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We have studied the actinide superconductor UBe;; with resonant photoemission using synchrotron radi-
ation 30 < hv <120 eV. In agreement with the anomalously high y value of 1.1 J/mole K2, we find a high
density of 5f states at the Fermi level Er. Uranium 6d electrons are not present at Er as can be derived
from the zero intensity at Ep in the off-resonance spectrum. The close resemblance of this off-resonance
curve to a photoemission spectrum of pure Be suggests that the hybridization of U 5 felectrons with Be s,p
electrons is small. Indeed, the UBe; photoemission curves look like a superposition of U and Be curves.
By using photoemission results from UO, as a reference, we find that the valence-band emission contains
about one 5f electron. The present results on UBe3 are compared with those of CeCu,Si,, another

member of the family of exotic superconductors.

I. INTRODUCTION

It was very recently discovered! that UBe,; becomes su-
perconducting below 0.85 K, and below 1 K exhibits an
anomalously high electronic specific-heat value of y=1.1
J/mole K2 Therewith, UBey; is the first example of an ac-
tinide system containing 5f electrons which falls into the
class of so-called exotic superconductors. Another example
is the 4 f system CeCu,Si; (y =1 J/mole K?),? in which su-
perconductivity is claimed to be mediated by heavy fermions
generated presumably by interactions between the localized
4 f electron and the conduction electrons.®> A clear under-
standing on a microscopic scale, however, is still lacking and
the relevance of this understanding to the problem of ‘‘in-
termediate valence’ in cerium- and uranium-based systems
is evident. For CeT,Si, (T =Cu, Ag, Au, Pd), it is the hy-
bridization of Ce 4f electrons with 7-derived d states which
determines the ground-state properties (superconductivity
for T =Cu, ordered magnetism for T=Ag, Au, Pd). This
was concluded from resonant photoemission studies on
these systems.* Here, we apply the same technique to
UBe;; using synchrotron radiation 30 eV < Av <120 eV
from the National Synchrotron Light Source at the
Brookhaven National Laboratory.

II. METHOD

Resonant photoemission provides a means to extract the
n,l character our of the valence-band emission which usually
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consists of overlapping contributions, provided an n, (/ —1)
core level is available.® Here, the electronic states are
characterized by their main quantum number » and their or-
bital quantum number [ Experimentally, the resonance
manifests itself as a minimum in. the photoemission-
intensity-versus-Av curve, which is followed by a maximum
when Av is tuned through the core absorption edge. In case
of an atomiclike uranium configuration, the minimum re-
flects Fano-type interference effects® between direct
valence-band photoemission

5d"95 £36d"1s? + hv — 5d'%5 f26d"1s* +es; |

and the 5d core-hole absorption into intermediate excited
states

5d'95 36 d'7s2 + hv — [5d°5 f*64d'7s%]* ,

while the maximum is due to the subsequent decay of the
excited states

[5d°5 £46d'7s*1* — 5d'95 %6 d'1s* +es; .

This technique has been applied successfully to the localized
5f systems USb,Te;_,, UO, and UPd;,’ the itinerant 5f al-
loy Ulrs,” the 4f systems CeT,Si, (T=Cu, Ag, Au, Pd),*
and the 4 f superconductors CeRu; and CeCo, (Ref. 8). It
is particularly successful in materials in which the U 5 felec-
trons are energetically degenerate with U 6d’s (as in
USb,Te;_,) or transition-metal d’s (as in UPd3), or when
the felectrons are even hybridized with transition-metal d’s
as in Ulr; and CeT,Si,. UQ, serves as a prototype since the

493 ©1984 The American Physical Society



494

U 5f and the O 2p photoemission features are completely
separated’ and hence provide a way to determine quite accu-
rately the 5f to 2p photoemission cross-section ratio as well
as the ‘‘pure” 5 fresonance behavior.

III. EXPERIMENTAL

The experiment was performed with the IBM two-
dimensional spectrometer® now installed at the Brookhaven
National Laboratory. The synchrotron radiation from the
750-MeV storage ring was monochromatized with a 3-m
toroidal grating monochromator yielding a total energy reso-
lution (electrons and photons) of 0.3 eV at hv.=40 eV and
0.75 eV at hv =100 eV. Single crystals of UBe; were frac-
tured in a vacuum of 2x107!° Torr and then immediately
transferred to the measuring position which held a vacuum
better than 1x107!9 Torr. Angle-integrated (AQ =86°)
energy-distribution curves (EDC’s) were taken within two
hours after cleavage.

