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Resonant photoemission study of UNi5 „Cu„
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Valence-band spectra of the intermetallic compounds UNi5 „Cu„(x=0.0, 2.5, and 5)
have been measured using synchrotron radiation in the energy range 10 to 130 eV. In all
compounds the Sf-derived valence-band density of states is pinned to the Fermi energy.
In contrast to earlier work, no splitting of the U 5f emission due to different final-state

Sf configurations is observed in UCus. This points towards an itinerant description of
the 5f electrons in these compounds. A decrease in the intensity of the Ni two-hole satel-
lite is observed in going from Ni metal and UNi5 to U(Nip 5Cup 5)5 which can be related to
a filling of the Ni d band. Furthermore, a shift of the Ni satellite energy by 1.3 eV to-
wards higher binding energies occurs in U(Nip 5CUp 5)5.

INTRODUCTION

Intermetallic compounds of the actinides have
stimulated considerable interest in the past due to
their complex structural, magnetic, and supercon-
ducting properties. It is generally accepted that
these properties are governed by the nature of the
5f electrons. Recently the existence of satellite
structure in x-ray photoemission spectra (XPS) of
several uranium compounds was shown to be due
to the onset of a more localized behavior of the Sf
electrons. ' Also it has been realized, using
resonant photoemission techniques, that the 6d
electrons play an important role in determining the
electronic and magnetic properties of 5f systems. '

For the intermetallic compound system
UNi5 „Cu„with x &4, van Daal et al. proposed
a possible mixed valence of uranium on the basis
of lattice-constant, susceptibility, specific heat,
electrical resistivity, and Seebeck coefficient mea-
surements. This proposal of a mixed valence
motivated Grohs et al. to undertake an XPS study
on these intermetallics. From valence-band and
U4f core-level spectra they concluded that UCu5
is in a mixed-valent state (a mixture of U + and
U +), whereas UNis is assumed to have a pure
U + state. However, the spectral features in the
valence band of UCus, which were assigned to an
initial 5f configuration, are weak, calling for a
high-resolution study of the valence band of this

interesting compound system. We have used tun-
able synchrotron radiation to examine the valence
bands of UNi5, U(Nio 5Cuo 5)s, and UCu& to identi-

fy the U5f-derived features. Furthermore, we

have applied resonant photoemission techniques
whereby the 5f character is first suppressed and
then enhanced by tuning the photon energy
through the binding energy of the U Sd core levels
(Ett-95 eV). Additional insight into the electronic
structure of UNis „Cu„, e.g., the d-band filling, is
obtained by studying the two-hole satellites ' in
the constituents of these compounds.

EXPERIMENTAL

The photoemission measurements were per-
formed with a display-type analyzer using syn-
chrotron radiation (10&hv& 130 eV) at the Syn-
chrotron Radiation Center of the University of
Wisconsin-Madison. This system was operated in
an angle-integrated mode with a full 86' acceptance
cone of emission angles and with an energy resolu-
tion of -0.15 eV. Typical peak intensities in the
spectra are of the order of 10s counts per channel.
Angle-integrated energy distribution curves
(EDC's) were measured using a (100) oriented sin-

gle crystal of UNi5 and polycrystalline samples of
UNi5 „Cu (x =2.5 and S). The UNi5(100) sur-
face was prepared by ¹ionetching and anneal-
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tng. Its surface conditions were monitored
Au ers ec

on1 of us1ng

g pectroscopy and low-energy electron dif-
raction (LEED). The polycry t 11'ycrys a 1ne samples were

filed with a diamond file and studied in situ in a
vacuum of better than 1)(10 ' Torr. The UCu5
sample —-crucial for the question of mixed
valence —was measured as-cast" and well annealed
yielding essentially the same ph te p o oem1ssion spectra.

