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Observation of 5f electrons in the itinerant limit: Three-dimensional electronic structure of UB,
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We have derived the three-dimensional band structure and Fermi surfaces of itinerant uranium compound
UB, by soft x-ray angle-resolved photoelectron spectroscopy. We have observed clear energy dispersions and
Fermi surfaces with large contribution from the U 5f states. The obtained results have been compared with the
result of band-structure calculation within the local-density-functional approximation as well as the results of
de Haas—van Alphen (dHvA) study. The qualitative agreement has been obtained in the size and topology of the
Fermi surfaces with the band-structure calculation and the dHVA measurement. Meanwhile, their band struc-
ture near the Fermi level is slightly different from the calculation. This might be due to a dynamic renormal-
ization beyond the local-density approximation band calculations even in the very itinerant 5f compound.
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I. INTRODUCTION

In recent years, a different class of unconventional super-
conductors has been discovered in transuranium compounds
and attracted much attention.! These superconductors share a
unique position due to their relatively high superconducting
transition temperatures T, [18 K for PuCoGas,> 8.7 K for
PuRhGas,? and 5 K for NpPdsAl, (Ref. 4)] compared with
uranium heavy-fermion superconductors. These remarkable
discoveries recall the long-standing question of f-electron
physics: How are actinide 5f electrons involved in their band
structures and Fermi surfaces (FSs), and how can they be
described theoretically? To address this question, it is essen-
tial to clarify, first of all, the validity of the theoretical de-
scription of the 5f electronic states within a local-density
approximation (LDA) when the 5f electrons are in the itin-
erant limit. Angle-resolved photoemission spectroscopy
(ARPES) has been applied for various actinide compounds
since the detection of the 5f band dispersion is the most
direct test of various theoretical models for the 5f states.>”’
Nevertheless, the detection of energy dispersion in actinide
51 states has not been successful due to the drawbacks in the
conventional ARPES experiments such as the high surface
sensitivity or the low photoionization cross section of the
actinide 5f states in comparison with ligand s, p, and d
states.

In this study, we have performed hv-dependent ARPES
in the soft x-ray region (SX-ARPES) on a very itinerant
5f compound UB,. We have observed unambiguous
5f-selective band dispersions and found that they form FSs
of this compound. It is demonstrated that they are basically
described by a band-structure calculation based on LDA with
renormalization due to a static electron correlation. SX-
ARPES is a recently developed technique which can be uti-
lized to observe bulk electronic structures of materials.®?
This is a particularly powerful experimental technique for
uranium compounds due to its high sensitivity to the 5f
states.'®!" While we have measured the SX-ARPES spectra
of the itinerant 5f compound UFeGas in previous work!? and
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found that the gross features of the band structure and FSs
can be well described by the band-structure calculation, only
a limited part of the Brillouin zone was explored, and a de-
tailed comparison between the experiment and the band-
structure calculation could not be made.

UB, is a paramagnetic compound with the hexagonal
AlB,-type structure in which a two-dimensional uranium-
and boron-atoms network are stacked alternately along the
(0001) direction. The interatomic U-U spacing in the two-
dimensional plane is 3.123 A, which makes a large direct
f-f overlap. Its electronic specific-heat coefficient vy, is
as low as 10.3 mJ/(K?> mol) which is comparable to the
value obtained by the LDA band-structure calculation
[7.29 mJ/(K?> mol)].'"> The de Haas—van Alphen (dHvA)
measurement was performed for this compound, and the ob-
served branches were well explained also by the LDA band-
structure calculation.!® Therefore, UB, is considered to have
itinerant 5f electronic states, and it gives a unique opportu-
nity to observe directly the itinerant 5f electronic states.

