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Angle-resolved photoemission study of dispersive and narrow-band 5f states in UAsSe
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Single crystals of ferromagnetic UAsSe have been investigated by angle-resolved photoemission spectros-
copy (ARPES) in the photon energy range between 20 eV and 110 eV. Electron kinetic energy intensities are
collected as a function of angle and mapped onto the materials reciprocal space. Energy-band mapping has
been carried out both for a several-eV-wide energy interval as well as for a narrow energy interval of less than
1 eV from the Fermi energy. The main features of the deduced energy bands can be explained by band-
structure calculations. In the interval close to the Fermi energy, the very high energy and momentum resolution
allows the observation of a narrow, yet dispersive photoemission peak mainly of 5f character situated within
50 meV of the Fermi energy. The Lorentzian linewidth was found to be about 35 meV with a dispersion of
30 meV along the I' to Z direction and 40 meV dispersion along the I' to X direction in the Brillouin zone. We
have also found broader (linewidth about 70 meV), hybridized f-character bands with a conventional disper-
sion of about 1 eV along the I" to X and the Z to R directions in the Brillouin zone. An intriguing electronic
structure emerges for UAsSe in which both relatively dispersive and narrow 5f bands are present. The occur-
rence of 5f-band dispersions stipulates that the electronic structure of UAsSe requires lattice periodicity to be

taken into account.
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I. INTRODUCTION

The f electrons in actinide materials are well known to
exhibit an unusual dual nature: the behavior of the 5f’s can
range—from one actinide material to another—from being
localized to itinerant."> The localization or hybridization of
the 5f electrons dominates to a large extent the physical
properties, such as, e.g., large anisotropic thermal-expansion
coefficients, enhanced mass, or spin and charge density
waves. The peculiar character of the 5f electronic states
largely determines also the magnetic features of actinide-
based compounds. For the early actinides (Ac, Th, Pa, and
U) the filling of the 5f shell is important for the magnetic
properties; however, the filling does not determine the mag-
netic properties in the same way as in the early lanthanide
series. A relevant parameter is the actinide-actinide spacing'
together with the density of electronic states at the Fermi
level (Ef). For larger actinide-actinide distances, the inter-
atomic S5f-5f overlap is rather small and the 5f electrons
create narrow bands near Er involving features typical of
band magnetism. For large separations and weak hybridiza-
tions, even atomiclike 5f levels may appear, leading to fea-
tures characteristic of local-moment magnetism. The main
attribute of the band magnetism of 5f compounds is the
strong spin-orbit interaction, leading to large orbital mo-
ments, and exchange interactions mediated via hybridization
of the 5f states with conduction electron states. Ferromag-
netism in uranium compounds is observed typically when the
U-U spacing is over 3.7 A. The value of interionic spacing,
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which separates “magnetic” and “nonmagnetic” uranium
compounds, is frequently called the Hill limit.! For smaller
U-U distances the 5f wave functions of nearest neighbors
overlap, leading to the formation of a broad 5f band and
weakly paramagnetic behavior. For compounds with a very
large U-U spacing, the direct overlap of the 5f states is not
significant and we usually observe antiferromagnetic
behavior.!

The complicated magnetic behavior of actinide com-
pounds has been the focus of many experimental and theo-
retical investigations during the last few years.®~' Angular-
resolved photoemission spectroscopy (ARPES) is a method
providing extensive insight into the electronic structure of
actinide compounds, particularly information about the local-
ization of the 5f electronic states and their hybridization with
ligand conduction bands. We used this method to study the
electronic properties of UAsSe, which is an intriguing ferro-
magnetic material, possessing properties characteristic of lo-
calized as well as itinerant 5f electrons.

Uranium arsenoselenide is a metallic compound, which
crystallizes in the tetragonal PbFCl-type of crystal structure,
also known as the Cu,Sb or ZrSiS structure (P4/nmm space
group). This type of crystallographic cell can be regarded as
a stack of layers along the ¢ direction, which is also the easy
magnetic axis. The atoms along the ¢ direction follow the
sequence As-U-Se-Se-U-As, and uranium ions occupy only
one crystallographic position [Ref. 11, Fig. 1(a)]. The
uranium-uranium distance is reported to be between 3.977
and 4.000 A,!2 which is above the Hill limit! for uranium
compounds.
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FIG. 1. (a) Crystallographic unit cell of UAsSe in the PbFCl
type of crystal structure. For crystals with T-=108 K, a
=3.997+0.001 A, ¢=8.402+0.001 A (Ref. 12). The magnetic mo-
ments on the uranium sites are indicated by arrows. (b) Brillouin
zone of UAsSe.

