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We performed angle-resolved photoemission spectroscopy (ARPES) experiments using soft x rays to inves-
tigate the electronic structure of the heavy-fermion superconductor UPt3. The overall band structure revealed
by the present ARPES measurements is compared with density-functional calculations for UPt3 and the non-
5 f reference compound ThPt3. We showed that the calculation for ThPt3 gives a better description of the
experimental band structure, except for the 5 f -derived heavy quasiparticle bands. This situation is reminiscent
of Ce-based heavy-fermion systems, whose band structures are often very similar to those of non-4 f La-based
compounds. The narrow heavy quasiparticle bands are located just below the Fermi level (EF), and their band
structure could not be resolved by the present energy resolution. We also showed that most of the U 5 f spectral
weight exists not as the coherent heavy-fermion bands but as incoherent components that distribute over a wide
energy range, spanning from near EF to approximately 2 eV. This result indicates that the heavy quasiparticle
bands are enormously renormalized by the electron correlation effect. Additionally, we showed that the spectral
intensity of the heavy-fermion bands is almost temperature independent, at least up to 100 K, where the magnetic
susceptibility follows a Curie-Weiss behavior.

DOI: 10.1103/PhysRevB.108.165127

I. INTRODUCTION

Uranium compounds show a wide variety of intriguing
properties such as heavy-fermion state, non-Fermi-liquid be-
havior, and unconventional superconductivity owing to a
complex many-body interaction between localized 5 f and
conduction electrons [1–5]. The ground state of a uranium
compound is generally believed to be determined by the hy-
bridization strength between the 5 f and conduction electrons
with respect to the onsite Coulomb interaction. For a weak
hybridization limit, a magnetic ground state consisting of lo-
calized 5 f moments would be realized to reduce the onsite
Coulomb interaction energy. With increasing hybridization
strength, the magnetic ground state is expected to change to a
paramagnetic ground state via a quantum critical point (QCP).

Low-temperature properties of uranium compounds are
governed by the low-energy excitation spectrum from a com-
plex many-body ground state. It is commonly accepted that
the low-energy excitation for a paramagnetic state with large
hybridization can be understood by the concept of quasi-
particles in the Fermi-liquid theory, whose effective mass
becomes heavier with approaching the QCP. The quasipar-
ticle excitation spectrum of the paramagnetic state seems to
change at a QCP because of the occurrence of the symmetry
breaking in the ground state, and with further decreasing
the hybridization, the quasiparticle picture is considered to
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collapse before reaching the localized limit where U 5 f elec-
trons are decoupled from the band structure formation. How
such a breakdown of quasiparticles arises in real materials and
whether it occurs concomitantly with a QCP are subjects of
the current debate [6]. The electronic states around QCPs are
particularly interesting because most of the above-mentioned
intriguing properties of uranium compounds are found in the
vicinity of QCPs [1–5], and they may be governed by quasi-
particles on the verge of electron localization.

UPt3 shows a superconducting transition at Tc = 0.5 K,
and the superconducting state has multiple phases in the mag-
netic field and temperature plane, revealing the presence of
multiple superconducting order parameters [7]. The above
superconducting state emerges from a heavy-fermion state
that is formed below a few K. The electronic-specific heat
coefficient is largely enhanced to be γ ∼ 420 mJ/mol K2

[8]. The ratio of the γ value and the T 2 coefficient in the
resistivity satisfies the Kadowaki-Woods relation as in other
heavy-fermion materials [9]. Moreover, the Pauli suscepti-
bility becomes large: χc ∼ 5.0 × 10−3 and χa,b ∼ 9.0 ×
10−3 emu/mol for fields along the c axis and in the basal
plane, respectively [10]. These results indirectly show that
the effective mass of quasiparticles is enormously enhanced,
which implies UPt3 being located in the vicinity of the QCP.
The emergence of a long-range antiferromagnetic ordering at
extremely low temperatures (below 20 mK) is more convinc-
ing evidence of its proximity to the QCP [11]. The presence
of heavy quasiparticles is more directly confirmed by the de
Haas–van Alphen (dHvA) measurements, and the observed
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effective masses are 10–20 times larger than those in a calcu-
lation based on the density-functional theory (DFT) [12].

