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Uranium, the heaviest natural element, exhibits rich and complex physical behavior, including three types of charge
density wave transitions and superconductivity at low temperatures. It is widely believed that these phenomena are closely
linked to the properties of 5f electrons, which are highly susceptible to external perturbations. To elucidate the detailed
electronic structure, particularly the 5f electron signatures, we fabricated high-quality single-crystal uranium films on W
(110) substrates using molecular beam epitaxy and investigated their fine electronic properties and temperature-dependent
evolution by angle-resolved photoemission spectroscopy (ARPES). Our experiments reveal three electron pockets around
the I" point and direct hybridization between 5f electrons and conduction electrons at regions distant from I". The Kondo
temperature extracted from ARPES and electrical resistance measurements is approximately 131 K, indicating that the 5f
electrons transition from a high-temperature localized state to a low-temperature itinerant state in the thin film system.
Additionally, we observe another flat band with an energy scale of 148 meV. The detailed electronic structure and direct
evidence of the localized-to-itinerant transition of 5f electrons provided in this study advance the understanding of strong

electronic correlations in uranium-based materials.

Keywords: uranium, c—f hybridization, Kondo physics

PACS: 71.27.4a, 73.20.At, 79.60.—
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1. Introduction

Uranium, the heaviest natural element, has been exten-
sively utilized in engineering applications for large-scale en-
ergy production. Beyond its practical uses, it also exhibits a
range of remarkable quantum phenomena in the realm of con-
densed matter physics,[!! including multiple complex charge
density wave (CDW) states/?! and ambient-pressure supercon-
ductivity at low temperatures.'*! Uranium undergoes three dis-
tinct CDW transitions — denoted as o, 0, and oz phases
— below critical temperatures of 42 K, 36 K, and 23 K, re-
spectively. Upon further cooling, it goes into a superconduct-
ing state below 2 K. Subsequent experimental studies revealed
that high-quality uranium crystals with well-developed CDW
states do not exhibit superconductivity, suggesting a mutual
exclusion between the CDW and superconducting orders. !
The evolution of the CDW states and their interplay with su-
perconductivity remain unclear and require further investiga-
tion. Given that most of these intriguing properties are inti-
mately linked to uranium’s electronic structure, a detailed un-
derstanding of its electronic properties is essential for deci-
phering the underlying mechanisms of these complex physical
behaviors.

A pivotal issue in the study of uranium concerns the role
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of 5f electrons in governing its physical properties. As is well
known, the spatial extension of 5f orbitals leads to consid-
erable overlap between adjacent sites, resulting in relatively
broad 5f bands. These 5f electrons behave quite differently
from the more localized 4f electrons found in rare-earth sys-
tems, which typically exhibit localized character at high tem-
peratures and become itinerant upon cooling — a phenomenon
central to Kondo physics. In uranium, the ground state above
the CDW transition is paramagnetic,® with a small localized
magnetic moment of approximately 0.04 ug observed in bulk
a-uranium. Moreover, the electronic specific heat coefficient
suggests that uranium is a moderate-effective-mass system. [}
Whether such a modest magnetic moment and a specific heat
coefficient of this material can give rise to Kondo behavior
analogous to that in 4f electron systems remains an open ques-
tion. Nevertheless, several studies!®’! have indicated that hy-
bridization between 5f and conduction electrons may still oc-
cur in uranium.

The situation may differ markedly at the surface com-
pared with bulk materials. Computational studies predict a
significantly enhanced magnetic moment of about 0.65 ug on
the (001) surface of uranium.!® This pronounced increase in
surface magnetism could substantially strengthen Kondo cor-
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relations under certain conditions. We therefore suggest that a
stark contrast likely exists between the bulk and surface elec-
tronic behaviors of uranium, making this distinction a partic-
ularly compelling direction for future research. Indeed, the f
electrons in Kondo lattice compounds are highly susceptible to
external perturbations, such as pressure, temperature, chemi-
cal doping, and magnetic fields.[®~!> Further refined exper-
imental characterization, such as temperature-dependent ex-
periments, is essential to elucidate their behavior and resolve
outstanding questions in this complex system.