The layered structure of UAsSe together with the large ¢
to a,b ratio would lead one to the consider UAsSe as a
two-dimensional (2D) material. Two-dimensional systems
are very attractive subjects of ARPES investigations, as E vs
k dependence can be extracted from energy distribution
curves (EDC’s) with relative ease.

The Curie temperature T~ of UAsSe has been reported to
be between 101.5 K and 118 K.!'-13 It was found that the
Curie temperature strongly depends on the As/Se molar ratio
and/or varies with the disorder in the anionic sublattice.!3"1
Uranium arsenoselenide is a hard ferromagnet with coercive
force 0.8 T for the H||c axis.'® The magnetocrystalline an-
isotropy of UAsSe is very high, and the ordered moment
equals 1.5u5/U."7 The degree of 5f localization has been
controversially discussed in the literature. Magnetic suscep-
tibility measurements,'*!%1° a polarized neutron diffraction
study,®® and preliminary photoemission experiments!' ap-
peared to favor localized 5f electrons in UAsSe. On the other
hand, the enhanced Sommerfeld coefficient [y is reported to
be between 27.4 and 40.6 mJ/(mol K?) (Ref. 12)] and ex-
perimental and computed magneto-optical Kerr spectra®'-??
provided evidence for a definite degree of itinerancy, at least
as far as the f electrons in the U-U planes are concerned.
This discrepancy of the physical results makes UAsSe an
interesting actinide material, possibly combining aspects of
the dual nature of 5f electrons in one material, and conse-
quently, well suited for an ARPES investigation of the 5f
states.

The electrical resistivity p(T) is strongly sample depen-
dent and shows an anomalous low-temperature upturn in the
magnetically ordered state, far below 7.'>?? The origin of
this upturn has been extensively studied,'*~'%2* but not fully
clarified. It has been speculated recently'>?® that the anomaly
might be related to a nonmagnetic Kondo effect generated by
a small disorder in the occupation of the anion sublattice
(i.e., As on Se sites and vice versa). This may be referred to
a theoretical approach,?® which relates the electrical upturn at
T=T/2 to a dynamic disorder. The very small magnetore-
sistivity far below the ferromagnetic transition in fields up to
13.5 T points to a nonmagnetic mechanism as responsible
for the unusual low-temperature transport properties ob-
served for UAsSe.' Such a mechanism has been recently
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proposed for the isostructural compound ThAsSe.?’

The specific heat measurements taken for off- and near-
stoichiometric UAsSe crystals'® show clear differences be-
tween electronic and lattice contributions to the low-
temperature specific heat. These differences might be
ascribed to the different hybridization strengths between the
uranium 5f and the conduction electrons accompanied by a
shift of the U 5f relative to the Fermi edge. The understand-
ing of the role of the U 5f electrons in bonding and hybrid-
ization seems to be crucial for an understanding of the un-
usual properties of uranium arsenoselenide in particular and
uranium compounds in general.

There exist only limited published photoemission data of
UAsSe. The first data were taken with 200 meV energy reso-
lution for the helium resonance lines and 1.5 eV resolution
for the monochromatized Ka magnesium characteristic
line.!" A peak found at E was interpreted in support of the
metallic behavior of UAsSe. Enhancement of the spectral
weight of this peak with increasing photon energy supported
the interpretation of 5f character. Some preliminary angle-
resolved studies of UAsSe with T-=113 K were performed
recently with an instrument resolution of 25 meV.?%?
Angle-resolved data taken near the I' point at 20 K and
40 eV photon energies showed an intense peak near the
Fermi level.?® Based on the photon energy dependence it was
found that this dispersive peak is primarily of 5f character. It
was also established? that the 5f band occupies only small
parts of the Brillouin zone.

In this paper we present a comprehensive photoemission
study of uranium arsenoselenide. We have focused our inves-
tigations on the uranium 5f level in order to specify the
relationship between the U 5f-conduction-band hybridization
and shed more light on the intriguing band magnetism of
actinide compounds.

A characterization of the 5f electrons of actinides in ac-
cordance with all the available experiments including photo-
emission has been a big challenge for the theory community
for a number of years. A representative example is &-Pu,
which is very difficult to describe within a unified model that
consistently accounts for a large volume and the absence of
magnetic order®® and is in agreement with PES results.3!=3* A
possible solution seems to be given by the mixed level
model*>¥ (MLM) according to which four of five 5f elec-
trons are localized and form a localized multiplet while one
5f electron hybridizes with conduction states and forms a
completely delocalized Bloch state. Although the MLLM is in
qualitative and quantitative agreement with experimental re-
sults for &-Pu and some plutonium compounds [like
PuCoGas (Ref. 36)], the behavior of the 5f electrons still
requires clarifying and new experimental results are of great
interest. This is especially true for angle-resolved photoemis-
sion studies of single-crystal uranium compounds, because
photoemission results on plutonium and plutonium com-
pounds to date are available only in angle-integrated mode,
which prevents detailed E-vs-k investigations. We believe
that photoemission investigations of the localization and hy-
bridization of the 5f electrons in UAsSe might contribute to
comprehension of the nature of the 5f electrons in the ac-
tinides.