IV. RESULTS AND DISCUSSION

In Fig. 1(a), we present an EDC of UBe;3 at Av=40 eV,
a photon energy at which the p, d, and f photoemission
cross sections are roughly equal,'® and hence a picture of
the total density of states (DOS) is obtained. We note two
spectral features in Fig. 1(a), one sharp peak right at Er and
a broader one centered at about —7-eV initial energy. From
the cross-section dependence at low excitation energies
hv <60 eV, as well as the resonance behavior (to be dis-
cussed below), we can immediately assign U 5, 6d character
to the Fermi peak, and Be s,p character to the second
feature at —7 eV. So far, no theoretical DOS calculation has
been performed. Therefore, in Fig. 1(b), we compare our
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FIG. 1. (a) Energy-distribution curve of photoelectrons from

UBe;; at hv =40 eV. The background due to the secondary elec-
trons has been subtracted. (b) EDC of photoelectrons from berylli-
um at hv=1487 eV after background subtraction [from Hé&chst,
Steiner, and Hufner (Ref. 11)]. The notations s- and p-like were
derived by comparison with the calculations of Inoue and Yamashita
(Ref. 14).
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results for UBe;; with an EDC from beryllium!!' taken at
hv=1487 eV, again a photon energy which provides a good
overall picture of the DOS of Be. The justification for this
comparison is taken from the fact that the Be-Be and next-
nearest Be distances are 2.16 and 2.59 A in fcc UBejs,!2
while they are 2.23 and 2.29 A, respectively, in hexagonal
Be.!) Inoue and Yamashital* have performed band-
structure calculations for Be as a function of the lattice con-
stant. They find essentially no change of the DOS when
varying the lattice constant from 0.8 to 1.2 times its nominal
value. In addition, hypothetically fcc Be has a DOS almost
equal to hcp Be.!* Hence, to a first approximation, the s-
and p-like electrons of Be will have the same wave-function
overlap and form bands at approximately the same energy
positions in UBe,; as they were determined for Be [cf. Fig.
1(b)]. Noteworthy is the low DOS of Be at Ep, exactly
where we recognize the U 5f contribution in Fig. 1(a). In
addition, the 2s-like maximum of states in Be corresponds
to the —7-eV feature in UBe;3 to which we had already pre-
viously assigned s,p character (see above).

To derive the mere S f contribution, in Fig. 2 we use the
EDC’s of UBe;; at hv=98 eV (on resonance) and hv =92
eV (off resonance). These photon energies were deter-
mined from the maximum and minimum, respectively, in
the 5f intensity-versus-hv curve (constant initial-state spec-
trum) obtained from EDC’s measured in steps of 2 eV
through the 5d absorption edge and then normalized to the
photon flux.> The EDC’s in Fig. 2(a) have been normalized
to equal Be 2s intensity at —7 eV. The Be 2s emission does
not change at the 54 — 5 f Fano resonance (because of dif-
ferent atoms, different main quantum numbers, and the
Al-selection rule). Most striking is the zero intensity at Er
in the off-resonance spectrum of Fig. 2(a). Such a zero in-
tensity at hv=92 eV has so far only been observed in
UO,,° which is known to be purely flike with no other
overlapping states. Usually, at least some U 6d contribution
accounts for some spectral intensity (see, e.g., UTe in Ref.
5 or a-uranium in Ref. 15). Therefore, we conclude that
no U 6d states are present at Er. In going away from the
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FIG. 2. (a) EDC at hv=98 eV (on-resonance, solid line) and
hv=92 eV (off-resonance, dashed line) normalized to equal peak
heights at —7 eV. (b) The difference curve resulting from the
upper panel represents the 5 femission (see also text).
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Fermi level, increasing spectral intensity can be seen in the
off-resonance EDC of Fig. 2(a). Although, in principle,
some U 6d’s could account for this emission, comparison of
this EDC at hv =92 eV with the pure Be spectrum of Fig.
1(b) reveals a lot of resemblance. As pointed out above, Be
2s or 2p states are not affected by the 54 — 5f resonance.
Therefore it is tempting to attribute 5 f character to the en-
tire difference curve of the on- and off-resonance curves,
which is shown in Fig. 2(b). This is in contrast to the 4f
electron systems CeT,Si, (T =Cu, Ag, Au, Pd),* in which
the f-intensity scales with 7T-derived d intensity at Er. This
has led to the conclusion* that the hybridization of the f’s
with the d’s of the transition metal determines the ground-
state properties. The nearest U-U distance!? of 5.13 A in
UBe,; (for comparison UO,: 3.9 A) points towards localized
5 f electronic states, and very small or no direct 5f wave-
function overlap is expected. Hybridization of U felectrons
with Be p’s, however, cannot be derived from our resonant
photoemission results and the comparison with Be. The
tailing of the 5f intensity away from the Fermi level as can
be seen from the difference curve of Fig. 2(b) allows for
some hybridization effects at higher binding energies.

