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High-resolution angle-resolved photoemission study of USb: Dual character of 5f electrons
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We have performed a high-resolution angle-resolved photoemission spectroscopy~ARPES! on antiferro-
magnetic USb to study the electronic structure near the Fermi level. We found that USb has a metallic band
structure with the fully occupied Sb 5p bands in contrast to semimetallic CeSb that has the partially filled Sb
5p bands. This suggests that the magnetic phase transition of USb is not understood within the framework of
the p-f mixing model. This difference in the electronic structure between USb and CeSb is ascribed to the
energy position of the respective baref level with respect to the Sb 5p band. The observed fully occupied Sb
5p bands in USb is consistent with the band calculation based on the itinerant U 5f model, but different from
that of the localized model. On the other hand, we found two dispersionless bands just belowEF in ARPES
spectra of USb, which are well described in terms of the 5f 2-final-state multiplet structure calculated based on
the localized 5f model. These experimental results suggest the dual~itinerant and localized! character of 5f
electrons that characterizes anomalous properties of USb.
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I. INTRODUCTION

Uranium monopnictides (UXp;Xp5N-Bi) and monoch-
alcogenides (UXc;Xc5S-Te) exhibit various anomalou
physical properties such as the complicated magnetic p
transition with temperature and/or external magnetic field1,2

The observed anomalous properties have been regarde
originate in the intrinsic character of U 5f electrons in the
compounds. It is generally accepted that 5f electrons are
situated between ‘‘itinerant’’ 3d electrons and ‘‘localized’’
4 f electrons and thereby may have a dual character.
wide variety of physical properties of U compounds m
stem from the dual character of 5f electrons. The ratio be
tween the ‘‘iteneracy’’ and the ‘‘localization’’ appears t
strongly depend on the counter atom in the compou
namely, the hybridization strength between the 5f orbital
and the ligand states. In UN and US, the photoemiss
~PES! spectrum has a large 5f -derived spectral weight at th
Fermi level (EF),3,4 implying the strong itinerant nature o
5 f electrons. In contrast, in UA’s, USb, and UTe, the P
spectrum shows a clear 5f 2-final-state multiplet structure be
low EF as evidence for the localized nature of 5f electrons.5

USb with a NaCl crystal structure has been thus con
ered as a typical example of localized 5f -electron materials.
The large U-U spacing~;4.38 Å! in USb is well above the
Hill limit 6 and, in fact, it shows an antiferromagnetic pha
transition with a complicated triple-k structure2 below TN
5214 K.7 The localized nature of the 5f electrons has bee
also proposed from various experiments; the relatively sm
electronic specific heat coefficient (g;4 mJ/mol K2),8 the
large magnetic moment (m;2.85mB),2 and observation of
the crystal-field splitting by the neutron scattering.9 From
these experimental results, it has been proposed that U a
in USb take a trivalent state and consequently USb ha
semimetallic band structure with a small overlapping b
PRB 610163-1829/2000/61~23!/15707~7!/$15.00
se

to

he

d,

n

-

e

ll

ms
a

-

tween the Sb 5p and the U 6d band atEF, like semimetallic
RSb (R5La and Ce! with trivalentR atoms. However, there
is little consensus as for the electronic structure, in particu
for the Fermi surface~FS! topology. The FS topology ob
tained by a recent de Haas-van Alphen~dHvA!
measurement10 is not consistent with the prediction from th
band-structure calculation performed on an assumption
the well-localized 5f states like the 4f states in CeSb.11 Fur-
ther, the optical measurement suggests the existence
relatively wide~;1 eV! U 6d-5 f hybridization band atEF ,
indicative of the itinerant nature of 5f electrons.12

In this paper we report a high-resolution angle-resolv
photoemission~ARPES! study on antiferromagnetic USb
We found that USb has a metallic band structure with
fully occupied Sb 5p bands in contrast to the band-structu
calculation based on the localized 5f model. On the other
hand, the ARPES spectrum shows two U-5f derived disper-
sionless bands just belowEF , which are ascribed to the 5f 2

final-state multiplet structure, indicating the substantial loc
ized nature of 5f electrons. Comparing the present ARPE
result with that of CeSb13,14 as well as the band-structur
calculations, we discuss the nature of the U 5f electrons that
characterize the anomalous properties of USb.