In the following we briefly describe the experimental
method in Sec. I and present experimental results in Sec. III.
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FIG. 2. Magnetic susceptibility of the UAsSe sample under in-
vestigation. The Curie temperature was determined as 108 K. Mea-
surements of magnetization as a function of field at 7=5 K (not
shown here) revealed that magnetization saturates at a value smaller
than but close to 1.5up.

A comparison with ab initio—calculated energy bands is
given in Sec. IV and discussed in Sec. V. Our conclusions are
formulated in Sec. VI

II. METHODS: EXPERIMENT

UAsSe single crystals were grown by the chemical vapor
transport method using Br, as transporting agent. The photo-
emission results presented in the next paragraph were taken
on the UAsSe sample with a Curie temperature of 108 K, as
was determined from magnetic susceptibility measurements
(Fig. 2). This corresponds to a sample with arsenic to sele-
nium atomic ratio of about 0.95 (Ref. 14) and may indicate
some disorder in the anionic sublattice.'® In stoichiometric
UAsSe, As and Se atoms are located on the different lattice
sites and a random distribution of As and Se atoms has been
excluded by a neutron scattering experiment.’® For crystals
with variations of the arsenic to selenide ratio some disorder
in the anionic sublattice occurs as was indicated by x-ray and
neutron diffraction experiments.*

Angle-resolved photoemission studies were performed at
the Synchrotron Radiation Center of the University of Wis-
consin in Stoughton. The tetragonal, layered type of UAsSe
structure allows cleavage with very little surface disruption.
Samples were cleaved and measured at 12 K under
ultrahigh-vacuum conditions (p=10~"! Torr). The [001] sur-
faces were oriented by use of a Laue x-ray camera. The high
quality of the samples was confirmed by the Laue patterns
and by a clear sharp peak near the Fermi level (Ep).

The data were collected using the plane grating mono-
chromator (PGM) beamline. ARPES data of UAsSe single
crystals were taken at photon energies between 20 eV and
110 eV by an angle-resolved kinetic energy analyzer with
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FIG. 3. The Fermi edge of platinum compared with near-Ep
features of UAsSe. The peak of UAsSe is located very close to the
Fermi edge. The dash-dotted line shows the fitting of the PES data
of UAsSe.

+1° acceptance angle. The momentum resolution at hv
=30 eV was about 0.09 A~!, which is about 12% of the Bril-
louin zone in the I" to Z direction and about 6% in the I" to X
direction. The overall energy resolution varied between
14 meV for hv=21.2 eV and 22 meV for hv=44 eV. The
position of the Fermi edge was established by Pt reference
measurements to within 1 meV. Also, the resolution was de-
termined from a Pt Fermi edge and the intensity at each
binding energy point was normalized to the mesh current to
account for synchrotron beam decay.

In Fig. 3 we show the Fermi edge of platinum compared
with the near-E feature of UAsSe as obtained from our nor-
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mal emission study. The dash-dotted line shows the fitting of
the PES data shown as open circles. The instrumental reso-
lution was determined from a numerical fitting of the Pt
Fermi edge, and it was 13 meV for hv=18 eV, 18 meV for
hv=34 eV, and 22 meV for hv=44 eV. It was always sub-
stantially below the Lorentzian full width at half maximum
(FWHM) of the near-E feature of UAsSe, which at the low-
est photon energy is about 28 meV. The UAsSe peak is ex-
tremely close to the Fermi edge and shows some small bind-
ing energy variations with photon energy. The shape of this
peak varies strongly with hv, but for any photon energy we
clearly observe an asymmetric, Doniach-Sunjic (DS) line
shape. The DS line shape is typically observed in metals as a
result of a long-life electron-hole response.*!**> The numeri-
cal fitting of the UAsSe data shows that the DS asymmetry
parameter is about 0.3. This value of the DS line shape is
very close to that obtained for rare-earth compounds.*’ The
dispersion of this peak as observed in normal emission and
angular dependence spectra varies between 30 and 50 meV,
which is significantly above both the instrumental resolution
and Lorentzian FWHM as well. We also observe in Fig. 3
that the FWHM of the near-E peak does not follow a Fermi-
liquid E? dependence of the linewidth. This seems to place
the electronic structure of UAsSe outside of the Fermi-liquid
regime.** A similar observation was made for USb, crystal.*3
However, it should be stressed that the near-E; peak in
UAsSe is significantly broader than the corresponding fea-
ture in USb,, so the indication towards non-Fermi-liquid be-
havior should be taken with some care. There can be a few
reasons for this. This peak might consist of two degenerated
states as was observed for some directions in USb,. Another
explanation might be that its physical behavior is masked or
it can be a result of processes extrinsic to a photoemission
process.