To clarify these issues, the first essential step is the prepa-
ration of high-quality single crystals. Bulk single-crystal ura-
nium samples are mechanically soft and difficult to cleave.
Conventional surface preparation techniques, such as sputter-
ing and annealing, often fail to yield atomically smooth and
contamination-free surfaces. These limitations pose signifi-
cant challenges for precise electronic structure characteriza-
tion. In contrast, thin films of uranium offer distinct advan-
tages, including superior surface flatness and well-controlled
synthesis conditions. Consequently, numerous studies have
focused on investigating the electronic properties of uranium
thin films.!16-22!

Angle-resolved photoemission spectroscopy (ARPES) is
a powerful technique for probing the electronic structure of
materials.>3->] Previous ARPES studies on high-quality bulk
uranium and single-crystal thin films have revealed funda-
mental band structures and 5f-electron characteristics.!-26-27]
Complementary scanning tunneling microscopy/spectroscopy
measurements further confirmed that the density of states near
the Fermi level is dominated by 5f electrons. 1201 However, due
to limitations in sample quality and instrumental energy res-
olution, detailed investigations into the fine electronic struc-
ture and temperature-dependent evolution of 5f states have re-
mained scarce.

In this study, we successfully synthesized high-quality
single-crystal uranium films on W(110) substrates. Using
ARPES, we systematically investigated the Fermi surface
topology, valence band structure, and temperature-dependent
band evolution. Our results reveal a direct hybridization be-
tween Sf electrons and conduction electrons far from the I”
point. We determined a Kondo temperature of approximately
131 K for the 5f electrons in the uranium film and identified
an additional flat band with an energy scale of 148 meV. Elec-
trical resistance measurements further support the presence of
Kondo lattice behavior. These findings provide key insights
into the complex and tunable electronic properties of uranium
at low temperatures.

2. Experiments and computations

Sample preparations MBE and ARPES experiments
were performed in an interconnected ultrahigh vacuum (UHV)

system with a base pressure maintained below 8 x 10~!! mbar.
Prior to the epitaxial growth of uranium thin films, the W(110)
single-crystal substrate underwent successive cycles of Ar™
sputtering and annealing to eliminate surface contaminants
and defects. It was subsequently annealed at approximately
1200 K and then rapidly cooled to room temperature to achieve
an atomically smooth surface. Uranium films were deposited
on the prepared substrate using a deflection electron beam
evaporator. High-purity (99.9%) uranium metal was degassed
by heating for over two weeks within the MBE chamber be-
fore initial deposition. The evaporation rate, monitored by a
quartz crystal microbalance, was maintained at approximately
0.10 A/s for all samples studied. Throughout the deposition
process, the substrate was held at room temperature. The crys-
tallographic quality and surface structure of the uranium films
were characterized in situ by low-energy electron diffraction
(LEED).

ARPES and PPMS measurements Electrical transport
measurements were carried out using a quantum design phys-
ical property measurement system (PPMS). The electronic
structures of the uranium films were investigated by ARPES
utilizing a helium discharge lamp (He-1a, hv = 21.2 eV) with
a beam spot size of approximately 1 mm. All ARPES data
were acquired with a Scienta R4000 electron analyzer, achiev-
ing an energy resolution of 10 meV or better and an angular
resolution better than 0.2°. The Fermi level (Ef) was refer-
enced by measuring in-situ deposited gold films. For ARPES
measurements, uranium films with a thickness of about 20 nm
were utilized, while a thicker film of approximately 100 nm,
deposited on insulating Al,O3 substrates, was employed for
the electrical transport measurements in the PPMS.

Computational methodology The primitive cell of ¢-U
contains two uranium atoms with atomic coordinates at (0.099,
0.901, 0.25) and (0.901, 0.099, 0.75), as shown in Figs. 1(a)
and 1(b). Since the prepared o uranium thin films exhibit
(001) surfaces, we constructed an o-U (001) surface model
containing 17 uranium atoms with symmetric upper and lower
surfaces. A vacuum layer of 15 A was introduced on the upper
and lower surfaces, as illustrated in Fig. 1(c). The electronic
structure of a-U (001) was calculated using the Vienna ab ini-

