Sec. II sample
preparation and instrumental techniques are briefly de-
scribed. Section III is devoted to the presentation of the
experimental results: UPS, XPS, and BIS spectra of the
different compounds are presented. Finally, in Sec. IV we
discuss the results and attempt to investigate if a descrip-
tion in the framework of a many-body model is more ap-
propriate than a comparison with calculated band-
structures available in the literature.

II. EXPERIMENTAL DETAILS

Samples were made by arc-melting the constituent ma-
terials several times under argon atmosphere. X-ray
powder diffraction patterns have confirmed the single-
phase nature of each sample. URh; crystallizes in the cu-
bic AuCu; structure, whereas UPd; and UPt; present a
hexagonal phase of the TiNi; and MgCd; type, respec-
tively.

The different measurements were performed in an ap-
paratus combining UPS, XPS, and BIS spectroscopies.
In all experiments, the sample was cooled below 20 K. In
UPS the overall energy resolution estimated from the
width of the Fermi step is better than 20 meV. Mono-
chromatized Al K a radiation was used for XPS measure-
ments, yielding an energy resolution of about 0.3 eV. BIS
spectra were obtained with a photon energy of 1486.6 eV
and a total-energy resolution of 0.5 eV was achieved.
The pressure was in the low 107!° Torr range. Clean
samples were obtained by scraping the surface with a dia-
mond file.

III. EXPERIMENTAL RESULTS

A. Valence-band spectra

Figure 1 shows the He 11 (hv=40.8 eV) spectra of
UPd;, UPt;, and URh;. Inelastic backgrounds have been
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FIG. 1. UPS He 11 (hv=40.8 eV) spectra of URh;, UPt;, and
UPd,.

removed by a standard procedure.'® These spectra are
dominated by the transition-metal d states which form a
band 6-8 eV wide. In URh;, a narrower structure (0.5
eV wide) at the Fermi level has been attributed to the 5f
states.!”!8 In UPt, this structure is strongly reduced and
it completely disappears in UPd;. In this latter com-
pound, the spectrum exhibits several features labeled
A -D according to the notation of the XPS study by
Baer, Ott, and Andres.'’ Comparison with ThPd; leads
these authors to the conclusion that peak 4 (E=0.9 eV)
reflects the 5f states, whereas the other structures
represent the palladium-derived d states. This conclusion
has been confirmed by resonant photoemission experi-
ments.’® The absence of 5f intensity at the Fermi level is
usually considered as an indication of the localized char-
acter of 5f states in UPd;. For UPt; and URh;, the
transition-metal-derived density of states prevents a reli-
able determination of a 5f contribution below—1 eV.

The spectra of Fig. 1 show that the 5f weight at the
Fermi level (Ey) increases with increasing itinerant char-
acter of the 5f states. Nevertheless, the origin of this in-
tensity remains an open question: does it represent the
formation of a 5f band as claimed by band-calculation
specialists®*?2 or does it reflect the tail of a Kondo reso-
nance as observed in cerium systems? The calculated
one-electron 5f widths are usually too small to account
for the measured PES/BIS spectra®> and the predictions
for the linear coefficient of the specific heat are one order
or even several orders of magnitude smaller than the ex-
perimental results in heavy-fermion compounds.? On the
other hand, the interpretation of the PES structure at E
in terms of a Kondo resonance is not straightforward. In
the single-impurity model, the weaker the weight of the
Kondo resonance, the larger the mass enhancement.
Such a behavior is actually observed in cerium heavy-
fermion systems.!! In uranium systems like UPt;, the
weight and the width of the structure at Ep are too
strong to be compatible with the large value of the
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specific heat. However, we showed recently that the in-
troduction of multiplets in an Anderson impurity calcula-
tion qualitatively modifies the spectral function!’ so that
the spectral weight near E; not only reflects the Kondo
resonance but also a manifold of multiplets excited in the
final states of uranium. Therefore, the valence-band ex-
perimental spectra could be compatible with an Ander-
son model even for uranium systems.

B. BIS spectra

In Fig. 2 we have plotted the BIS spectra of the three
compounds. As the p and d states only give a broad
structureless feature, these spectra essentially reflect the
unoccupied part of the 5f spectral function. A spectacu-
lar evolution is observed with increasing localization of
the 5f orbitals. In URh;, the BIS spectrum exhibits a rel-
atively narrow structure (2-3-eV width) located at about
1 eV above the Fermi level. In UPt;, a second contribu-
tion appears at 3 eV and in UPd; both contributions have
similar weight and give a broad structure 5-6 eV wide.

Although the width of the URh; BIS spectrum (2-3
eV) is compatible with calculated one-electron density of
states,”>~2° the spectra of UPd; and UPt, are again too
broad to be described by a band calculation.?®?” Such a
behavior is usually observed in heavy-fermion com-
pounds. The large width of the BIS spectra has been in-
terpreted in terms of different final states: a well-screened
peak near the Fermi level corresponding to the 5f band
and a poorly screened peak at higher energy resulting
from the screening by nonlocalized valence electrons or
from 5/" ! final states.?®2° Therefore an increase in the
relative intensity of the poorly screened peak would
reflect a decrease in 5f hybridization and then an in-
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FIG. 2. Inverse photoemission spectra (hv=1486.6 eV) of
URh;, UPt;, and UPd;.
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crease in the 5f localization.