III. EXPERIMENTAL RESULTS

We have measured ARPES spectra along selected high-
symmetry directions in the Brillouin zone, covering the bind-
ing energy region of about 6 eV from the Fermi edge. Based
on these results we were able to determine the effective inner
potential of the UAsSe sample under investigation as
14.5 eV. For states at the Fermi level the I' point of the
Brillouin zone is accessible at photon energies of 25 eV and
44 eV, whereas the Z point is reached for photon energies of
17 eV or 34 €V in normal emission [see Fig. 1(b)]. In Figs.
47 we present the results of a photoemission investigation
along I' to Z, I" to X, and Z to R [see Fig. 1(b)] directions of
the Brillouin zone.

A. Normal emission: I' to Z direction

In Fig. 4 we present a set of normal emission energy
distribution curves of UAsSe taken at 12 K within 950 meV
[Fig. 4(a)] and 150 meV [Fig. 4(b)] of the Fermi edge. The
data were taken for photon energies between 18 eV and
46 eV. For UAsSe with ¢=8.402 A and the inner potential of
14.5 eV this range of photon energies covers more than one
Brillouin zone (BZ) along the I' to Z direction. For hv

PHYSICAL REVIEW B 73, 155119 (2006)

UAsSe T = 108K

normal Al normal
emission : emission
1 T=12k B | T=12K
¢ |
| e _

——4B8 eV
44 oV

—42eV

——40 eV

i _/ ——3BeV
——3BeV

34 eV

—32eV

o —30eV
B i ——28eV
-MW 26 eV
e ety \ 24 oV

—22 eV
—20 8V
_ 18 eV

750 600 250 O 150 100 50 O
(a) Binding Energy [meV] (b) Binding Energy [meV]

Photon Energy [eV]

150 100 50 0
() Binding Energy [meV]

FIG. 4. (Color online) Normal-emission ARPES of UAsSe (I
-Z direction in the Brillouin zone) taken at 12 K within 950 meV
(a) and 150 meV (b) of the Fermi edge. Binding energy in (c) is the
same as in (b), but the intensity is normalized to the maximum.
Spectra marked in red show the spectra nearest to the 1" point of the
Brillouin zone whereas spectra marked in blue show the Z point of
the Brillouin zone.

=18 eV we are around the Z point. The I" point is reached for
hv=25 eV, at a photon energy of 34 eV, we are again at the
Z point and for hv=44 eV, again at the I" point. The EDC’s
which are closest to the I' point are plotted in red whereas
EDC'’s closest to the Z point are plotted in blue. In Fig. 4(a)
we see two distinct peaks in the ARPES spectra. One of them
(A) is located very close to the Fermi level, whereas the
second one (C) about 550 meV below. The line shape of
peak A evolves with photon energy, but in any case we ob-
serve the asymmetry of the peak and an additional contribu-
tion (structure B) at about 160 meV below Ep. The positions
of B and C look the same for all investigated photon ener-
gies, but peak A disperses over a small binding energy range.
The dispersion can be observed in Fig. 4(b) with an ex-
panded binding energy scale. The dispersion, as seen from
the numerical fitting, is about 25—30 meV. The value of the

155119-4



ANGLE-RESOLVED PHOTOEMISSION STUDY OF...

UAsSe T = 108K

hv =44 eV

T

150 100 50 0
Binding Energy [meV]

750 500 250 O
Binding Energy [me
@ g Energy[meV]

~

Angle [deg]

150 100 20 [}
(c) Binding Energy [meV]

FIG. 5. (Color online) High-resolution ARPES spectra of
UAsSe taken at a photon energy of 44 eV (I'-X direction in the
Brillouin zone) within 950 meV (a) and 150 meV (b) of the Fermi
edge. Binding energy in (c) is the same as in (b), but the intensity is
normalized to the maximum.

dispersion is larger than the experimental resolution and
much larger than our observable minimum energy shift. Peak
A, along the I' to Z direction, is situated between 5 meV (I"
point) and 30 meV below the Fermi level. The FWHM is
about 25-28 meV for lower photon energies (18—28 eV)
and about 35-40 meV for higher photon energies
(30—46 eV). The Doniach-Sunjic asymmetry parameter was
found to be about 0.3. This value is quite large, but not
unprecedented in f-electron compounds.*? In the fitting pro-
cedure we do not take into account the spin-orbit splitting. It
might result in a slightly higher value of the obtained asym-
metry parameter.