28-30

tio simulation package (VASP)! I with the projector aug-

mented wave method.3!! The exchange—correlation potential
was described by the Perdew—Burke—Ernzerhof functional 32!
within the generalized gradient approximation (GGA). The
plane-wave cutoff energy was set to 500 eV, and the Bril-
louin zone was sampled using a I"-centered scheme with a
13 x 13 x 1 k-point mesh. Convergence tests were performed
to verify the total energy convergence with respect to cut-
off energy and k-point mesh density. The energy tolerance
for the electronic self-consistent loop convergence was set to

1.0 x 107 eV. Surface atomic relaxation was performed us-
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ing the conjugate gradient method (with four uranium atoms
each on the upper and lower surfaces, as indicated by the
light blue spheres in Fig. 1(c)) until the Hellmann—-Feynman
force on each atom was less than 0.01 eV/A. Considering the
strong correlation effects in uranium systems, the GGA + U
method 33! was employed for electronic structure calculations
after surface relaxation. The effective Coulomb interaction pa-
rameter U for a-U was set to 4.0 eV based on our previous
study. 34
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Fig. 1. (a) Side and (b) top views of the primitive cell of ¢-uranium.
(c) Side view of a-U (001) surface model, the primitive cell unit is
marked by orange lines. Light blue spheres indicate surface uranium
atoms participating in surface relaxation, whereas dark blue spheres cor-
respond to bulk uranium atoms held fixed during calculations.

3. Results

The single crystal uranium thin films on W(110) sub-
strate are prepared with MBE method. The sharp and clear
LEED pattern of the as-grown uranium thin films as shown
in Fig. 2(a) indicates the high quality of the thin films. The
LEED pattern is fully consistent with the diffraction pattern
for orthorhombic a-U(001) crystallographic structure (space
group Cmcm, No. 63) at room temperature, indicating the sur-
face structure of the deposited film is o-U(001). The lattice
constants of a-U are a =3.2 A, b=3.2 A and ¢ = 4.96 A.
However, the LEED pattern is superimposed by two sets of
identical lattice structures. This phenomenon results from the
two types of domains in the as-grown uranium thin films. Ini-
tially, the evaporated U atoms deposit at the long bridge sites
of W(110), which exhibit the lowest adsorption energy. The
subsequent deposited U atoms can relax in two directions to
release the stress, leading to the formation of two domains. [34]
Even if there are two domains on the deposited film, the elec-
tronic structure does not change significantly. There are two
reasons for this: first, our previous measurements proved that
there is only a 3° rotation between the two domains,?*! such a

small rotation cannot affect the electronic structure too much;
second, the information from the LEED pattern in Fig. 2(a)
indicates that there is a significant difference in the proportion
of the two domains. The electronic structure of the thin film
is dominated by the domain with a higher proportion, corre-
sponding to the brighter diffraction points. The Fermi surface
topology of uranium thin film is displayed in Figs. 2(d) and
2(e). The fine electronic structure contains more information
than the previous report.’]

High-quality single-crystal uranium thin films were
grown on W(110) substrates using molecular beam epitaxy
(MBE). The sharp and well-defined LEED pattern presented
in Fig. 2(a) demonstrates the high crystalline quality of the
deposited film. The observed LEED pattern is fully consis-
tent with the orthorhombic a-U(001) structure (space group
Cmcm, No. 63) at room temperature, confirming the forma-
tion of o-phase uranium with lattice parameters a = 3.2 A,
b=32A, and ¢ = 496 A. The LEED image exhibits a
superposition of two identical lattice patterns, which arises
from the presence of two distinct domains within the ura-
nium film. During the initial growth stage, uranium atoms
adsorb preferentially at the long-bridge sites of the W(110)
surface, which exhibit the lowest adsorption energy. Subse-
quent atomic deposition leads to stress relaxation along two
symmetric directions, resulting in the formation of two ro-
tational domains.®* Despite this domain structure, the elec-
tronic properties of the film remain largely unaffected, for two
main reasons: first, previous measurements have shown that
the two domains are rotated by only 3° after mirror symmetry
relative to each other,?*! which is insufficient to induce sig-
nificant electronic modifications; second, the LEED pattern in
Fig. 2(a) reveals a substantial disparity in the domain popu-
lations, implying that the electronic structure is dominated by
the majority domain corresponding to the brighter diffraction
spots. The Fermi surface topology of the uranium thin film
is presented in Figs. 2(d) and 2(e). These results reveal fine
electronic structural details that offer substantially more infor-
mation than previously reported data.!”]