We think that this description in terms of well and
poorly screened final states or in terms of pure 5f
configurations is not suitable for uranium compounds.
The hybridization between 5f and the conduction states
is larger and the 5f Coulomb interaction smaller than in
the case of cerium compounds, so that the final states are
strongly mixed. We will discuss this point in the next
section.

C. 4f XPS spectra

In Fig. 3 the uranium 4f core-level spectra are report-
ed for UPd,;, UPt;, and URh;. The spectra show an 11-
eV splitting into 4f,,, and 4f5,, components. In UPt,
and UPd; the main lines are significantly broader and
more asymmetric than in URh;. Small satellites are visi-
ble at higher binding energies in all spectra but their in-
tensities are nearly constant in the series. It has been
suggested that the intensity of these high-energy satellites
reflects the localized character of the f states,>® but our
results do not confirm this suggestion. Despite the width
variation of the main structure, the three spectra are
rather similar and the strong 5f localization, which
occurs from URh; to UPd;, weakly affects the 4 f spectral
function. This quasi-insensitivity of core-level spectra to
localization contrasts with the situation encountered in
cerium materials, where the delocalization of 4/ states in-
duces the formation of satellites in the core-level photo-
emission spectra. These satellites are associated with
mixed final states and their intensities in the framework
of the Anderson model allow an estimation of the hybrid-
ization strength and 4f electronic configuration in the
ground state. In the next section we will discuss the
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FIG. 3. X-ray photoemission spectra on the uranium 4f level
of URhj;, UPt,, and UPd;.
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core-level spectra of uranium compounds in the frame-
work of the Anderson impurity model.

IV. DISCUSSION

It seems now well established that the XPS and BIS 5f
spectral functions exhibit many-body effects which can-
not be described by a density-functional calculation: the
calculated one-electron 5f widths of heavy-fermion ma-
terials are usually significantly smaller than the measured
valence-band UPS and BIS spectra.?"*3? These discrepan-
cies in highly correlated solids are not surprising.
Indeed, in the LDA the ground state of an interacting
electron system is described by a one-electron
Schrodinger equation (the well-known Kohn-Sham equa-
tion) including a correlation and exchange potential.>
On the other hand, the electronic excitations (valence-
band spectra) are determined by one-particle Green func-
tions. It has been shown that although the chemical po-
tential u and the Fermi surface are correctly described
with the LDA formalism, the eigenvalues of the Kohn-
Sham equation for £, 7p must not be interpreted as cor-
responding to elementary excitations.>* Although in nor-
mal metals the band calculations give a qualitative
description of the photoemission spectra, the use of LDA
calculations to interpret the spectroscopic results in
narrow-band systems is questionable. Different attempts
to improve the LDA description have been proposed.
For example, to account for the different structures of the
valence-band spectrum in cerium compounds, a LDA su-
percell model has been developed.® In this approach,
one assumes that one cerium site has either one more or
one less 4f electron in the final state so that LDA calcu-
lations, with these constraints, give the position of the
atomiclike 4f2 and 4f° peaks. Nevertheless, the calcu-
lated effective mass is not in agreement with experimental
results (linear coefficient of the specific heat).

Recently, a comparison of “‘exact” Monte Carlo results
with a LDA calculation has shown that a one-dimension
periodic Anderson lattice model provides a better
description of specific heat, BIS/PES spectra, and mag-
netic properties than the LDA.3® This was the motivation
to analyze our spectroscopic results in the framework of
the Anderson impurity model and to simulate the
different spectral functions (UPS, XPS, BIS) with the
same set of parameters. As shown in the preceding sec-
tion, the 5f signal of UPd; and UPt, is masked by the
transition-metal conduction states so that we will restrict
our discussion to the unoccupied part of the 5f spectral
function (BIS) and to the core-level spectra. Neverthe-
less, we have shown recently that the occupied part could
also be described by an impurity Anderson model
modified to include the 5f multiplet effects. The calcula-
tions we present here are carried out with the
Gunnarsson-Schénhammer model® initially developed for
cerium systems and more recently used for uranium ox-
ide’” and uranium-based intermetallics.® As shown in
Ref. 37, this model can be extended to uranium systems
by introducing renormalized parameters. We restrict the
basis states to the 5f2, 5/3, and 5f* configurations. As
suggested by a renormalized atom calculation,®® we
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choose for the Coulomb interaction U;,=2 eV and for
the energy difference between the 5f2 and 5f°
configurations €,=0.8 eV (this situation contrasts with
the case of cerium where U, =7 eV and e,=1.5-2 eV)
so that the hybridization will more strongly mix the
different configurations.

