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Electronic structure and magnetism of U,Th,_,Sb as studied by photoemission
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Using photoelectron spectroscopy with synchrotron radiation in the 10 << hv <130 eV range,
we have studied the ““5f, 64 electron states in single crystal U,Th,_,Sb. We find that urani-

um has a quasilocalized 5/ resonant level with essentially a trivalent configuration and does not
change valence in the ordered magnetic region 1.0 = x = 0.3 while thorium contributes 64
conduction-band electrons which play an important role in both the electronic and magnetic

properties.

At present, the general belief is that 5/ electrons
principally determine the electronic and magnetic
properties of the entire actinide series and their com-
pounds.!'2 While this may be true for the heavier ac-
tinides (starting with Pu) which resemble a second
rare-earth series due to 5f localization, the 5f elec-
trons are spatially less localized in the lighter ac-
tinides (Z <93) such as uranium and interact with
6d conduction electrons. In the case of the uranium
monochalcogenides and -pnictides, this has led to the
concept of a ““5f,6d >’ hybridized conduction band?
dominated by a narrow ~1.5-eV-wide resonant 5f
state. In the ferromagnetic U chalcogenide UTe, 5/
and 6d electrons have been distinguished via spin-
polarized photoemission measurements* which show
that the 6d electrons are polarized and aligned an-
tiparallel to the predominant 5/ moments.

In this paper we report high-resolution photo-
emission studies of the 5/ and 6d electrons in the
U,Th,_,Sb system, which is interesting in that the
number of fand d electrons can be varied due to the
atomic configurations of U(5/364'7s?) and
Th(64%s%). As reported by Cooper ef al.,* this sys-
tem exhibits an interesting and complex magnetic
behavior, with an ordered moment occurring for U
concentrations x =0.3 and an antiferromagnetic-to-
ferromagnetic phase transition at x =0.83. For this
system, we find that uranium maintains a constant
valence (trivalent U3*) with 5/ electrons that can be
described as a quasilocalized 5/~ resonant level,
while thorium atoms contribute 64 conduction elec-
trons which fill 4 bands at the Fermi energy Ef.

This 5/ resonant level does not stay pinned at Ef,
indicating that it cannot be described simply by an
itinerant 5/ band but involves correlation effects, at
least for the excited states probed with photoemis-
sion. We conclude that thorium-derived 6d electrons
also play an important role in the magnetic properties
of U,Th;_,Sb. Namely, a simple model with polar-
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ized Th 6d electrons aligned antiparallel to the U 5/
moment is shown to describe the concentration-
dependent ordered magnetization for 1.0 =x =0.3.
Likewise, it is suggested that Ruderman-Kittel-
Kasuya-Yosida (RKKY)—type magnetic interactions
of the 5/ moments and 64 conduction electrons
might be involved in the complicated magnetic phase
transitions exhibited by this system.

Photoemission measurements were made with a
display-type analyzer® using synchrotron radiation at
the Synchrotron 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 ~0.14 eV. Angle-integrated energy-
distribution curves (EDC’s) were measured using
single crystals of U,Th;_.Sb (x =0.0, 0.34, 0.85, and
1.0) of dimensions —3 X 3 X 5 mm?® which were
cleaved along their (100) planes and studied in situ in
a vacuum of better than 1 X 1071 Torr. Under these
conditions, photoemission and Auger spectra showed
that samples stayed clean for several hours. Low-
energy-electron-diffraction spectra (LEED) showed
regular p (1 x 1) patterns with no observable steps
(e.g., no split spots).

In Fig. 1, EDC’s are shown for USb(100),
U0.85Th04155b(100), U0'34Th0'665b(100), and
ThSb(100) for hv =40 eV. For the lower three spec-
tra, the predominant emission near Er is due to 5/
emission. Neutron scattering experiments’ of USb
and photoemission studies® of the USb, Te,_, system
conclude that uranium has a U3* valence state in
USb, with a quasilocalized 5/27%d® (8§ =0-0.5) level
at Er. The sharp, prominent 5/ emission within
~0.5 eV of Er is associated with this level; i.e., it
represents the 572 final-state spectrum, with peaks B
and C likely being multiplet peaks.” An interesting
trend is observed for the 5/, 6d conduction bands
near Er with increasing Th concentration which we
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FIG. 1. Angle-integrated EDC’s at hv =40 eV for USb,
Ug 34Thg 66Sb, UggsThg 5Sb, and ThSb at room tempera-
ture. The curves are normalized to equal Sp valence-band
heights assuming a filled valence band. The spectra are
aligned so that the 5p peak heights coincide; this causes
peaks B to coincide as well. The resulting relative shifts of
Ef are given in eV. In the Ug34Thg¢¢Sb spectrum, a partial
d-electron density of state is shown which is defined as %
that of the ThSb d spectrum.