II. EXPERIMENT

Single crystals of USb were grown by the Bridgma
method with a sealed tungsten crucible and a high-freque
induction furnace. High purity U (3N) and Sb (5N) metals
with the respective composition ratio were used as star
materials. The obtained samples were characterized by
Debye-Scherrer method as well as the resistivity meas
ment. The lattice constant and residual resistivity obtaine
4.2 K are 6.210 Å and 16.7m V cm, respectively, and are in
good agreement with those of a single crystal with wh
dHvA signals have been observed.10,15
15 707 ©2000 The American Physical Society
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Photoemission measurements were carried out usin
home-built high-resolution angle-resolved photoemiss
spectrometer, which has a large hemispherical electron
ergy analyzer with a highly bright discharge lamp. The ba
pressure of the spectrometer is 2310211Torr and the angu-
lar resolution is about61°. The energy resolution was set
about 50 meV for quick data acquisition because of the r
tively fast degradation of the sample surface. A clean mirr
like surface of the USb~001! plane was obtained byin situ
cleaving at low temperature~25 K! just before the measure
ment. Since we observed degradation of the sample sur
as evident by an increase of background in the spectrum
recorded all spectra before the spectral change became
tectable. The Fermi level of the sample was referred to
of gold evaporated onto the sample substrate and its accu
is estimated to be better than 5 meV. We have perform
ARPES measurements on seven different samples and
firmed the reproducibility of the data.

III. RESULTS AND DISCUSSION

A. Whole valence band region

Figure 1 shows ARPES spectra of antiferromagnetic U
measured at 25 K with the He I resonance line~21.2 eV!
along theGX direction in the fcc~paramagnetic! Brillouin
zone ~Fig. 2!. The polar angle~u!, referred to the surface
normal of the cleaved plane, is denoted. In Fig. 1, we fi
two prominent dispersionless peaks~A and B! near EF ,
whose energy position and intensity ratio are consistent w

FIG. 1. High-resolution ARPES spectra of antiferromagne
USb measured along theG-X direction with He I resonance line
~21.2 eV! at 25 K. Polar angle~u! referred to the surface normal i
indicated.
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the previous angle-integrated PES measurements.5,16,17Since
the intensity of these two peaks is remarkably enhance
the measurement with the He II resonance line~40.8 eV! as
shown in Fig. 3, they are assigned to the U 5f states. The
photoionization cross section of U 5f electrons increase
drastically from the He I to the He II excitations.18 On the
other hand, the ARPES spectrum below 1 eV shows a
markable and systematic change as a function ofu, suggest-
ing the dispersive band structure in the high-binding ene
region. In the vicinity ofEF aroundu50°, we also find a
small structure~marked as ‘‘C’’ ! which is partially covered
with the prominent dispersionless two peaks~A andB!.

FIG. 2. Brillouin zone of fcc~paramagnetic! USb in the ex-
tended zone scheme~thin lines!. ARPES measurement was pe
formed for theGXXX plane.

FIG. 3. Normal-emission ARPES spectra of USb measured w
He I ~open circle! and He II ~filled circle! photons.
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FIG. 4. ~a! Experimental band structure of antiferromagnetic USb determined by the present ARPES compared with~b! paramagnetic
CeSb~Refs. 13 and 14!. Dark areas correspond to the energy bands. Solid- and broken-white lines are a guide to the eyes.
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In order to see more clearly the dispersive feature of
bands in the ARPES spectra, we have mapped out the ‘‘b
structure’’ and show the result in Fig. 4~a!. The experimental
band structure has been obtained by taking the second
rivative of ARPES spectra after moderate smoothing a
plotting the intensity in a square-root scale by gradual sh
ing as a function of the wave vector and the bindi
energy,19 dark areas correspond to the ‘‘bands.’’ This n
merical procedure was employed to avoid an artificial er
in the case of picking up the peak position by eyes. We
the gray-scale image so as to have the apparent bandwid
the gray-scale image being almost equal to the full-width
half-maximum of the corresponding peak in Fig. 1.