In Fig. 4 we have reported several 4f XPS spectra cal-
culated for different hybridization strengths. We also in-
dicate in this figure the population of 5f states (n,) for
the different parameters. We notice that n is nearly con-
stant when the hybridization strength A increases by a
factor of 6. This behavior reflects the mixing of the 3
configurations favored by the small values of U, and €.
An increase of A simultaneously enhances the weight of
the 5% and 52 configurations in the ground state so that
the resulting changes of the 5f population cancel each
other. For large hybridization strength (A=0.3 eV), the
spectrum is dominated by a narrow line and satellites ap-
pear at higher binding energies. When the hybridization
decreases, a progressive broadening of the main line is ob-
served as well as an increase in the satellite intensities.
Comparison with experimental data shows that the satel-
lite intensities are overestimated in the calculation but
the narrowing of the main line with increasing A is
correctly reproduced. Such a description of the core-
level photoemission spectra in terms of the Gunnarsson-
Schonhammer model has been previously attempted for
Th and U compounds,*>*! and it has been shown that the
final states are strongly mixed, leading to a dependence of
the spectra on the shape of the conduction band in con-
trast to the cerium case. Therefore an improved version
of the model taking into account a more realistic energy
dependence of the hybridization strength and an explicit
multiplet splitting describing the coupling of the 4f hole
with the different 5f configurations should be developed

A=0.30 eV

Ng =2.69

Photoemission Intensity

ng =273

-30 -20 -10 00 10
Energy (eV)

FIG. 4. Calculated uranium 4f spectra for different values of
the hybridization strength A (e,=0.8 eV and U;; =2 eV).
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for uranium systems. The energy dependence of the hy-
bridization strength could be estimated from band calcu-
lations but the determination of the multiplet structure is
a very complicated problem involving relativistic atomic
calculations with two open f shells in intermediate cou-
pling.

The calculated BIS spectra with the same set of param-
eters are reported in Fig. 5. Two structures are found
around 1 and 3 eV showing a strong relative intensity
dependence on hybridization: the high-energy peak de-
creases with increasing hybridization strength. In order
to simulate the experimental data, we have convoluted
our calculated spectra with a Gaussian [full width at half
maximum (FWHM)= 2 eV]. We think that the multiplet
splitting of the relevant final-state configurations is re-
sponsible for this broadening. An atomic calculation
supports this suggestion by showing that the BIS spectra
extend up to several eV for the different 5/ configurations
of uranium.” We have also added a “background”
modeled by an arctan function to describe the transition
into the unoccupied p and d states. With this crude cal-
culation, the experimental results (Fig. 2) are roughly
reproduced. As discussed above, sophisticated one-
electron band calculations cannot explain the width of
the BIS structure: two narrow structures of mainly 5/,
and 5f5,, character are predicted in the first 2 eV above
the Fermi level in these three compounds®* ™2’ and then
the one-electron density of states is significantly narrower
than the observed spectra. In spite of its limitations, the
description of BIS with the Anderson model seems to be
more appropriate than the one given by the LDA, corro-
borating the one-dimension Anderson lattice approach.3¢

V. CONCLUSION

In this paper, we have presented and discussed the
spectroscopic properties of several uranium compounds.
We have studied the influence of the progressive localiza-
tion of 5f electrons on different spectral functions (U 4f
XPS, BIS, PES). In PES the 5f weight is partially
masked by the transition-metal d states. Nevertheless, a
systematic behavior is observed: the 5f contribution at
the Fermi level decreases with increasing localization.
The 4f core-level spectra appear to be less sensitive to the
5f localization: only a broadening of the main line is ob-
served. On the contrary, BIS spectra exhibit a spectacu-
lar evolution: a structure at 3 eV above E seems to be
correlated with the localization; it strongly increases
from URh; to UPd;. This modification of the 5f BIS
spectra cannot be interpreted on the basis of LDA band-
structure calculations. On the other hand, we show that
an impurity Anderson model correctly simulates the evo-
lution of the BIS but difficulties are found in the descrip-
tion of the XPS 4f spectra with the same set of parame-
ters. These results indicate that the impurity Anderson
model gives a qualitative description of the spectra of
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FIG. 5. BIS calculated spectra for different values of the hy-
bridization strength A. The calculated spectra were convoluted
with a Gaussian function to simulate the broadening due to the
multiplet effect. A background was added to account for the
transition into the unoccupied p and d states.

uranium systems. However, this approach should cer-
tainly be improved by including the multiplet structure
or the energy dependence of the hybridization strength.
On the other hand, for light actinide compounds band
calculations fail to reproduce the 5f excitation spectra,
especially in heavy-fermion compounds, but they provide
a good description of ground-state properties such as
cohesion energy, lattice parameters, etc.** This situation
clearly demonstrates that correlation plays an important
role in the properties of uranium systems. At the present
time, the predictions of the LDA formalism seem not to
be reliable beyond the ground-state properties, whereas
many-body calculations based on the single-impurity
model show encouraging agreement with the excitation
spectra. This description with two complementary ap-
proaches underlines their respective limitations and is not
very satisfactory. Further decisive progress in the eluci-
dation of these uranium compounds awaits the develop-
ment of a broader formalism yielding a unified interpreta-
tion of their different properties.
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