On the other hand, the magnetic susceptibility deviates
from the Pauli-like behavior above about 10 K and exhibits
a Curie-Weiss behavior in the high-temperature region above
several tens of K [10,13]. The Curie-Weiss behavior is fre-
quently interpreted as evidence for the existence of localized
moments, and thus, the quasiparticle picture appears to be
broken at high temperatures due to electron localization.
Therefore, UPt3 provides an ideal opportunity to investigate
how the strongly renormalized quasiparticles are formed at
low temperatures.

The structure of the Fermi surfaces (FSs) of UPt3 has been
intensively studied by means of dHvA measurements [8,14–
16]. In the early stages of these studies, the observed dHvA
frequencies were interpreted in terms of DFT calculations that
assumed 5 f electrons being itinerant [8,14,15]. Meanwhile,
an alternative theoretical model was proposed by Zwicknagl
et al ., in which two of three 5 f electrons are localized and
do not contribute to the band structure formation [17]. Al-
though the FS shapes of this partially localized model are
very different from those of the above itinerant DFT calcula-
tions, Zwicknagl et al. claimed that their model well explains
both the reported dHvA frequencies and the enhancement of
quasiparticle mass. Subsequently, McMullan et al. carried out
detailed dHvA experiments to make a more comprehensive
comparison between the experimental FSs and the theoretical
FSs of the partially localized model and itinerant DFT calcu-
lations. [16]. The dHvA results obtained by McMullan et al.
lead to a conclusion that the fully itinerant DFT calculation
gives a better description of the observed dHvA frequencies.

Despite the experimental FSs being well described by
DFT calculations, these calculations cannot reproduce the
effective mass of quasiparticles of UPt3. This means that the
bandwidth of heavy quasiparticles is strongly suppressed by
the renormalization factor zk = (1 − ∂Re�R(k, ω)/∂ω)−1,
where �R(k, ω) is the self-energy due to the electron corre-
lation effect. Since zk also suppresses the intensity of heavy
quasiparticles in the spectral function, the majority of the 5 f -
derived spectral weight would exist as incoherent components
rather than as coherent bands.

The spectral function of UPt3 has been studied by an
angle-resolved photoemission spectroscopy (ARPES) exper-
iment with a helium lamp (hν = 21.2 eV) by Ito et al .
[18]. In this ARPES study, a very narrow heavy quasiparti-
cle band was observed just below the Fermi level (EF), and
its band structure could not be resolved by the experimen-
tal energy resolution (50 meV). They also detected several
incoherent satellite spectral features, whose intensities are,
however, much smaller than that for the heavy quasiparticle
band. Therefore, the vast majority of the U 5 f spectral weights
appear to be not detected in this ARPES study. This is most
likely because the U 5 f -derived incoherent components are
energetically overlapped with Pt 5d-derived bands, making it
difficult to observe them separately. In this paper, to further
investigate the U 5 f electronic state of UPt3, we performed
ARPES experiments using bulk-sensitive soft x rays [19,20]
and experimentally extracted the U 5 f spectral weights
from the photon energy dependence of the photoemission
spectra.

II. EXPERIMENTAL DETAILS

We have grown single-crystalline samples of UPt3 by the
Czochralski pulling method. The photoemission experiments
were carried out at the soft x-ray undulator beamline BL23SU
in SPring-8 [21]. The energy and angular distributions of
photoelectrons were measured using a Gammadata-Scienta
SES2002 analyzer. The photoemission spectra were measured
in the soft x-ray range, i.e., from 495 to 1025 eV. The to-
tal energy resolution was set to 70 meV for hν = 495 and
decreased to 180 meV for 1025 eV. The angular resolution
along the analyzer slit was ±0.15◦. The binding energy of
the photoelectrons was calibrated by the Fermi edge of an
evaporated gold film, and the position of ARPES scans in the
momentum space was calculated using a free-electron final
state model with an inner potential value of V0 = 12 eV [22].
Clean sample surfaces parallel to the (0001) plane were pre-
pared by cleaving in situ just before the measurements. The
sample temperature was controlled by a liquid helium flow
cryostat and maintained at 20 K, except for measurements of
temperature dependence. The base pressure of the main cham-
ber was kept better than 9×10−9 Pa at 20 K and deteriorated
temporarily to around 4×10−8 Pa during the measurements of
temperature dependence.