It should be noticed that the intensity of the peak at the
Fermi level substantially increases with photon energy,
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FIG. 6. (Color online) High-resolution ARPES spectra of
UAsSe taken at a photon energy of 25 eV (I'-X direction in the
Brillouin zone) within 950 meV (a) and 150 meV (b) of the Fermi
edge. Binding energy in (c) is the same as in (b).

which is not observed for the B and C structures. Based on a
photoemission cross-section argument,*® we assert that peak
A is primarily of 5f character.

The dispersion observed in the normal-emission spectra
provides evidence that the strong peak at the Fermi level is
not a surface state, but rather a part of the bulk electronic
structure. This finding also suggests that UAsSe, similar to
other uranium-layer compounds such as USb,, does not have
a purely 2D electronic structure, but needs to be treated as a
quasi-2D material.

B. Angular dependence: I' to X direction

For uranium arsenoselenide the I' point of the BZ is
reached for hv=25 eV and 44 eV in normal-emission spec-
tra. With photon energy of 25 eV we reach the vicinity of the
X point for ®=20°, whereas with hv=44 eV we are close to
the X point for ®=14°. In angular dependence studies pre-
sented in Secs. III B and III C we do not follow directly
high-symmetry directions. Because we changed only the
angle instead of changing the angle and photon energy si-
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FIG. 7. (Color online) High-resolution ARPES spectra of
UAsSe taken at a photon energy of 34 eV (Z-R direction in the
Brillouin zone) within 950 meV (a) and 150 meV (b) of the Fermi
edge. Binding energy in (c) is the same as in (b).

multaneously, we are about 24% off k, for hv=25 eV and
®=20° and about 16% off k, for hv=44 eV and O@=14°,
However, we do not expect a big difference in the states
sampled. UAsSe is a layered compound with a large ¢ to a,b
ratio, and normal-emission photoemission spectroscopy
(PES) studies presented in the previous subsection showed
that UAsSe is a quasi-2D material. Therefore we assume that
the electronic states are only weakly dependent on k| .

We investigated the I" to X direction of the BZ taking
ARPES spectra for the photon energy of both 44 eV and
25 eV. Photoionization cross sections for f and d electrons
vary significantly in this photon energy range. For hv
=44 eV the cross section for 5f emission is about 10 times
higher than that for 6d, so we believe that ARPES spectra
measured with this photon energy show mainly the 5f elec-
trons distribution. For hv=25 eV the cross section for the
6d-electron shell is about 50% higher than for the 5f shell, so
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we expect that ARPES spectra show mainly the 6d-electron
energy dependence.

1. Angular dependence for hv=44 eV

In Fig. 5 we show ARPES spectra taken with photon en-
ergy of 44 eV. EDC’s at the zone boundaries are marked in
red. Within 950 meV from the Fermi edge [Fig. 5(a)] we
observe peaks A (at the Fermi edge) and C (about 550 meV
below Ej). We can also notice the contribution of the third
structure (B), which is located 160 meV below the Fermi
edge. The contribution of structure B is most pronounced for
0=4°.

The intensity of the peak A drops very quickly for higher
angles. At a photon energy of 44 eV the photoelectron cross
section of the 5f states is much higher than of the 6d or
every other electronic state in UAsSe. Therefore we assign
the very high photoemission intensity at ®=0° to the pres-
ence of the 5f electronic states.

ARPES spectra taken for hv=44 eV show that the 5f
states are located mainly at (or near) the I' point of the Bril-
louin zone. In Fig. 5(b) we see the ARPES spectra within
150 meV of the Fermi edge. The dispersion, as seen from
numerical fitting, is about 40 meV. The band is about
5-10 meV below Ep at the I' point and about 40—45 meV
below E at the X point. The FWHM is 35-40 meV, and the
Doniach-Sunjic asymmetry parameter was again found to be
about 0.3.

2. Angular dependence for hv=25 eV

The EDC spectra taken for a photon energy of 25 eV [Fig.
6(a)] and ®=0°-26° have a strong peak at the Fermi level,
a weak structure about 550 meV below, and a third one situ-
ated at 160 meV, similarly as was for normal emission at
hv=44 eV. The intensity of peak A is, however, much
smaller. This indicates the 5f origin of structure A. Starting
from @=8° at least two very dispersive structures appear in
every EDC. One of them is observed at 300 meV for ©
=8°, at 550 meV for ®=10°, and at about 625 meV for ®
=12°. The second one appears for higher angles: at 800 meV
for ®=20° (X point), 625 meV for ®=18°, and about
275 meV for ®=16°. These dispersive bands are not ob-
served at the spectra taken for photon energy of 44 eV.
Based on a photoemission cross section argument we pro-
pose for both these bands a dominant d character.