It is well established that the high-symmetry lines in t
Brillouin zone are likely to appear as prominent we
resolved structures in ARPES spectra.20 This is due to the
short escape depth of photoelectrons from the surface an
lack of appropriate final states in the photoexcitation proce
Both cause a large broadening and uncertainty of the
mentum of photoelectrons perpendicular to the surfac21

while the momentum parallel to the surface is conserved
cause of the translational symmetry along the surface. T
means that the ARPES spectrum mainly traces the h
symmetry lines (GX andXWX lines in the present case, se
Fig. 2! because the density-of-states~DOS! on the high-
symmetry lines is relatively large. In fact, we find in Fig.
that all the experimental bands are symmetric with respec
theX(X) point at the Brillouin-zone boundary. This does n
take place if the perpendicular component of the photoe
tron momentum is conserved or not broadened. We also
in Fig. 4 that the experimental bands are categorized into
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groups; one has a symmetric dispersion with respect to thW
point and the other does not. It is clear that the bands belo
ing to the former group are ascribed to theXWX high-
symmetry line while the latter to theGX high-symmetry line.
Again, this fact gives a further experimental evidence for
substantial momentum broadening perpendicular to the
face.

B. Comparison with band-structure calculation

Next we compare the experimental band structure
tained by ARPES with the band-structure calculations p
formed for the two extreme cases where the U 5f states are
treated as localized states or as bands~itinerant states!. As
for the localized case, the band structure of hypothet
AcSb without 5f electrons has been presented by Ishigu
et al.10 to interpret the dHvA result. On the other han
Weinberger and Podloucky22 have reported the band calcu
lation of USb where the U 5f states are treated as ban
similar to other states such as the Sb 5p and U 6d states. But
they showed the result only along theGX high-symmetry
line. Since the band structure calculated along another h
symmetry line~XWX! parallel toGX is necessary to compar
with the present ARPES result, we have calculated the b
structure for both lines. The calculation was performed in
framework of the local-density approximation23 with fully-
relativistic linearized augmented-plane-wave~RLAPW!
method.24 The relativistic effects for all electrons were take
into account by means of the Dirac equation. In the se
consistent calculations, the valence electrons were se
(5 f )3(6p)6(6d)1(7s)2 at the U site and (3s)2(5p)3 at the
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FIG. 5. Band structures of USb calculated based on~a! the localized U 5f model ~Ref. 10! and ~b! the itinerant model.
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Sb site. The other electrons were treated as core elect
which are solved under the atomiclike boundary conditi
The RLAPW basis functions in the augmented-plane-w
region were expanded up tol 58, and the relativistic-plane
wave basis function in the interstitial region was truncated
uk1Gi u,7.14(2p/a), corresponding to 387 basis function
at the G point. For potential convergence, 10 samplingk
points in the irreducible Brillouin zone were used. The fin
band structure alongGX andXWX lines were obtained from
the converged potential.

Figures 5~a! and 5~b! show the band structures of US
calculated for the localized and itinerant cases, respectiv
We confirmed that the obtained band structure along theGX
line for the itinerant case@Fig. 5~b!# is almost the same as th
previous report.22 In the band-structure calculation based
the localized model@Fig. 5~a!#, the top of the occupied elec
tronic states consists mainly of the Sb 5p states, which split
into the 5p3/2 and 5p1/2 bands by the spin-orbit interaction
while the bottom of the unoccupied states originates in th
6dt2g states. The calculation predicts that USb should
semimetallic due to the small overlap between the Sb 5p3/2
and U 6dt2g bands, having two hole pockets with domina
Sb 5p3/2 character at theG point and one electron pocke
with U 6d nature at the midpoint betweenG and X points.
This situation is very similar to CeSb.13,14On the other hand
the calculation based on the itinerant model@Fig. 5~b!# pre-
dicts that USb has a metallic band structure. The Fermi le
is situated in the U 6d-5 f hybridized bands located at21.0–
0.9 eV, of which flat parts represent the strong U 5f charac-
ter. The calculation shows that bands located below 1
binding energy are due mainly to the Sb 5p states. It should
be noted that the Sb 5p bands are fully occupied in shar
contrast to the localized model.