III. RESULTS

Figures 1(a) and 1(b) show the ARPES spectra along
the �-M-�′-K-� and A-L-A′-H-A lines measured at hν =
495 and 550 eV, respectively. These photon energies corre-
spond to the kz values of ∼9 and 9.5 (in units of 2π/c),
respectively, and momentum scans in the kx-ky plane were
done by changing the emission angles of photoelectrons.
At these photon energies, the U 5 f and Pt 5d orbitals
have dominant contributions because of their strong pho-
toemission cross sections, which are more than one order
of magnitude larger than those of other states, such as U
6d and Pt 6s [23]. In this study, we analyze the ARPES
spectra assuming a hexagonal P63/mmc structure and ig-
nore the slight trigonal distortion revealed by Walko et al .
[24]. The integrated area of each energy distribution curve
(EDC) normalizes the ARPES spectra. The sample temper-
ature was kept at 20 K, and thus, these ARPES spectra
were measured in the paramagnetic phase. Here, the � (A)
and �′ (A′) points represent the same symmetry point, but
the former is in the first Brillouin zone (BZ) on the kx-ky

plane, and the latter is in the second BZ. One can no-
tice that the ARPES spectra differ between the � (A) and
�′(A′) points. This is due to the photoemission structure
factor effect, which originates from the interference effect
of atomic orbitals with different positions and changes re-
spective band intensities [25]. The crystal structure of UPt3

consists of two-dimensional U and Pt atomic planes stacked in
the c-axis direction, and the difference in the spectra between
the � (A) and �′(A′) points can be ascribed to the change
in the interference effect between U and Pt atoms having
different positions in the x-y plane. In the vicinity of EF, there
are less dispersive spectral features originating from U 5 f
orbitals both in Figs. 1(a) and 1(b). We will argue the details
of these U 5 f -derived spectral weights later in this article. We

165127-2



STRONGLY RENORMALIZED QUASIPARTICLES IN … PHYSICAL REVIEW B 108, 165127 (2023)

A

L H

3

2

1

0
40

39

38

 M K

3

2

1

0

A L A H A

41

40

39

3

2

1

0

40

39

41

M K

42

38

3

2

1

0

A L A H A

41

42

40

39

P
t 5d

U
 5f

U
 5f

P
t 5d

3

2

1

0)
Ve(

y
gre

n
E

g
ni

d
ni

B

A  L A'  A H

3

2

1

0)
Ve(

y
gre

n
E

g
ni

d
ni

B

M '  K

(c)(a)

)d()b(

(g)

(e)

(f)

UPt
3

UPt
3

UPt
3
 (LDA)

UPt
3
 (LDA)

ThPt
3
 (LDA)

ThPt
3
 (LDA)

High

Low

40
39

FIG. 1. (a) and (b) ARPES spectra of UPt3 along the �-M-�′-K-� and A-L-A′-H-A lines measured at hν = 495 and 550 eV, respectively.
The broken red lines are guides to the eyes. (c)–(f) The corresponding calculated band structures for ThPt3 and UPt3. The color coding of each
band represents the contributions of Pt 5d or U 5 f states. (g) Brillouin zone of UPt3, assuming a hexagonal crystal structure.

also observe several dispersive bands in a whole energy range
of Figs. 1(a) and 1(b); these bands are mainly due to the Pt 5d
orbitals.