hv= 98eV
hv= 9ge
5f emissi

U Ni5

RESULTS AND DISCUSSION

«Fig. 1, EDC's are shown for UN' f( v(80 eV. The intensity of structure A f 1-

lows the well-kn
c ure o-

s e well-known energy dependence of the Sf
cross section' and is therefore identified with 5f

ure s ows no shift ine ectron emission. This feat A h
1nding energy in going through the compound

series, a fact which confirms recent XPS measure-
an - u systems.ments on intermetallic U-Pt d U-A

when s ectr
clear view of the Sf-derived features is 'bles 1s possl e

w en spectra taken below the onset of th Sd Sf-
esonance (92 eV) are compa d

'
h

e

onance
re w1t spectra at res-

onance (98 eV), as shown in Fig. 2. The Sf con-
tribution which emeric emerges at resonance is not visible
at hv=92 eV. In order to extract information on
possible changes of the Sf occupation in these
compounds, difference spectra (also shown in Fig.
2), were generated in the follow: Th
tra taken at 92- and 98-eV h t

wing way: The spec-
-e p oton energy were

normalized at 2.5 and 4 eV since the d-band
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FIG. 1. EDC's for UNi at various photon energies.
ea indicates thethe photon-energy-dependent 5f ernis-
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FIG. 2. EDC's for UNi5, U(Ni Cuuo 5)5, and UCu5
resonance v=98 eV) and off-resonance (h v=92 V)

to show the 5--related emission features. The spectra
v= e

are normalized at 2.5 and 4 eV.

features at hi h
to be less

g er bind1ng energies are con d dsi ere
e ess affected by 5f-electron contributions.

%ith this normalization the 5 -d
Cu5 is overestimated by about 18% when com-

n e

toionization cross section between 92- and 98-eV
excitation energy is only about 5% f h

u an s, respectively. ) Consequentl th
,.l in d;".',

'
'

g 'fference spectra were integrated from
2.2-eV bindin ener

'
g gy up to the Fermi energy and

then corrected by t"e 3d cross-section variation be-
tween Cu and Nian Ni. Then the intensities of the Sf
contribution to the spectr d ha o not c ange by more
than 10% in aH compounds. This le
atel to th

n s. 1s eads immedi-

trons o
y o e conclusion that the numb f l

rons does not change substantially in these com-
poun s.

We do not observe any 5f satellite structure in
the valence bands at the U 5d-5 resonance, as has
recently been found in a-U. ' Fa- . rom these observa-
ttons no different 5f multiplets in the 5 1e va ence

ds, no satellites) we conclude that he a t ere1sno
n, l.e., t 1s com-in o an increased Sf localization i.e h'

poun system may not simply be related to a
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mixed-valent situation with different final-state
multiplets in the photoemission spectra as encoun-
tered in rare-earth compounds. ' In fact, the pin-
ning of the 5f emission at Ez (cf. Fig. 2) points to-
wards an itinerant description of the f electrons in
these compounds, even though the U-U distance
(UNis. 4.796 A) is bigger than in clearly localized
U compounds, ' which indicates that hybridiza-
tion effects with Ni and/or Cu 3d electrons are im-
portant. These findings are contradictory to those
reported by Grohs et al. A possible reason for
this discrepancy between our valence-band spectra
of UCu5 and the one taken by Grohs et al.5 may
lie in the sensitivity of this compound to oxidation.
After oxygen exposure we observed in UCu& a
shoulder on the leading edge of the Cu 3d band at
1.5-eV binding energy indicating an initial-state

5f configuration due to UO2 formation. Figure 3

shows exemplary data for this effect.
Now we discuss the overall appearance of the

density of states in this compound system. The
remaining structures in Figs. 1 and 2 are easily

identified with the Ni and Cu d bands, respective-

ly. The shape and the relative positions correspond
well with the existing literature for Ni-Cu alloys,
e.g., Ref. 15. In comparing the off-resonance spec-

tra (hv=92 eV) for the ternary compound with the

pure Ni spectrum of Ref. 7 one clearly recognizes

a shift of the band maximum to higher binding en-

ergies indicating d-band filling on alloying. A
similar d-band filling in uranium compounds has

previously been reported for the U-Pt system. "