Comparing the present ARPES result~Fig. 4! with the
calculations~Fig. 5!, we immediately find that the overa
ns,
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feature of the experimental band structure shows a be
agreement with the itinerant model than the localized mod
The essential factor to distinguish the two models is the
cation of the Sb 5p bands. The bands are totally occupied
the itinerant model while they are partially occupied in t
localized model. In the experimental band structure~Fig. 4!,
we find several dispersive bands in the binding energy
1–3 eV, which correspond to the Sb 5p bands in the itinerant
model. In contrast, we do not find any trace of hole pock
at G point as predicted from the localized model. This su
gests that U 5f electrons in USb have a substantial itinera
character and are treated as bands for understanding the
tronic structure of USb. However, in contrast to a go
agreement in the Sb 5p bands, we find that the experiment
band structure nearEF is quite different from the calculation
based on the itinerant model. We discuss this difference
detail later in connection with the dual character of Uf
electrons.

C. Comparison with CeSb

It is well established that CeSb is a semimetal with
small overlapping between the Sb 5p band atG point and the
Ce 5d band atX point, and the 4f state is totally localized far
away fromEF . The Ce atom thus takes a trivalent state
CeSb.25 We show in Fig. 4 the experimental band structu
of CeSb obtained by ARPES13,14 for comparison with that of
USb. It is noted that the experimental band structure of Ce
is well reproduced by the localized 4f model and the change
of the Fermi-surface topology accompanied with the m
netic phase transition has been clearly observed
ARPES13,14 as predicted from thep-f mixing model.26,27 We
find that the electronic structure nearEF of USb is totally
different from that of CeSb. We cannot find a hole pocket
G point nor an electron pocket at theX point in contrast to



t
s

rg
m

th

l

t
.
on

as
ex
is
S
ti

w

F
s

s

-

h
is

o
e

r-

6
ce

tio
is

de

th
s
th

ar

of

lec-

e
e
d

ic

nd
e

ive
are

tion

l is

PRB 61 15 711HIGH-RESOLUTION ANGLE-RESOLVED . . .
CeSb, but instead we observe an electronlike pocket at
G(X) point in USb. Further, there are two dispersionle
bands just at/belowEF in USb while they are totally missing
in CeSb. On the other hand, in the higher-binding ene
region, we find a very close similarity between the two co
pounds. According to the band-structure calculations,26 the
bands located in the high-binding energy are ascribed to
Sb 5p states. The dispersive Sb 5p bands located at 1–4 eV
in USb show a very good correspondence to the bands
cated atEF-3 eV in CeSb, while the Sb 5p bands in USb are
slightly narrowed compared with those of CeSb and, wha
more important, the Sb 5p bands are fully occupied in USb
This observation raises a serious question to the conventi
explanation with thep-f mixing model11 for the magnetic
phase transition in USb, because thep-f mixing, which is the
driving force in the magnetic phase transition insemimetallic
CeSb,26,27cannot give any energy gain in the magnetic ph
transition in USb. A different mechanism is requested to
plain the magnetic properties of USb. We think that th
drastic difference in the electronic structure between U
and CeSb is ascribed to the energy position of the respec
baref state. The occupied 4f state in CeSb is situated a fe
eV away fromEF and totally localized,25,26 although the 4f
state are not seen in the experimental band structure in
4~b! because of the relatively small photoionization cro
section in the He I measurement. Thep-f mixing model pre-
dicts that the Sb 5p band and the Ce 4f state overlap each
other and the hybridization between the two states pushe
the Sb 5p band acrossEF . In contrast, the occupied 5f state
in USb is closer toEF than the Ce 4f state and is conse
quently located above the Sb 5p band. The hybridization
between the U 5f and the Sb 5p states rather works to pus
down the Sb 5p band toward the high-binding energy. Th
may be the main reason why the Sb 5p band in USb is
narrower than that of CeSb, despite the smaller lattice c
stant in USb.7,8 It is thus concluded that the difference in th
energy position of the baref state causes the drastic diffe
ence in the electronic structure nearEF between USb and
CeSb. The U 5f state located very close toEF is then ex-
pected to exhibit a strong valence fluctuation with the Ud
state located nearEF and thereby produce the Fermi surfa
different from that of CeSb.