For comparison, we carried out band structure calculations
for ThPt3 and UPt3. These calculations are based on a full
potential version of a Dirac-type linearized augmented plane
wave method within a local density approximation (LDA)
[26], and employ experimental lattice constants for UPt3 [24].
We also assume that ThPt3 has the same crystal structure with
UPt3. The color coding represents the contribution of the Pt 5d
and U 5 f components in ThPt3 (LDA) and UPt3 (LDA). As
one can see, both the calculations for ThPt3 and UPt3 roughly
reproduce the non-5 f dispersive bands. However, on closer
inspection, the calculated bands for ThPt3 seem to give a bet-
ter agreement for the non-5 f experimental bands as follows.
As shown in Figs. 1(a) and 1(b), there exist convex spectral
features at the � and A′ points as indicated by the broken
red lines, whose top positions are close to EF. These spectral
features are well reproduced by calculated bands 39 and/or
40 for ThPt3 (LDA), but the peak top positions of bands 39
and 40 for UPt3 (LDA) are located at deeper binding energies.
Calculated bands 39 and 40 for ThPt3 (LDA) have mainly Pt
5d and Pt 5p orbital characters, the ratio of which varies as
a function of momentum, and the same numbered bands of
UPt3 (LDA) have mainly Pt 5d character (not shown). It is
considered that in UPt3 (LDA), these bands are pushed toward
deeper binding energies because of the interaction with the U
5 f -derives bands 41 and 42. This situation is reminiscent of
Ce-based heavy-fermion systems whose band structures are
often very similar to those of non-4 f La-based compounds,
except in the immediate vicinity of EF [27,28]. The heavy
quasiparticle bands for UPt3 are thus considered to be formed
through the hybridization with the dispersive bands, which
resemble those for ThPt3.

Next, we investigate the detailed properties of the U 5 f
spectral weights. Figures 2(a) and 2(b) show the ARPES

spectra near EF along the �-M-�′-K and A-L-A′-H lines
measured at hν = 495 and 550 eV, respectively. In these
figures, there exists a less-dispersive narrow peak just below
EF. This is considered to be due to the heavy quasipar-
ticle bands derived from U 5 f electrons, whose detailed
structure cannot be resolved within the energy resolution
of the present study. In addition, we observe another peak
structure at around 0.25 eV in Figs. 2(a) and 2(b) as indi-
cated by green shaded areas, and its peak position is also
found to be almost independent of momentum. We dis-
play the calculated band structures for ThPt3 and UPt3 in
Figs. 2(c) to 2(f). Although the calculation for UPt3 pre-
dicts a presence of the weakly dispersive band (band 41)
at around 0.25 along the �-M-�-K line, both calculations
predict no flat band at around 0.25 eV for the A-L-A-H
line. Therefore, the above peak structure around 0.25 eV ap-
pears to be not due to the coherent band component but to
an incoherent component caused by the electron correlation
effect.

The above-mentioned heavy quasiparticle bands just be-
low EF and the incoherent component around 0.25 eV are
expected to be governed by the U 5 f spectral weight. In
order to confirm this conjecture, we extract the U 5 f spectral
weight from the APRES spectra by utilizing photo energy
dependence on the photoemission cross section. In the soft
x-ray range, the relative PES cross-section ratio σU5 f /σPt5d

decreases with increasing photon energy [23], and therefore,
we can extract the U 5 f component by comparing the EDCs
measured at different photon energies. Figures 3(a) to 3(d)
show EDCs at the high-symmetry points measured at two
different energies, and these EDCs are normalized by the
integrated intensity in the region deeper than 2.2 eV, where the
Pt 5d components dominate the spectra. The spectra measured
with lower photon energies are convoluted with a Gaussian
function to compensate for differences in the energy resolu-
tion, obscuring the peak structure of the incoherent component
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(c) (e)

(d) (f)

FIG. 2. (a) and (b) ARPES spectra of UPt3 in the vicinity of EF along the �-M-�′-K and A-L-A′-H lines measured at hν = 495 and 550 eV,
respectively. The green shaded areas indicate the positions of incoherent spectral intensities. (c)–(f) The calculated band structures for ThPt3

and UPt3.