To obtain a measure for the number of 5/ electrons per
formula unit ns/(UBe;3) in UBe;;, we use as a reference
the photoemission spectrum of UO, at hv =40 eV,>!¢ ob-
tained under the same conditions as the EDC in Fig. 1(a).
For the intensity ratio, we find Is;/1,,=0.5 in UO,. This
ratio can also be expressed in terms of the photoemission
cross sections oy and o, and the number of electrons per
formula unit ns,(UO,) and n,,(U0,):

Isf/ I, = o ,ns,(UO,) /0,02, (UO,)

Separating the UBe;; EDC of Fig. 1(a) at the intensity
minimum at —4.45 eV into a U 5fand a Be 25 contribution,
we obtain a ratio

15//123 = 0'fﬂ5/(UB€13)/(rans(UBen) =0.35
Hence, ns;(UBe;;) can be written as

Ils/(U02)
nzp(U()z)

035 o
nsf(UBeU) = 0—'55~;i~n25(UB613)

M
The ratio of the 2s to 2p photoemission cross sections has
been calculated!” for carbon at hv=40.8 eV: o,/o,=0.788.
The total number of s and p electrons in UBe;; is
2x13=26. From the x-ray photoemission spectroscopy
results on Be, it was deduced!! that 40% of the total number
of electrons is contained in the s-like emission feature yield-
ing n,,(UBe;3) =10.4. Finally, it is well known® that
n,(UO0y) =2%6=12 and ns;(UO,) =2. Inserting all the
numbers in Eq. (1) results in ns;(UBe;3) =0.96, i.e., about
one electron. With all the approximations used in obtaining
this number [comparison with Be to get n,,(UBe;3), the

ambiguity in the background subtraction in UO; and UBej3,
etc.], it is not surprising that ns, deviates from the paramag-
netic effective moment! at room temperature up=3.1up.
From one localized f electron, a free-ion moment of 2.54up
is derived in Russel-Saunders coupling. Finally, the f
number obtained at Ay =40 eV [cf. Fig. 1(a)] is consistent
with the pure f contribution derived from the resonance
curves (see above).

One 5f electron in UBe;; points towards a very close
resemblance to CeCu,Si; (and Ce systems, in general)
which presumably has one 4f electron.??® Although the
width of the 5f emission in the 40-eV EDC [Fig. 1(a)] is
rather broad ( —2eV) as compared with the expectedly nar-
row f band of millivolt width in the ground state, it is
known that the 4f photoemission in Ce systems is very
broad (2-3) eV and exhibits the anomalous two-peak struc-
ture (cf., e.g., Refs. 4 and 8) which is currently a matter of
great interest.!” So, in principle, effects similar to those pro-
posed!”- ¥ for photoemission from Ce systems may account
for the broad width of the 5femission in UBe3.

The high-f DOS is compatible with the anomalously high
vy value, while some localized character manifests itself in
the effective moment of 3.1up per U ion. Such localization
effects and the degree of correlation can be studied by
high-energy photoemission on the 4f core levels in 5f sys-
tems.!® It is the possible existence of a satellite and its in-
tensity relative to the 4/ main line which gives a measure
for the localization of the 5f’s. In the valence-band re-
gion,'> no such satellites are discernible (cf. Figs. 1 and 2),
therefore future x-ray photoemission experiments on the
core levels are welcomed. Complementary bremsstrahlung
isochromat spectroscopy will allow?® determination of the ef-
fective Coulomb correlation energy.

As a final remark, it is worthwhile recalling that the
band-structure calculation for Be (Refs. 11 and 14), as well
as the photoemission DOS [cf. Fig. 1(b)], shows a very low
DOS (of p states) at Er. According to our findings, the
huge 5/ DOS falls into this minimum. Indeed, our photo-
emission spectra of UBe;; look like a superposition of the
spectra of its constituents U (Ref. 15) and Be (Ref. 11).
Clearly, the S f electrons play a role for the superconductivi-
ty in UBey3, since related ThBe;3; does not exhibit?! a super-
conducting transition down to 0.45 K. On the other hand,
the similar Be-Be spacing in Be and UBe;; may explain why
UBe,; is metallic like Be, but not why it is a superconductor.
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