The peak nearest to the Fermi edge shows a dispersion of
about 40 meV. At the I' point it is 20 meV below Ej. For
higher angles, when we approach the X point, it disperses
towards higher binding energy and close to the X point it is
60 meV below the Fermi level. Unfortunately, in some cases
(®@=14-160°) the exact position of peak A is difficult to
determine, as it is influenced by a very dispersive feature of
d character, which probably crosses the Fermi level.

In Figs. 6(a) and 6(b) we do not see any substantial
changes in the EDC’s intensity. Peak A at the Fermi level and
very dispersive structures several hundred meV below are of
similar intensity, and we do not observe any dramatic change
with the angle. Therefore we propose that both bands are of
a dominating conduction electron character.
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FIG. 8. Normal-emission spectra taken at Fano resonance (hv
=98 eV) and antiresonance (hv=92 eV) at 12 K.

C. Angular dependence: Z to R direction

In Figs. 7(a) and 7(b) we show the set of EDC’s taken for
hv=34 eV and © from -2° to 20°. At ®=0° we are very
close to the Z point and with increasing angle we approach
the R points, which is almost reached for ®=16°. The EDC
spectra, which are the closest to the Z and R points, are
marked in red. We evaluate that because we change only the
angle with constant photon energy; for @ =16°, we are about
20% off the Z point. Anyway, based on a quasi-2D character
of UAsSe, we do not expect a significant difference in the
states sampled as was explained in Sec. III B.

In Fig. 7(a) we observe very dispersive photoemission
features, as in the case of the set of angular resolved spectra
taken for hv=25 eV presented in Fig. 6(a). One band is the
most pronounced at the R point (®=16°) and situated
around 500 meV below the Fermi edge. For ®=10°-140° it
approaches the Fermi level and is within 100 meV of Ep.
The second band appears for @=8° at 700 meV below the
Fermi level.

The EDC spectra in the vicinity of the Z point look like
the normal spectra observed for hv=44 eV (the I" point). We
can distinguish a sharp peak A at the Fermi edge, a much
weaker peak C around 550 meV below, and a structure, la-
beled B, which is situated at about 160 meV below Ej. At
the Z point peak A is around 20 meV below E and disperses
by 40 meV towards lower binding energy as it approaches
the R point.

The Lorentzian FWHM of peak A, as seen from the fit-
ting, is about 30—40 meV with the Doniach-Sunjic param-
eter of about 0.33.

D. Resonant photoemission

In Fig. 8 we show normal-emission spectra measured at
12 K near the U 5d— U 5f resonance. The photoemission
spectrum taken at photon energy of 98 eV shows the reso-
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nant enhancement within 800 meV of the Fermi edge with
maximum at 29 meV. The spectrum measured at a minimum
of the resonance (hr=92 eV) is almost flat and shows only a
very small structure at 30 meV below the Fermi edge. The
shape of the EDC shows all the features observed in normal-
emission EDC’s taken for the photon energy range
18—46 eV. The EDC spectrum has a maximum near the
Fermi level, a weak peak at 550 meV below, and additional
structure at 160 meV. This means that all A, B, and C struc-
tures observed in normal-emission spectra have some admix-
ture of 5f electrons. However, the strongest 5f contribution
has peak A situated in the vicinity of the Fermi level. One
should remember, however, that for photon energies between
92 eV and 98 eV we have a momentum resolution of about
0.16 A~" and the dimension of the Brillouin zone along the T’
to Z direction for UAsSe is 0.75 A~!. Therefore even for
energies over 90 eV we still have some matrix element de-
pendence. Photoemission spectra taken for 92 eV are in the
vicinity of a I' point, whereas spectra taken for 98 eV are in
the vicinity of a Z point. Therefore the resonant photoemis-
sion results have only qualitative character.

Based on angular-resolved photoemission experiments,
the emerging picture of the electronic band structure of ura-
nium arsenoselenide is as follows. Within 50 meV below the
Fermi level we observe a very slightly dispersive band lo-
cated near the I' point with Lorentzian FWHM of 35 meV.
This narrow band is mainly of f character as was established
based on resonant photoemission and cross-section depen-
dences. It shows an important dispersion of 40 meV along
the I" to X direction and 30 meV dispersion along the I" to Z
direction of the Brillouin zone.

Apart from the narrow band we also observed at least two
broader (FWHM about 70 meV) and highly dispersive bands
below. They are of hybridized f-d character. These bands
show conventional 1 eV dispersion along the I" to X and Z to
R directions, but no dispersion along the I" to Z direction was
observed.