6 4 2
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FIG. 3. EDC's for UCu5 at hv=50 eV. The influ-

ence of oxide contamination at the leading edge of the
Cu 3d band is indicated by the dashed line.
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FIG. 4. EDC's for UNi5 „Cu„, taken at their respec-

tive Ni 3p~3d (h v=67 eV) and Cu 3p~3d (hv=76
eV) two-hole satellite resonance maxima. The spectra
were normalized to equal valence-band emission down to
6 eV below EF.

Further information on the Ni d-band filling is

obtained by using resonant photoemission tech-

niques at the Ni 3p-3d resonance corresponding to
a photon energy of -67 eV. Here a 3p electron is
excited to the 3d valence band and followed by a
super-Coster-Kronig decay (3p '3d" + '

~3p 3d" 'ef) This ioniz.ation channel interferes
with the direct excitation of the 3d valence band

leading to Fano resonances and to a two-hole
bound satellite in photemission. ' Owing to this

coupling of the 3p~3d absorption, the intensity of
the two-hole satellite at resonance is sensitive to
any change in the occupation of the Ni 3d band.

Figure 4 summarizes our results on valence-band
satellites in the compounds. We find a two-hole

satellite in UNis and a weak one in U(Nio 5Cuo 5)5.
The relative intensity of this satellite as compared
to the main 3d emission is about the same in Ni
and UNis ( -23%) (the value for pure Ni is es-

timated from the data of Refs. 7 and 17) and
-5% in U(Nio sCus s)5. The weakness of this sat-
ellite in the ternary compound indicates a close re-

lationship of the satellite intensity with the number

of available holes in the Ni d band. ' ' On the

other hand, the resonance satellite in Cu shows no
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change in intensity and in binding energy (11.8 and
14.8 eV) in going from Cu metal to UCu& and

U(Nio 5Cuo 5)5 (see Fig. 4).
The relative energy of the Ni satellite with

respect to the main 3d emissions increases from 6
eV in Ni metal to 6.3 eV (7.45 eV) in UNi& and 7.3
eV (8.2 eV) in the more dilute U(Nio 5Cuo 5)5 com-
pound. The numbers in parentheses are the abso-
lute energy values. This trend is understandable in
terms of 3d-band filling: a lowering of the Ni d
band with respect to the Fermi energy means in-
creased confinement of the Ni d shell and therefore
increased localization of the 3d electrons at the Ni
site. However, for a detailed treatment of the sat-
ellite position one has to consider how the double-
hole screening charge (the final-state charge distri-
bution resembles that of a Zn impurity atom) in-

teracts with the surrounding lattice.
The decrease of the Ni-satellite intensity in

U(Nio 5Cuo z)5 emphasizes its resonant origin: with
a decreasing number of d holes the probability for
transitions to unoccupied orbitals decreases in the
final state. On the other hand, a full Ni d band
should lead to a Cu-type satellite in the spectrum,
an excitation which involves the singular response
of the 4s-4p bands leading to the same d configu-

ration in the final state. ' Even if there were, in
the case of U(Nio 5Cuo 5)5, a finite 3d-4s hybridiza-
tion which would lead to partly empty d states and
which would favor direct 3p —+3d transitions, this
contribution to the resonance enhancement of the
satellite will be relatively small.

To summarize, high-resolution resonance experi-
ments with synchrotron radiation show no evidence
for two different final-state Sf multiplets in the
valence bands of UCu5, indicating itinerant 5f-
electron behavior partly due to hybridization with
3d electrons. The Ni 3d-band filling in these com-
pounds is accompanied by a shift of the Ni band
maximum to higher binding energies. It also man-
ifests itself through the decrease of the intensity of
the two-hole satellite.
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