To further elucidate the electronic properties of the ura-
nium thin films, we performed electrical resistance measure-
ments on samples deposited on insulating Al,O3 substrates,
as shown in Fig. 2(b). In the absence of a magnetic field, the
resistivity decreases with decreasing temperature, confirming
metallic behavior. Notably, a distinct slope change is observed
in the resistance-temperature curve between 100 K and 150 K,
a feature commonly found in heavy-fermion compounds con-
taining f electrons.!!!3%! In such systems, this anomaly is at-
tributed to the transition of f electrons from a high-temperature
localized state to a low-temperature itinerant state. At high
temperatures, the f electrons remain localized; upon cool-
ing, they hybridize with conduction electrons, forming heavy
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quasiparticles with enhanced effective mass. Compared to
bulk uranium, %! the slope change in our thin films is more
pronounced, likely due to an enhanced local moment and

Kondo effect in the thin film form. Furthermore, resistance

Resistance (arb. units)

measurements under magnetic fields up to 8 T reveal no sig-
nificant change in the temperature-dependent behavior, indi-
cating that the electronic transport in these uranium films is
largely insensitive to magnetic fields.

160
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Fig. 2. The surface lattice structure, the resistance measurements, Brillouin zone, and Fermi surface topology of the uranium thin films. (a) LEED
pattern of the as-grown uranium film. (b) Temperature-dependent electrical resistance of uranium thin films under various magnetic fields (0 T
to 8 T). Data are vertically offset for clarity. The intersection of the red dashed lines indicates the crossover region. (c) Brillouin zone and & cut
calculated for a photon energy of 21.2 eV using an inner potential of 15 eV (gray plane). (d) Fermi surface mapping at 15 K, integrated within
an energy window of Er = 10 meV. (e) Curvature representation of the Fermi surface shown in panel (d).

To elucidate the fine electronic structure of the uranium
thin films, we present a detailed characterization of their va-
lence band spectrum in Fig. 3. As shown in Figs. 3(a) and
3(b), three electron-like bands — denoted as o, 3, and ¥ —
are clearly resolved. The bottom of the « band is situated
at approximately 50 meV binding energy, while the S and
7Y bands both bottom out near 300 meV. A pronounced hy-
bridization feature appears at around 1.5 eV binding energy,
where an electron-like band interacts with a hole-like band,
resulting in the opening of a hybridization gap. Notably, no
flat band is observed near the I" point. The angle-integrated
photoemission spectrum in Fig. 3(a2) exhibits three distinct
peaks labeled a, b, and ¢, located at —50 meV, —300 meV, and
—1 eV, respectively. Peak a corresponds to the o band, while
peak b comprises contributions from both the 8 and 7y bands.
Peak c originates from a deeper-lying energy band.

Moving away from the I' point along cut 2, a weakly

dispersive band is observed near the Fermi level. This band
hybridizes with two hole-like bands, labeled 6 and €. The
angle-integrated spectrum in Fig. 3(c2) reveals a pronounced
density of states close to the Fermi level, resembling features
commonly associated with f-electron states in heavy-fermion
systems. !4l If this weakly dispersive band indeed originates
from f electrons, it would be expected to exhibit localized
character at high temperatures and gradually hybridize with
conduction electrons as the temperature decreases. Such hy-
bridization typically leads to the emergence of a quasiparticle

1437 To confirm the f-electron

peak near the Fermi energy.!
nature of this state, further variable-temperature ARPES ex-
periments are necessary.

In addition, a flat band is observed at a binding energy of
148 meV in Figs. 3(cl) and 3(c2). This feature resembles flat
bands commonly found in other f-electron systems, which of-

ten arise from crystal field effects or spin-orbit coupling.37-3]
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In such systems, these interactions can split f-electron bands
into multiple flat subbands. In light actinides, the energy scale
of spin—orbit coupling typically far exceeds that of the crystal
field effect.[*® For uranium 5f electrons, the spin—orbit cou-
pling strength is approximately 250-300 meV,“%4!] whereas
the crystal field splitting is on the order of 100 meV.!*!! Given
that the observed flat band lies at 148 meV — significantly
lower than typical spin—orbit coupling energies but consistent
with crystal field splitting — we propose that this feature likely
originates from crystal field effects rather than spin—orbit cou-
pling. However, to unambiguously determine the origin of this
flat band, further experimental investigations using techniques
such as neutron diffraction are warranted.