have illustrated in Fig. 1 by keeping the dominant f
peak B at a constant position and shifting the Fermi
energy Lr. Namely, with increasing Th concentra-
tion, £r moves upwards and the f-like spectral peaks
B and C remain invariant at a constant-energy separa-
tion from the lower-lying Sb-derived valence bands
(for Ug34Thg¢Sb, peak C is not resolved because of
energy-dependent lifetime broadening®). As plotted
in Fig. 1, Er moves upwards by 0.46 +0.02 eV from
USb to ThSb. Thorium, with a 64%6s? atomic confi-

guration, is expected to have three electrons associat-
ed with the filled valence bands and about one 64
electron in a metallic conduction band in ThSb; the
latter is associdted with the —1-eV-wide metallic con-
duction band (feature 4) near Er in Fig. 1. In con-
trast with the results of a recent band-structure calcu-
lation,'® we observe a monotonic increase of Ey with
increasing Th concentration with a filling of these
bandlike 6d states. A rough estimate of the density
of conduction-band states near £ which become
filled on going from USb to ThSb, # (E), is given by
the Fermi-level movement; i.e., n(E) ~1 ¢~/0.46 eV
=2.2 ¢~/eV. This state density is only about % that

- of a spin-polarized f band having an ~1.5-eV

width,>!! and thus as previously concluded,® we find
the 5f electrons to be better described by a quasilo-
calized resonant state than by a 5/ bandlike state. A
significant result is given by the fact that the predom-
inant 52 final-state peak B in Fig. 1 is invariant in
energy relative to the valence bands for U concentra-
tions of 1 =x =0.34 and does not shift with Th con-
centration. )

Additional evidence for the presence of 64 bandlike
states near Er for the entire system U,Th;_,Sb for
0 =<x =1 is shown in Fig. 2. Here we show EDC’s

~ for hv=92 eV, a photon energy which corresponds

. . 1 .
to a pronounced resonance minimum (~+) in the

5f emission intensity [Ref. 12 and our results (un-
published)]. All spectra in Fig. 2 show a metallic
edge at E£r which we attribute to occupied 64 elec-
trons. For the Ug3,ThggSb spectrum in Fig. 1, the
spectral intensity of peak A is due to 5f-like emis-
sion, but contains a significant amount of 6d-like
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FIG. 2. EDC'’s for USb, Ug 34Thg ¢6Sb, and ThSb at
hv =92 eV. This photon energy corresponds to a minimum
of the S/ emission due to the 54 — 5/ resonant excitation
(Ref. 12).
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emission (estimated by the dashed line). At hv =40
eV, the S f-like partial cross section per electron is es-
timated to be roughly twice as large as the 6d partial
photo cross section. In addition, the intensity ratio of
the 5/ peak B and 6d emission feature at £ can be
significantly varied near the 5f resonance minimum
(see Fig. 2). This hv-dependent ratio is also con-
sistent with our identification of 5/ and 6d levels.
The 5f-like spectral intensity in peak A could be due
to a resonant broadening of the predominant peak B
due to the additional 64 conduction electrons. We
can rule out a pure itinerant picture with 5/ band
filling, since the Fermi level movement would re-
quire very wide 5f bands (>3 eV).