II. EXPERIMENTAL

The ARPES experiments were carried out at the SPring-8
BL23SU. The energy resolution was 120-130 meV in the
ARPES experiments with hv=450-500 eV. The angular
resolution was *0.15°, and the corresponding momentum
resolution for the k; direction was about 0.06 A~'. Since the
size of the Brillouin zone of UB, for the I'-K direction is
~1.34 A~ about 20 individual k points along this direction
can be resolved in the present experiments. The momentum
broadening for the k, direction due to the finite escape
depth of photoelectrons (10-15 A) is estimated to be
0.06—0.1 A~'. This is much smaller than the size of the
Brillouin zone for the ¢ axis (1.58 A~'), but substantial con-
tributions from surrounding band structures are not negli-
gible when the bands have strong dispersions along the k
direction.'> The position of the ARPES scan in the Brillouin
zone was estimated by assuming a free-electron final-state
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model in which the momentum of incident photons has been
taken into account. The detail of the calculation is described
in Ref. 10. The value of the inner potential was determined
to be Vy=12 eV by measuring the photon energy depen-
dence of ARPES spectra in the energy range of hv
=440-550 eV. Although k, changes as a function of the
detection angle of photoelectrons, this is negligible for the
present experimental setup. Accordingly, the ARPES spectra
shown in the present study reflect the contributions from a
specific high-symmetry line with a finite broadening for the
k, direction. The sample temperature was 20 K during the
course of measurement. The position of the Fermi level (Ey)
was determined by referring to the E of evaporated gold
films. A high-quality UB, single-crystal ingot was grown by
the Czochralski method. The sample was cleaved in situ
along the (0001) plane prior to the experiment. The energy-
band structure and FS of UB, were calculated by using the
relativistic linearized augmented plane-wave (RLAPW)
method. All electrons including core states are solved by the
Dirac one-electron equation with an exchange and correla-
tion potential in LDA.'* The detail of the calculation is de-
scribed in Ref. 13.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the angle-integrated photoemission
spectra (AIPES) of UB, measured at 7v=450 and 800 eV.
The spectra have a sharp peak just below E and show a long
tail toward the higher binding-energy sides. In the spectra
measured at ~v=450 eV, the broad and weak features were
observed in the energy range of Ez=1.5-4 eV. According to
the atomic photoionization cross-section calculation,'® the
contributions from the U 5f states are dominant in these pho-
ton energies, and the ones from the other states are smaller
by 1-2 orders of magnitude. Meanwhile, the relative photo-
ionization cross section of the U 5f states to the B 2s,p
states increases by the factor of about three as the photon
hv =450 eV angle scan
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FIG. 1. (Color online) (a) Angle-integrated photoemission spec-
tra (AIPES) measured at hv=450 and 800 eV. (b) Calculated U f
and B p partial DOS and total DOS.

energy increases from 450 to 800 eV. This suggests that,
although the contributions from the U 5f states are dominant
in these spectra, some weak contributions from B p states
should be observed in the spectra measured at hv=450 eV.
Therefore, the sharp peak structure just below E is ascribed
to the contributions mainly from the U 5f states, while the
broad feature extended around Ez=1.5-4 eV is ascribed to
the contributions mainly from the B 2s,p states. Here, it
should be noted that the U 5f states have relatively simple
and sharp asymmetric line shapes, and the additional satellite
structure, which has been observed in the strongly correlated
uranium compounds, was not recognized.

Figure 2(a) shows an image plot of the ARPES spectra of
UB, measured along several high-symmetry lines. The hex-
agonal Brillouin zone of UB, is also shown. The ARPES

FIG. 2. (Color) (a) ARPES
spectra image of UB, measured
along several high-symmetry
lines. The Brillouin zone is also
shown. (b) The corresponding cal-
culated energy-band structure of
High UB,. The degrees of the contribu-
tion from U 5f states are indicated
by their colors.
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FIG. 3. (Color online) Calculated Fermi surfaces around the
A-L-H and I'-M-K planes. The branches observed by dHvA experi-
ment are indicated as «, (3, and 7.

spectra in the A-H-L plane and those in the I'-M-K plane
were obtained by changing the detection angle of photoelec-
trons with ~v=500 and 450 eV, respectively. Meanwhile, the
spectra along the A-I" direction were measured by changing
the photon energies with a fixed photoelectron detection
angle. Each spectrum has been normalized to the area of the
energy distribution curve (EDC). Some very complex disper-
sive features were clearly observed. In the energy range from
Er to 1 eV, the relatively flat energy dispersions with sharp
peak structure were recognized. Some bands show dramatic
intensity variation just below Ej as a function of momenta,
suggesting they cross E. Since they have strong intensities
in this photon energy range, they are attributed to the contri-
butions mainly from the U 5f states. In the high binding-
energy region, rapidly dispersing bands were also clearly ob-
served. These spectra show much clearer dispersions than
those observed in the previous study,'® and therefore the
U 51 states have very itinerant character.