To elucidate the origin of the electronic structure in ura-
nium thin films, we conducted time-dependent comparative
experiments, as summarized in Fig. 4. Figure 4(a) displays
the well-resolved band structure of a freshly deposited ura-
nium film, details of which are provided in Fig. 3. Owing to
the high chemical reactivity of uranium, significant changes in

Intensity (arb. units)

(a2)

—-0.4-0.2 0 0.2 04
k“ (A_l)

Intensity (arb. units)

0.2 0.4

—0.4-0.2 0
Ky (A

the electronic structure are observed after the film remains in
the UHV chamber for three hours (base pressure better than
5 x 107! mbar), as shown in Fig. 4(b). The bands near the
Fermi level exhibit noticeable broadening and reduced clarity
compared to those in the as-deposited sample, whereas bands
at higher binding energies (below 1.5 eV) remain unchanged
aside from minor broadening and a slight attenuation of band
c. This evolution is clearly visible in the angle-integrated spec-
tra in Fig. 4(c). Both bands a and b become broader, with
band a also showing slight intensity reduction. The most pro-
nounced change occurs in band b, which weakens consider-
ably. This distinct sensitivity of band b to aging — contrasting
with the relative stability of other features — suggests that it
may possess distinct electronic properties. Given that the sam-
ple was kept under UHV conditions, the observed changes are
likely due to interaction with trace residual gases (e.g., hydro-
gen), implying that band b may be particularly susceptible to
physical adsorption or mild surface reactions.

1 1 1 P—
—0.6 -0.4—-0.2 0
E—Eyg (V)
(d2)
W"W:

Z06-04-02 0
E—Eyg (V)

—-0.4-0.2 O

0.2 0.4
ky (A7)

Fig. 3. Fine electronic structure of the uranium thin film. (al) Band structure measured along cut 1 (defined in Fig. 2(d)) over a wide energy
range. (a2) Corresponding angle-integrated photoemission spectrum integrated over the momentum range from —0.5 A~! to 0.5 A~!. (bl)-
(b2) High-resolution band structure along cut 1 (as shown in Fig. 2(d)) near the Fermi level and the corresponding energy distribution curves
(EDCs). (c1)—(c2) Band structure and angle-integrated spectrum along cut 2 (Fig. 2(d)). The integration region for (c2) is indicated by the red
dashed rectangle in panel (c1). (d1)-(d2) Magnified view of the band structure and EDCs along cut 2 within the same energy window as (b1)—(b2).
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Fig. 4. Experimental and theoretical electronic structures of the uranium t

hin film. (a) Band structure of the film immediately after deposition.

(b) Band structure after three hours of measurement. (c) Angle-integrated photoemission spectra corresponding to (a) and (b), integrated over
the range from —0.5 A~! to 0.5 A~!. (d) Experimental photoemission intensity map overlaid with the calculated bulk-projected band structure.
The colored dots indicate orbital contributions: magenta (s), olive (p), cyan (d), and red (f). (e) Same as (d) but for the surface-projected band
structure. (f) Orbital-projected density of states for uranium. Solid lines represent the bulk-projected values, while dashed lines correspond to

the surface-projected case.

To clarify the origin of those bands, we also calculated
the band structures of the uranium thin film. We first con-
ducted a spatial band projection analysis for the intermediate-
layer atoms to represent the bulk band structure of ¢-uranium.
For direct comparison, these bands were superimposed on the
photoemission intensity map as shown in Fig. 4(d). The band
structure of the intermediate atoms resembles the bulk band
structure, and all experimentally observed bands in the photoe-
mission intensity map exhibit corresponding calculated bands,
except the band at 300 meV binding energy, as illustrated in
Fig. 4(d). From the calculation results, the electronic structure
below 2 eV binding energy is dominated by the p, d, and s

orbitals, while the bands near the Fermi level are mainly dom-
inated by f electrons. However, the band at 300 meV bind-
ing energy is missing in the calculated results, as illustrated in
Fig. 4(d). From experimental evidence as shown in Fig. 4(c),
it has been confirmed that band b is not consistent with other
band properties, and the bulk-projected band cannot reproduce
band b. Therefore, we consider whether band b is contributed
by surface states.