peak at 0.25 eV. Here, σU5 f /σPt5d is estimated to be 1.06,
0.91, and 0.77 for hν = 495, 805, and 1025 eV, respectively.
In Figs. 3(a) to 3(d), we also display the difference spectra,
which reflect the U 5 f spectral weight. These difference spec-
tra show that most of the U 5 f spectral weight exists not as
heavy quasiparticle components but as incoherent components
that distribute not only in the vicinity of 0.25 eV but also
over the wide binding energy range up to ∼2 eV. We found
that these difference spectra show a peak structure at around
1.3 to 1.7 eV except for the H-point, as indicated by arrows;
we will discuss the physical interpretation of this peak later
in this article. For comparison, we show the calculated U 5 f
partial density of states in Fig. 3(e), which is broadened with
the experimental energy resolution for 1025 eV. We can see
that the calculation cannot reproduce both the peak structure
at around 1.3 to 1.7 eV and the observed U 5 f spectral as the
calculated U 5 f spectral weight is concentrated in a narrower
energy region below EF. We display the difference spectra
along the K-�-K-M lines in Fig. 3(e), which reveal that the
U 5 f -derived spectral weight forms some structure in this
high-symmetry line and thus is not totally independent of
momentum.

In the following, we investigate how the ARPES spectra
evolve as a function of temperature. Figure 4(a) shows the
ARPES spectra along the L-A-L line measured at 10 K and
100 K, respectively, and in Figs. 4(b) and 4(c), the EDCs at
the A and L points are selectively displayed. Note that around
100 K, the U 5 f electrons are considered to have a localized
character as the magnetic susceptibility follows a Curie-Weiss
behavior [13]. As can be seen in these figures, there seems to
be no noticeable temperature dependence except for the slight
suppression of the peak-top intensity of heavy quasiparticle
bands at EF. In order to evaluate the temperature dependence
of the total intensity of the heavy quasiparticle bands, we

have integrated the spectra in Figs. 4(b) and 4(c) over 0.15 to
−0.2 eV range, which is indicated by the green shaded region
in the inset of Fig. 4(b). We confirmed that the integrated in-
tensities for the A and L points hardly depend on temperature
and decrease by only 3% at most with increasing temperature
from 10 K to 100 K.

IV. DISCUSSION

In this paper, we have performed ARPES experiments to
investigate the U 5 f electronic state in UPt3. We have revealed
that the U 5 f spectral weight distributes over a wide binding
energy range from EF to ∼2 eV, most of which exists as
incoherent components. Here, we discuss the physical im-
plications of these results. It is generally believed that the
competition between the Kondo effect and the RKKY interac-
tion determines the ground state of f -electron systems; both
of them evolve as a function of |Jcf |D(εF) [29]. Here, D(εF)
and |Jcf | represent the density of states at EF and the mag-
netic coupling strength between conduction and f electrons,
respectively. This situation can be summarized in the so-called
Doniach phase diagram [Fig. 5(a)]. Given that UPt3 does not
host well-defined long-range magnetic order and exhibits a
heavy-fermion behavior, it is considered to be located on the
right-hand side of the QCP in the Doniach phase diagram.
Strictly speaking, the development of an antiferromagnetic
order at the extremely low temperature of 20 mK has been
confirmed [11], but we ignore this magnetic ordering in this
discussion because of the smallness of its energy scale.

The f -electron spectral function at zero temperature is
defined as

ρ f (k, ω) = − 1

π
ImGR

f (k, ω). (1)
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FIG. 3. (a)–(d) ARPES spectra of UPt3 at the high-symmetry
points measured at two different photon energies. The spectra mea-
sured with lower photon energies are convoluted with a Gaussian
function to compensate for the differences in the energy reso-
lutions. These spectra are normalized by the integrated intensity
below 2.2 eV, where the spectral intensities are dominated by the
Pt 5d components. The difference curves, which are considered
to reflect U 5 f spectral weight, are also shown. (e) Calculated
U 5 f partial density of states. (f) Difference spectra along the
high-symmetry lines between the spectra taken at different photon
energies.