IV. THEORETICAL EXPLANATION
A. Energy-band approach

The electronic structure of UAsSe has been computed
within the framework of the local spin-density approxima-
tion (LSDA) to density functional theory. The calculations
were performed using the relativistic augmented-spherical-
wave (ASW) band structure method, adopting the von
Barth—-Hedin parametrization of the exchange-correlation po-
tential (for details, see Ref. 21). The band structure calcula-
tions were carried out for both the ferromagnetic and non-
magnetic phases, assuming the experimental lattice
parameters. The calculated total energy of ferromagnetically
ordered UAsSe is lower than that of nonmagnetic UAsSe, in
agreement with the observed ferromagnetic ground state. In
terms of 5f-electron occupancy, the paramagnetic calculation
gives 3.10 f electrons and the ferromagnetic version results
in 3.08 f electrons per uranium atom. In the latter approach
there are 2.42 spin-up and 0.66 spin-down electrons. The
calculated configuration is therefore close to 5f.3
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FIG. 9. (Color online) Comparison of the experimental ARPES
energy-band spectrum (taken at hv=40eV) and the computed
LSDA energy bands, assuming full spin polarization. The experi-
mental band positions are indicated by the colors, orange color
depicting a low-energy-band response, blue color a high-energy-
band intensity. Note the good overall agreement between the experi-
mental and computed energy bands, including the 5f bands near the
Fermi level.

B. Comparison of experimental and calculated energy bands

To compare the experimental and computed energy bands
we have measured ARPES spectra on a wide energy interval,
down to binding energies of about 8 eV. This energy win-
dow will certainly comprise the dispersive energy bands, for
which energy-band theory should be applicable. The nearly
dispersionless f bands in the immediate vicinity of the Fermi
level can be strongly modified through pertinent electron cor-
relations, and it is a question how well they can be explained
by LSDA energy bands. Our ARPES data presented in this
subsection were collected on a UAsSe sample with a T of
113 K, using photon energies of 40 and 60 eV. For hv
=60 eV the photoionization cross sections favor mainly f
emission and d emission is negligible. For hv=40eV, f
emission dominates, but d emission is noticeable and should
be taken into account. Neither for hv=60 eV nor for hv
=40 eV are we at the high-symmetry points (Z or I'), but
because of the quasi-2D character of the electronic structure
(confirmed by normal emission studies), we expect a similar
electronic structure along the high-symmetry lines I' to X
and Z to R. The instrumental resolution for these measure-
ments was about 30 meV. The energy bands mapped onto
reciprocal space are shown in Figs. 9 and 10. The reciprocal-
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FIG. 10. (Color online) As Fig. 9, but showing the LSDA energy
bands computed assuming no spin polarization. Some parts of the
bands near the Fermi edge are better captured.

space part shown corresponds to a section of Brillouin zone
along the I' to X direction. The colors denote the intensity of
the emissions: a blue color indicates strong intensities and a
orange color low intensities. The 5f band is seen as the
green-blue intensity near the Fermi level. Other dispersive
bands which are displayed as yellow can be recognized as
well. These bands are dispersed by several eV in reciprocal
space. As mentioned before, the band approaching the Fermi
edge from about 2 eV binding energy at #=24° is of mixed
d-f character. This band hybridizes with the 5f-related band
in the region about #=14°, which then crosses the Fermi
level, but reappears at about #=8° below E. This is a classic
example of d-f hybridization.

The LSDA-calculated energy bands,”' shown in Figs. 9
and 10, correctly describe most of the measured bands. The
bands at binding energies below 2 eV are properly placed
and so are the f band and the dispersive hybridized d-f band.
It seems as if the experimental bands are somewhat narrower
than the computed bands (see, e.g., the calculated and experi-
mental bands at 3—4 eV binding energy). Also the s-derived
bands at 5-6 eV binding energy appear to be somewhat
deeper in the calculation than in experiment. The aspects of
the d-f hybridization are well given by the LSDA energy-
band theory, which becomes most evident when the f bands
without exchange splitting are considered (Fig. 10): the f
band closest to, but below, the Fermi level turns up to above
Er at 6=14°, precisely as seen experimentally. This is the
region where the dispersive band of mixed d-f character hy-
bridizes with the f bands. For angles of about 8° the f-like
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band bends down towards the Fermi level, but remains just
above Ef in the calculation. In the region where experimen-
tally the high f-emission intensity is observed it comes clos-
est to the Fermi level (6~6°).