To confirm whether the band b is a surface state, we fur-
ther conduct a spatial band projection analysis for the surface
atoms (four atoms each on the upper and lower surfaces), cor-
responding to the surface bands of ¢-uranium. These bands
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were also superimposed on the photoemission intensity map,
as shown in Fig. 4(e). For the surface atoms, the intensity of
projected bands at higher binding energy weakens compared
with the bulk-projected band structures, but a prominent band
near 300 meV binding energy emerges, matching well with
the 300 meV binding energy band feature in the photoemis-
sion intensity map. This confirms that the band at 300 meV
binding energy in the photoemission intensity map is a sur-
face state and can only be found on surface atoms. Projected
partial wave density of states analysis reveals that this surface
state mainly originates from f electrons, with a small amount
of d electron features as shown in Fig. 4(f). This explains why
band b is highly susceptible to environmental influences. The
electrons associated with band b are located exclusively on the
surface of the uranium thin film, where they are directly ex-
posed to and interact with atmospheric conditions.

To determine whether the weakly dispersive band in
Fig. 3(d) is of f-electron character, variable-temperature ex-
periments were performed on uranium films, as shown in

Fig. 5(a). At 10 K, this weakly dispersive band hybridizes
with two hole-like bands and exhibits strong intensity. As the
temperature increases to 300 K, the band broadens noticeably.
Upon cooling back to 10 K, the band sharpens again, con-
firming that its temperature-dependent evolution is an intrin-
sic property rather than an effect of sample aging. Figure 5(b)
presents the temperature-dependent band structures after sub-
traction of the Fermi—Dirac distribution, revealing a distinct
flat band near the Fermi level that broadens with increasing
temperature. It is noteworthy that these measurements were
conducted at a photon energy of 21.2 eV. Although the pho-
toemission cross-section for uranium is highest for 6d elec-
trons, not 5f electrons,*?! the measured density of states of
the f-electrons under these conditions still exceeds that of the
other conduction electrons. This indicates that in @-uranium,
the true density of 5f electronic states near the Fermi level is
significantly higher than that of other conduction electrons,

in good agreement with theoretical calculations presented in
Fig. 4.
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Fig. 5. Variable-temperature band structures of the uranium thin film. (al)—(a5) Evolution of the band structure of the -uranium film along
cut 2 (defined in Fig. 2(d)) as a function of temperature. Results from (al) to (a4) correspond to a heating process from 10 K to 300 K, while
(aS5) shows the band structure recorded during cooling from 300 K back to 10 K. The same sample was used throughout all measurements in
(al)—(a5). (b1)—(b5) Band structures obtained after subtracting the Fermi—Dirac distribution at each corresponding temperature in panels (al)—
(a5). (c) Angle-integrated photoemission spectra derived from the bands shown in (a) at various temperatures. The angular integration region is
indicated by the dashed rectangle in panel (al). (d) Angle-integrated photoemission spectra corresponding to the bands in panel (b) at different
temperatures. The angular integration region is indicated by the dashed rectangle in panel (bl). Curves are vertically offset for clarity (see
inset). Spectral fitting was performed using the formula [y = yo + ”i/z X m], where x. denotes the peak position and w represents the
peak width, within the energy range from —0.05 eV to 0.01 eV. Intensity curves in panels (c) and (d) were normalized by aligning all spectra
at a binding energy of 0.55 eV. (e) Evolution of the full width at halfmaximum (FWHM) obtained from fitting the peaks near the Fermi level
in panel (d). Blue triangles correspond to the FWHM of the f-electron peak shown in panel (d); red circles represent the thermal broadening
component; purple squares indicate the FWHM after subtracting thermal broadening; the red curve shows a fit based on the Kondo model.
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To gain further insight into the evolution of the flat band,
the corresponding angle-integrated photoemission spectra are
presented in Figs. 5(c) and 5(d). The momentum integration
range used for these spectra was limited to +0.07 A~!, in-
tentionally avoiding integration over the conduction electron
bands. This approach ensures that the spectral features primar-
ily reflect the f-electron contributions. In addition to thermal
broadening, the intensity of the f-electron band is also sup-
pressed with increasing temperature and recovers upon cool-
ing, further confirming that the temperature-dependent evolu-
tion of the density of states is an intrinsic effect. This behav-
ior aligns with the f-electron characteristics observed in other
heavy-fermion systems.[!41]

As clearly observed in Fig. 5(d), the f-electron spectral
weight evolves systematically with temperature. Subtraction
of the Fermi—Dirac distribution allows partial access to the un-
occupied electronic structure above the Fermi level, yielding a
more complete picture of the flat band. We find that the width
of the flat band increases with temperature, and its line shape
is well described by a Lorentzian function.