The retarded Green function for f electrons GR
f (k, ω) can be

expressed in the following form:

GR
f (k, ω) = 1

Nm

∑

m

〈

N

0

∣∣ fkm
1

h̄ω + E0 − Ĥ + iη
f †
km

∣∣
N
0

〉

+ 1

Nm

∑

m

〈

N

0

∣∣ f †
km

1

h̄ω − E0 + Ĥ + iη
fkm

∣∣
N
0

〉
,

(2)

where |
N
0 〉 and E0 stand for the ground state of the to-

tal system and the ground-state energy, respectively. f †
km is

FIG. 4. (a) Comparison of ARPES spectra along the L-A-L line
measured at 10 and 100 K, respectively. The spectra are shown with
offsets for better viewing. (b) and (c) Temperature variations of the
ARPES spectra at the high-symmetry points. The inset shows an
enlarged view of the area EF region.

a creation operator for f electrons having a wave vector
k. m is the quantum number for the spin and orbital free-
dom, and Nm represents the Hilbert space dimension for
m. η is introduced as an infinitely small positive broad-
ening parameter. The first and second terms in Eq. (2)
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(a)

(b)

(c)

FIG. 5. (a) Doniach phase diagram. FL denotes the Fermi-liquid
state. (b) and (c) Schematic illustrations of the 5 f spectral functions
in the heavy-fermion state and localized limit, respectively.

correspond to inverse photoemission and photoemission pro-
cesses. Here, a negative h̄ω value corresponds to a positive
binding energy.

The above spectral and Green functions are defined as-
suming zero temperature, but they can be extended to finite
temperatures by employing the grand-canonical ensemble
average [30]. The f -electron spectral function at finite tem-
peratures is described as

ρ f (k, ω, T ) = ρ
f
BIS(k, ω, T ) + ρ

f
PES(k, ω, T ),

ρ
f
BIS(k, ω, T ) = 1

1 + e−β h̄ω
ρ f (k, ω, T ), (3)

ρ
f
PES(k, ω, T ) = 1

1 + eβ h̄ω
ρ f (k, ω, T ),

where ρ
f
BIS(k, ω, T ) and ρ

f
PES(k, ω, T ) are inverse photoemis-

sion and photoemission components in the finite-temperature
spectral function. β represents 1/kBT , and kB is the Boltz-
mann constant. The prefactors (1 + e−β h̄ω )−1 and (1 +
eβ h̄ω )−1 serve to extract ρBIS and ρPES from the finite-
temperature spectral function. The detailed functional form of
ρ f (k, ω, T ) is described in Ref. [30].

Despite the exact solution for the f -electron spectral func-
tion being not available, it is generally considered that in
the heavy-fermion region, i.e., on the right-hand side of the
QCP in Fig. 5(a), the f -electron spectral function at low
temperatures has a three-peak structure as shown schemati-
cally in Fig. 5(b). The peak located around EF corresponds
to excitations of heavy quasiparticles. Here, we ignore the
detailed band structure of the heavy quasiparticle bands.
The spectral intensity and width of the heavy quasiparticle
band are suppressed by the renormalization factor zk = (1 −
∂Re�R(k, ω)/∂ω)−1. Since the total intensity of the spectral
function at each k point is always conserved, the incoherent
components, which are located away from EF, develop under
the presence of the electron correlation effect [30]. These
incoherent components correspond to the lower and upper
Hubbard bands in the Hubbard model. These Hubbard-like
bands may consist of more than one component for a multi- f -
electron system, but such fine structures are ignored in this
figure. The above-mentioned basic structure of the spectral
function in the heavy-fermion region is directly applicable
for UPt3.