D. Near-EF region

In order to study the electronic structure nearEF as well
as the behavior of the dispersionless U 5f bands in detail, we
measured high-resolution ARPES spectra nearEF with a
smaller energy interval and a higher signal-to-noise ra
The results are shown in Fig. 6. We again find the two d
persionless bands~A andB! located very close toEF and at
about 0.6-eV binding energy, respectively. In the expan
energy scale in Fig. 6, we clearly find that bandA has a
shoulder at the high-binding energy and the intensity of
shoulder appears to increase at the large polar angleu
.6°) as indicated by open circles. By further increasing
polar angle, it becomes weakened again aroundu522°. Be-
sides the two dispersionless bands~A andB! we find a small
dispersive structure aroundu50° ~bandC!, which exhibits a
symmetric energy dispersion with respect tou50° as shown
by filled triangles. It has a bottom at;0.8-eV binding energy
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at u50° and gradually approachesEF by increasing/
decreasing the polar angle. However, it is not fully cle
from the present data whether bandC crossesEF and enters
the unoccupied states aroundu567° or it bends aroundu
565° and thereafter forms a flat band just belowEF . A
slight increase in the spectral intensity on the shoulder
bandA ~marked by open circles! beyondu565° may sup-
port the latter speculation. The next crucial issue on the e
tronic structure nearEF is whether the dispersionless bandA
is on or away fromEF . When we look at the slope of th
ARPES spectra atEF , we find that the midpoint of the slop
is always a few meV away fromEF . This suggests that ban
A does not crossEF at least in theGX (XWX) direction in
the Brillouin zone. The absence of the main U 5f states just
on EF is consistent with the observed small electron
specific-heat coefficient.8

Figure 7 shows a comparison of the experimental ba
structure nearEF obtained by the present ARPES with th
band-structure calculation based on the itinerant 5f model.
According to the band-structure calculation, the dispers
bands located at the binding energy of more than 1 eV
ascribed to Sb 5p bands, while the conduction bands nearEF
originate in the U 6d-5 f hybridized states with a strong U
5 f character atEF . While the Sb 5p bands show a very
good agreement between the experiment and the calcula

FIG. 6. High-resolution ARPES spectra nearEF of antiferro-
magnetic USb measured along theG-X direction with He I reso-
nance line at 25 K. Polar angle referred to the surface norma
indicated. Solid vertical bars indicate the calculated U 5f 2 final-
state (5f 3→5 f 2) multiplet levels~Refs. 28 and 29!.
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15 712 PRB 61H. KUMIGASHIRA et al.
as described above~see Figs. 4 and 5!, the experimental band
structure nearEF is substantially different from the calcula
tion based on the itinerant 5f model. For example, we find in
the experiment that there are two dispersionless bands~A and
B! nearEF while in the calculation we find no counterpart
bandB. As described above~Figs. 3 and 6!, the two disper-
sionless bands have a strong U 5f character and bandA is
not on EF but about 5–10 meV away fromEF in contrast
with the band calculation. These results suggest the subs
tial localized nature of U 5f electrons in USb and the tw
dispersionless structures nearEF are assigned as th
5 f 2-final-state (5f 3→5 f 2) multiplet calculated based on th
intermediate coupling scheme.28,29In fact, as found in Fig. 6,
both the intensity ratio and the energy separation of the
peaks show a good agreement with the calculated3H4 and
3F2 final states based on the 5f 3 configuration.28,29 In addi-
tion to these two dispersionless peaks, we find a small
persive band~band C! near EF at the G(X) point in the
experiment. This dispersive band may be ascribed to th
6d states hybridized with the U 5f states by the intersite
interaction, since a previous angle-integrated PES study
USb with various photon energies has suggested the e
tence of a substantial U 6d character in the DOS nea

FIG. 7. ~a! Experimental band structure nearEF of antiferro-
magnetic USb determined by the present ARPES, compared
~b! the band-structure calculation based on the itinerant 5f model.
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on
is-

EF .16,17 The existence of this conduction band belowEF
suggests that the valency of U atoms in USb is not neces
ily an integer since the U-6d derived conduction band ac
commodates additional electrons.