Figure 2(b) shows the theoretical band dispersions ob-
tained by the LDA calculation. The degree of contribution
from the U 5f states, defined as the strength of the f orbital
in the wave function of valence electrons at the uranium site,
is indicated by a color scale. It is shown that the gross fea-
tures of experiential ARPES spectra are well explained by
the calculation. The agreement is recognized not only in the
shape of the bands, but also in the degree of the 5f contri-
bution. For example, the near E, part of experimental
ARPES spectra can be explained by the calculated bands
5-7. In addition, the rapidly dispersing bands observed in the

hv=500 eV

hv=450 eV
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deep binding-energy region (1.5-4 eV) are also well repro-
duced by the bands 2—4, which are expected to have substan-
tially small but nonzero contribution from the U 5f states.
The U 5f electrons are well hybridized with the B 2s,p
states and form very itinerant quasiparticle states.

We further discuss the FS as well as the band structure
near Ep. Before we discuss the experimental FSs, we show
the calculated FSs and their relationship with the result of the
dHVA measurement.'3 Figure 3 shows the calculated FSs. In
the band-structure calculation, the pancakelike hole FS cen-
tered at the H point and the crownlike electron FS centered at
the I point were obtained. In the dHvA measurement, three
main branches were observed and have been attributed to
those found in the calculated FSs. “a,” “B,” and “y” repre-
sent the corresponding branches observed by the dHvA ex-
periment. The experimentally determined size of each branch
was well explained by the band-structure calculation.

Figure 4(a) shows the experimental FSs in the A-H-L
plane, which is obtained by mapping the integrated ARPES
intensity within Ex*=25 meV as a function of k, and k,. In
this image, the higher-intensity part corresponds to the posi-
tion of the FS. The triangle-shaped FSs are observed around
the H points. The calculated FSs are also shown by solid
lines. It is shown that this experimental triangle FS is well
reproduced by the calculation. Meanwhile, the experimental
FS map shows also intense structures along the H-A direc-
tion inside this triangle. To understand the origin of this
structure, we have plotted the calculated FSs with
k, +0.05 A~! also as dotted lines. Due to the broadening of
the ARPES spectra for the k, direction (0.06-0.1 A™"),
which comes from a finite escape depth of photoelectrons,
the FS image contains contributions from the slightly shifted
k, plane.'® It is clearly shown that this additional inner struc-
ture corresponds well to this slightly shifted FS. Therefore,
we attribute this structure to the finite momentum resolution
for the k, direction. Figures 4(b) and 4(c) show the band
structures along the A-H and H-L lines together with the
calculated bands. In this figure, we have normalized the
spectra with the integrated intensity of the MDC spectra to
eliminate the strong contributions from the Fermi cutoff.
Then, we made a second derivative along the energy axis to
show the peak position more clearly. This procedure makes it
possible to observe fine structures around Ey. The behavior
of the bands near Er is well shown in these figures. It is

FIG. 4. (Color) Experimental

Fermi surfaces and the band struc-
tures around Ej. (a) Experimental
Fermi-surface image in A-H-L
plane. Band structures around Er
in (b) A-L-H direction and (c) L-H
are also shown. The results of
LDA calculation are indicated by
solid lines. (d)—(f) The same plot
as (a)—(c) in the T'-M-K plane.
The white dotted lines in (a) are
the calculated Fermi surfaces with
k, =0.05 A~! and the green dot-
ted lines in (e) are a guide for the
eyes.
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shown that the experimental band forms a large hole pocket
around the H point. The feature of this hole FS is well ex-
plained by the calculated band 6 and its size is almost iden-
tical to the experiment. For the L-H direction, the experimen-
tal band near Ep shows a good correspondence to the
calculated band 6.