Accordingly, the FWHM of the flat band peak, derived
from Lorentzian fits to the spectra in Fig. 5(d), is presented in
Fig. 5(e). After accounting for thermal broadening, the intrin-
sic temperature-dependent FWHM of the f-electron density of
states is obtained. The results reveal significant broadening of
the flat band with increasing temperature.

Actually, in the f-electron system, results for the single-
channel spin one-half Kondo impurity model in a Fermi liquid
regime have been used to describe the temperature dependence
of the FWHM, #3441 a5 shown by the following formula:

FWHM = 2\/(7rkBT)2—|—2(kBTK)2, (1)

where kg is the Boltzmann constant, and Tk is the Kondo tem-
perature of materials. The excellent agreement between the
FWHM and the fitting formula confirms the f-electron nature
of the flat band. Furthermore, the fit yields a Kondo temper-
ature of 131 K for a-uranium, which is consistent with the
crossover temperature observed in electrical resistance mea-
surements, as shown in Fig. 2(b).

4. Discussion and conclusion

Previous scanning tunneling spectroscopy studies have
revealed a Kondo resonance peak near the Fermi level at low
temperatures in uranium thin films thicker than four atomic
monolayers. 43! This observation indicates that Kondo behav-
ior, and the associated formation of a coherent electronic state,
emerges in ¢-uranium when the film exceeds this critical
thickness.

Demonstrating Kondo lattice behavior in a material sys-
tem is inherently challenging and typically requires convergent

evidence from multiple experimental techniques. In the case
of the a-uranium thin film, our conclusions are supported by
several key observations. First, temperature-dependent elec-
tronic structure measurements reveal a flat band that weakens
and broadens with increasing temperature. Notably, the rate
of this spectral evolution significantly exceeds simple thermal
broadening and is instead well described by a Kondo impu-
rity model, as shown in Fig. 5, providing strong evidence that
the flat band originates from the hybridized f-electrons. Sec-
ond, the electrical resistance-temperature curve exhibits char-
acteristics consistent with Kondo lattice behavior, as seen in
Fig. 2(b). Third, these findings are further corroborated by
prior experimental and theoretical studies.[®7*3] In particular,
the enhanced surface local moments in this thin film system!®!
may play a critical role in enabling the emergence of Kondo
physics. Taken together, these results strongly support the
presence of Kondo behavior in o-uranium.

Since ¢-uranium is a single-element metal, a key ques-
tion concerns which conduction electrons hybridize with the 5f
electrons. According to the computational results in Fig. 4(f),
the density of states near the Fermi level is dominated by f-
and d-electrons, with their spectral shapes and peak positions
showing strong agreement. This indicates that hybridization in
uranium films occurs primarily between 5f and 6d electrons.

[46:47] the 5f electrons

In comparison to 4f electron systems,
exhibit a broader bandwidth. Nevertheless, both systems dis-
play a temperature-driven transition from localized to itinerant
electronic behavior.

In summary, high-quality single-crystal o-uranium films
were grown on W(110) substrates using MBE. Their elec-
tronic properties, including Fermi surface topology, valence
band structure, and temperature-dependent band evolution,
were systematically investigated using ARPES. Three electron
pockets were observed around the I" point, while no f-electron
band was detected in this region. Instead, direct hybridization
between f-electrons and conduction electrons was identified at
momenta far from I". Variable-temperature ARPES measure-
ments revealed a Kondo temperature of approximately 131 K
in the uranium films. Additionally, a flat band with an energy
scale of 148 meV was observed. These results provide detailed
electronic structure characterization and confirm the presence
of Kondo physics in ¢-uranium, contributing to a deeper un-
derstanding of strong electron correlations in uranium-based
systems.
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