A next crucial issue is whether this U-6d derived band
crossesEF . According to the band calculation based on t
itinerant model, bands nearEF originate in the U 6dt2g
states, which split into several bands owing to the strong
6d-5 f hybridization as shown in Fig. 5~b!. Since the experi-
mental bandC shows an upward dispersion fromG(X) point
@Fig. 7~a!#, it might be assigned to the U 6dt2g-derived band,
which is located at about 1 eV aboveEF . However, this is
unlikely since additional five electrons are necessary to p
down the bottom of the U 6dt2g band belowEF . An alter-
native explanation is to assign bandC to another U 6dt2g
band at theX point shown with the broken line in Fig. 7~b!.
Both the experimental and calculated bands have a bottom
the energy dispersion at about 0.8–0.9 eV at theG(X) point.
We find in Fig. 6 that the intensity of the shoulder of bandA
~marked by open circles! increases about midway betwee
the G(X) andX(X) points. This may correspond to the fla
tening of the calculated lower U 6dt2g band just belowEF
around theW point, supporting the above assignment. Ho
ever, we could not find a similar dispersive band at t
equivalentX(X) point as shown in Figs. 6 and 7. The reas
for this discrepancy is unclear at present. A possible exp
nation is the transition matrix element effect and the con
quent final-state broadening effect in the present ARPES
perimental setup. Further ARPES studies with the var
photon energies are necessary to clarify this point.

Finally we discuss the origin for the difference in th
electronic structure between USb and CeSb in connectio
the difference in the character between U 5f and Ce 4f
electrons. We found in this study that USb has the tota
occupied Sb 5p bands in contrast to semimetallic CeSb. A
described above, this difference originates in the energy
sition of the respective baref level. In CeSb, the 4f level is
situated in the middle of the Sb 5p band far away fromEF
and gives a negligible contribution to the electronic states
EF . This has been also confirmed by the experimental f
that overall band structure of CeSb is almost the same as
of LaSb, which has no 4f electrons.30 On the other hand, in
USb, the bare 5f level is positioned well above the Sb 5p
band and very close toEF , so that thep-f mixing no longer
gives any energy gain for the magnetic transition. The cl
proximity of the U 5f level to EF causes the energy insta
bility and consequently leads to the significant valence fl
tuation with the U 6d conduction band. As a result, th
Fermi level is raised into the U 6d-5 f hybridization band far
from the top of the Sb 5p band. This difference is due to th
fact that the wave function of the U 5f electron is spatially
more delocalized than that of the Ce 4f electron. Indeed, the
non-f derived part of the band structure shows a good ag
ment between the experiment and the calculation based
the itinerant model. In contrast, we also found that the Uf
derived part nearEF is well interpreted with the localized 5f
scheme, indicating the substantial localized nature of thef
electrons. This apparent self-contradiction in the ARP
spectrum suggests the dual~itinerant and localized! character
of 5f electrons in USb. In order to obtain a better theoreti
description of the electronic structure of USb, it is necess

ith
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to incorporate the correlation effect of 5f electrons in the
band-structure calculation or to extend the simple io
model to the lattice model including the intersite interactio

IV. CONCLUSION

We have performed a high-resolution angle-resolved p
toemission spectroscopy on antiferromagnetic USb to inv
tigate the electronic structure nearEF as well as the nature o
U 5 f electrons. We found that USb has a metallic ba
structure with the fully occupied Sb 5p bands in contrast to
semimetallic CeSb with the partially filled Sb 5p bands. This
requests a reinterpretation of the magnetic properties of U
so far explained based on the semimetallic band struc
with the partially filled Sb 5p bands, because thep-f mixing
can no longer give any energy gain in the magnetic tra
tion. This difference between USb and CeSb is ascribed
.

c
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o-
s-

d

b
re

i-
to

the energy position of the respective baref level with respect
to the Sb 5p states. We found that the gross non-f derived
band structure obtained by ARPES shows a good agreem
with the band calculation based on the itinerant U 5f model.
In contrast, the obtained U 5f derived structure nearEF is
well described by the 5f 2-final-state multiplet structure cal
culated based on the localized 5f model. The observed ap
parent contradiction suggests the dual character~itinerant
and localized! of U 5f electrons in USb.
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