Figure 4(d) shows the same plot as Fig. 4(a) in the I'-M-K
plane. The experimental FS shows a crownlike shape which
is ascribable to the branch «. On the other hand, the round
shaped FS corresponding to the branch v is not clearly rec-
ognized in this plot. In the ARPES spectra for the I'-M di-
rection [Fig. 4(e)], two bands approach toward Ej and they
cross just below E. This suggests the existence of a small
electron pocket, as indicated by green dotted lines. This elec-
tron pocket surrounded by the « and vy branches is also rec-
ognized in the band image along the I'-K direction [Fig.
4(f)]. Therefore, we conclude that there exists the vy branch
(inner circle) in the ARPES spectra, although its size is con-
siderably larger than the calculation.

Here, we note that the width of the experimental FSs in
the A-L-H plane [Fig. 4(a)] is considerably large, whereas
that in the I'-M-K plane in Fig. 4(d) is relatively sharp and
their widths are comparable to the momentum resolution Ak;.
The fact indicates the additional broadening mostly comes
from the finite resolution for the k, direction rather than
from the energy resolution. As shown in the Fig. 3, since the
FSs in the A-L-H plane have a three-dimensional character,
the image is broader than that in the I'-M-K plane which has
a two-dimensional character.

To further understand the present experimental data, we
have performed a quantitative analysis on the size of the FSs
and compared them with the results of the dHVA measure-
ment as well as the LDA calculation. In this analysis, we
have estimated the Fermi momentum kr on the high-
symmetry lines. The values are summarized in Table I to-
gether with the size of each branch (dHvA frequency F)
obtained by dHvA and the LDA calculation.'? The k values
for the @ and B branches have a fairly good agreement be-
tween the ARPES experiment and the calculation, whereas
the experimental vy branch is somewhat larger than the cal-
culation. These tendencies are consistent with the values of F
obtained by the dHvA measurement. Therefore, we have ob-
tained qualitative agreement between the ARPES and the
dHvVA experiments. The present study demonstrates that the
SX-ARPES can provide direct and qualitative information of
the electronic structures of f-electron compounds. Although
the topology of the experimental FSs is well explained by
LDA calculation as has been concluded from the dHvVA
study, it seems that the 5f band dispersions are slightly dif-
ferent from the LDA calculation in UB,. Nevertheless, these
differences are found only in the energy position of the
bands, and essential structures are very similar between the
experiment and the calculation, suggesting that the well-
renormalized bands form through a strong hybridization. We
conclude that the electronic structure of UB, can be basically
understood by the LDA calculation with a static electron
correlation effect. Such information cannot be obtained by
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TABLE 1. Distance of «, y, and 8 FSs from each center (Fermi
momentum kg) estimated on some high-symmetry lines by ARPES
spectra and LDA calculation. Values of dHVA frequency F' quoted
from Ref. 13 are also shown.

ke (A1) F (X107 Oe)

Branch ARPES  LDA dHvA* LDA

a =M 059+002 0.52
{ 205 2047

'—-K 1.08=x0.02 1.09

B H—A 054+0.05 057
{ 949 831

H—L 040%+0.02 0.38

¥ r—M 055+0.02 0.39
{ 6.58  4.82

I'-K 058+0.03 039

4Reference 13.

magneto-oscillation techniques, demonstrating the impor-
tance of SX-ARPES experiments for the study of heavy-
fermion compounds.

IV. CONCLUSION

In conclusion, we have performed an hv-dependent SX-
ARPES experiment on the itinerant uranium compound UB,
and succeeded in obtaining the very clear band dispersions
and FSs with large contributions from the 5f states, suggest-
ing that the 5f electrons in UB, have a very itinerant char-
acter. Although the entire band structure and the topology of
the FSs show good agreement with the LDA calculation, the
bands near E and the size of the FSs show slight deviation
from the calculation. This might be understood by a dynamic
renormalization beyond the LDA band calculations, suggest-
ing the validity of the LDA as a good starting point for the
description of its band structure as well. At the same time,
these results suggest the importance of studying their band
structure near E as well as their FSs to reveal the nature of
electron correlation in the 5f states. This information is es-
sential to understand the origin of various properties of ura-
nium compounds such as itinerant magnetism, heavy-
fermion superconductivity, and so on.
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