We next discuss the interesting magnetic behavior
of the U,Th;_,Sb system in light of our finding that
uranium retains a constant valence state. Recently,
Cooper et al.® have reported magnetization measure-
ments and susceptibility measurements which show
an interesting but complicated behavior: USb is an
antiferromagnet (7y =241.2 K) with an ordered mo-
ment of 2.82up (4.2 K) along (100), while
U,Th;_,Sb becomes an ordered ferromagnet with a
(111) easy axis for 0.83 > x >0.3. Figure 3 depicts
(a) the remanent ordered moment My/up for varying
uranium concentration in U, Th;_,Sb (circles), (b) a
theoretical description of My/ug by Cooper et al.’
(dashed line), and (c) a new simple model based on
our photoemission findings (solid curve, to be dis-
cussed). In the model of Cooper et al.,’ it is as-
sumed that uranium is trivalent [U3*(5/3)] for
uranium concentrations x > 0.83 and undergoes a
valence change at x < 0.7 to become tetravalent
[U**(5/%)] in the ferromagnetic regime x <0.7 with
singlet-ground-state ferromagnetism as shown by the
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FIG. 3. Ordered magnetic moment for varying uranium
concentration in U,Th;_,Sb: (a) experiment, (b) theory of
Cooper et al. (Ref. 5) assuming a U**(f2) configuration,
and (c) our model [Eq. (1)] taking into account an antiparal-
lel d-electron moment.

dashed line Fig. 3. In a more recent study!® of the
magnetization of U,Y,_,Sb, Cooper et al. conclude
that there may not be a valence change in
U,Th,_,Sb, but that the valence state may be
U**(5/2) for all uranium concentrations.

As discussed above, we find no valence change in
U,Th,;_,Sb for 1.0 = x =0.34 and conclude that U
remains trivalent with a quasilocalized U3*(5 3% 4%)
configuration while Th essentially contributes approx-
imately one 6d electron per Th to the conduction
band. Additional insight is given by the fact that the
magnetic behavior of U,Th;_,Sb is similar to that of
USb, Te,—,, '* which changes from an antiferromagnet
for x =0.83 to a ferromagnet for 0.83 > x > 0. For
USb, Te,_,, we have found?® the same 5f resonant
state with a filling of d-like electrons at E with in-
creasing Te concentration. Thus, in view of our find-
ings, antiferromagnetic behavior with moments along
(100) is only favored when the number of d elec-
trons is small. Moreover, spin-polarized photoemis-
sion studies* have shown these d electrons at £y for
UTe to be antiparallel to the ordered 5/ moment and
thus account for the lower ordered moment in UTe
compared with USb. Based on the above, we con-
clude that 6d electrons play an important role in
U,Th;_,Sb which is similar to that in USb,Te,_,.
Namely, for uranium concentrations 1 =x =0.3 in
the ordered region, we suggest that the Th-derived 64
electron is polarized with a moment w4 which is anti-
ferromagnetically aligned relative to the U-derived
moment wy. Assuming that the moment uy per Th
is independent of concentration for x > 0.3, we have
the simple result

M 1—x

T

129} X
This curve is plotted in Fig. 3 (solid line) for
wmy=2.82up (value for USb) and us=1.3uz (ob-
tained by fitting to Uy sThgsSb) and is seen to give a
very good description for all concentrations
1 =x=0.3. The disappearance of the ordered mo-
ment at x =0.3 corresponds to a cancellation of the
U 5f moment by the antiparallel 64 moment. The
above uy and u, moments are both ~80—85% as
large as calculated for atomic 5% and 64" configura-
tions, and they appear to be reasonable in view of
crystal-field effects, etc. Within this model involving
polarized 6d electrons, we suggest that the change
from antiferromagnetism to ferromagnetism involves
the 64 conduction electrons, possibly via a RKKY-
type mechanism.!* We caution that our description
of the magnetic behavior involves a very crude model
(e.g., the 6d electrons are not localized and the 6d
moment per Th cannot be independent of concentra-
tion as U is diluted) and must be viewed as a tenta-
tive description. Further experimental studies such
as spin-polarized photoemission studies, neutron
scattering measurements of 5/ moments, and
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theoretical studies of RKKY-type models should clar-
ify further if our model is correct. Concerning the
related system U,Y,_.Sb studied by Cooper et al.,'?
its magnetic behavior appears to be consistent with
our conclusion of an essentially trivalent
U*+(5/3-%d®) configuration rather than a tetravalent
U**(5/?) configuration as previously suggested.
Namely, Y is trivalent and is therefore less effective
than Th in contributing d electrons; thus a signifi-
cantly larger Y concentration is needed both for a
transition to ferromagnetism (at UgsY(sSb) and for
the disappearance of an ordered moment (at
Up,Y0sSb). In summary, we conclude that the
lighter actinides are not only characterized by the 5f

electrons, but that the 6d electrons are as unique in
determining their electronic and magnetic properties.
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