V. DISCUSSION

Our ARPES measurements reveal intriguing properties of
the f-electron states in UAsSe. High-resolution measure-
ments allow the observation of a narrow band of 5f character
situated within 50 meV from the Fermi energy. This narrow
5f band exhibits some dispersion; therefore, it is distinct
from an atomiclike, localized 5f level. Nonetheless, the ob-
servation of this 5f band indicates a tendency towards f lo-
calization in UAsSe. The observation of the d-f-hybridized
bands with a conventional dispersion of a few eV demon-
strates that broader bands containing typically delocalized f
electrons do occur in the same material. Our observations
beautifully reflect the dual nature of actinide f electrons,
which was postulated many years ago (see, e.g., Refs. 1 and
2), with the distinction that we observe both a very narrow 5f
band and a dispersive 5f band in one material. It should,
however, be stressed that the situation of the localization of
the 5f band in UAsSe is still far from that in 5-Pu (Ref. 35)
or PuCoGas (Ref. 36) where a part of the 5f electrons seem
to localize and form multiplet close to the Fermi level.

The degree of 5f localization in UAsSe has been contro-
versially discussed in the literature.'’'7-1%22 A good compari-
son of the measured!” and ab initio—calculated?! magneto-
optical spectra of UAsSe provided evidence that the 5f
electrons in UAsSe are at least partially delocalized. The
agreement between the ab initio—calculated and experimental
Kerr spectra is similar to the agreement normally obtained
for itinerant transition-metal compounds.*’*® Since magneto-
optical Kerr spectra in the polar geometry sensitively probe
the electronic structure in the planes perpendicular to the ¢
axis, it was suggested that the 5f electrons in the uranium
planes are rather delocalized.?! This conjecture is consistent
with our ARPES data; the measured energy-band dispersions
match well to the ones calculated with the LSDA-delocalized
approach. The dispersion of the f band near E could experi-
mentally be smaller than in the LSDA calculation, but such a
minor difference would not become visible in the magneto-
optical spectrum which was convoluted with a Lorentzian of
0.4 eV width to simulate lifetime broadening.?!

Magneto-optical spectroscopy (with incident light along
the ¢ axis) only probes the 5f electrons in the uranium
planes. It was proposed”! that a higher degree of localization
could possibly exist for 5f electrons perpendicular to the
uranium planes. A later polarized-neutron diffraction study
could, however, not detect an anisotropy of the uranium-
atom magnetic form factor.?’ Our high-resolution photoemis-
sion results do, conversely, indicate that the 5f electrons are
indeed less hybridized in the ¢ direction (I' to Z direction)
and more hybridized (delocalized) in the uranium planes (I’
to X and Z to R directions in the Brillouin zone).

A comparison of Figs. 9 and 10 indicates that the non-
spin-polarized energy-band structure fits better to the experi-
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mental data. For this observation we do not have a complete
explanation. Since different samples were used for the
ARPES measurements, it could be that some As/Se disorder
played a role. Spin polarization of the bands is beyond doubt:
The magneto-optical signal depends on the spin
polarization,*® and since the measured'”?? and calculated?®!
magneto-optical Kerr effects have the same magnitude, the
amount of spin polarization of the bands appears to corre-
spond reasonably well.

VI. CONCLUSIONS

We have investigated the hard ferromagnet UAsSe by
angle-resolved high-resolution photoemission. We have
found a relatively sharp peak of 5f character in the vicinity
of the Fermi level. The Lorentzian FWHM of this peak is
about 35 meV. Thus, this electron state is localized in the
vicinity of the I' point and situated about 5 meV below the
Fermi level. When we move from the I" point to the Z point,
the peak looses over 80% of its intensity and disperses by
30 meV towards higher binding energy. When we move
from the I' point towards the X point the dispersion is
40 meV and at the X point the peak intensity is about 75% of
the intensity at the I' point.

Apart from the 5f band well localized a few meV below
the I" point, we have also observed a highly dispersive band
of hybridized d-f character. The dispersion is about 1 eV
both along the I'-X and Z-R directions. No dispersion along
the I'-Z direction was found. Thus, our ARPES data reveal
the fascinating, dual nature of 5f-electron states in UAsSe:
The occurrence of both dispersive and almost dispersionless
5f states has been observed in one actinide material. The 5f
band nevertheless shows some reciprocal-space dispersion;
therefore, it cannot be described as a purely localized state.
Instead, its description requires lattice periodicity to be ac-
counted for. Energy-band theory on the basis of the LSDA
provides a remarkably good explanation of both the hybrid-
ized (delocalized) and almost unhybridized (nearly localized)
5f bands. The agreement between the measured and calcu-
lated energy bands stipulates that the LSDA energy-band ap-
proach sufficiently well describes the dual nature of the 5f
electrons in UAsSe.

Our photoemission results confirm, last, the conclusion
based on the magneto-optical Kerr effect calculations®! that
the 5f electrons are less hybridized along the ¢ axis (I" to Z
direction in the Brillouin zone) and hybridized (itinerant) in
the uranium planes (I' to X and Z to R directions in the
Brillouin zone).
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