On the other hand, in the localized limit, where the hy-
bridization between f and conduction electrons vanishes, the
properties of the f -electron spectral function are well known.
In this localized limit, the integer valence state should be real-
ized, and the f -electron spectral function should be dominated
by localized excitations, as schematically shown in Fig. 5(c).
In Fig. 5(c), the f 2 ground state is assumed, and there exist
two multiplets that correspond to excitations from f 2 to f 1

states and from f 2 to f 3 states. See Refs. [31–34] for the
detailed structure of these localized excitations. These spectral
weights of localized excitations are independent of momen-
tum and temperature as long as kBT is much smaller than the
energy scale of the binding energy of the bare 5 f electrons and
the onsite Coulomb interaction. In fact, ARPES experiments
for the localized 5 f 2 system UPd3 have revealed that the
5 f -electron spectral function is dominated by less-dispersive
f 2 to f 1 excitations: the 2F5/2 and 2F7/2 final state components
[35]. The energy separation of these final-state components is
about 0.8 eV, and this value has been roughly reproduced by
a calculation for an isolated atomic configuration [34].

In this study, we have derived the U 5 f spectral weight
from the hν dependence of the ARPES spectra, as shown in
Figs. 3(a) to 3(d), and have shown that most of the U 5 f spec-
tral weight exists as incoherent components. This result means
that the heavy quasiparticle bands are strongly renormalized,
i.e., the renormalization factor zk for these bands is markedly
reduced from unity. This situation is consistent with the dHvA
and specific heat measurements, both of which have shown
the effective electron masses being highly enhanced in UPt3

[8,12]. We also have revealed that the incoherent components
distribute not only in the vicinity of the peak at 0.25 eV but
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also over a wide binding energy range up to ∼2 eV and exhibit
another peak structure at around 1.3∼1.7 eV for several high-
symmetry points. Note that the energy separation between
0.25 and 1.3∼1.7 eV peaks is 1∼1.45 eV, which is compa-
rable to the above-mentioned energy separation between the
2F5/2 and 2F7/2 final state peaks for UPd3, indicating that the
incoherent components for UPt3 can possibly be viewed as a
precursor of f 2 to f 1 multiplet in the localized limit. However,
as shown in Fig. 3(f), the incoherent components are not
totally independent of momentum. Therefore, the observed
spectral shape of the incoherent components in the energy
and momentum space is considered to reflect an intermediate
electronic state between the itinerant and localized limits.

Finally, we would like to discuss the physical implica-
tion of the almost absence of temperature dependence of the
ARPES spectra. As shown in Figs. 4(a) to 4(c), the temper-
ature dependence of the spectra is not observed except for
the slight suppression of the peak-top intensities of heavy
quasiparticle bands in the temperature range 10–100 K. First,
we would like to discuss the electronic state at the lower
temperature side (10 K). According to the specific heat and
resistivity measurements, to observe the well-defined Fermi-
liquid-like temperature dependence, low temperatures below
1.5 K are required [7]. Therefore, some deviation from the
Fermi-liquid behavior exists already at 10 K, although the
resistivity starts to drop rapidly, and the magnetic suscep-
tibility hardly depends on temperature below 10 K [7,10].
Therefore, the lifetime of the heavy quasiparticles is not long
enough compared to kBT at 10 K. However, such a lifetime
broadening seems negligible in the present ARPES exper-
iments below 20 K as follows. If we assume the lifetime
broadening of excited quasiparticles is comparable to 1.5kBT
at 1.5 K, the lifetime broadening is expected to increase to
be approximately 67kBT at 10 K as the lifetime broadening
is proportional to T 2 according to the Fermi-liquid theory
[36]. Nevertheless, this value of 67kBT is negligibly small
compared to the present energy resolution of 70∼180 meV,
an order of 1 000 kBT . The same argument can be applied at
the temperature of 20 K, where most of the ARPES spectra
of the present study were taken since the lifetime broad-
ening value at 20 K (∼267kBT ) is still smaller than the
present energy resolution. These arguments support that the
lifetime broadening effect for thermally excited quasiparti-
cles is unlikely to be seen below 20 K at the current energy
resolution.

Next, we would like to discuss the electronic state at
the higher temperature side of 100 K. As noted in the In-
troduction, the magnetic susceptibility for UPt3 follows a
Curie-Weiss law in the high-temperature region above sev-
eral tens of K [13], and the Curie-Weiss behavior is often
considered as evidence for the existence of local f moments.
If the 5 f electrons are totally localized at 100 K, the U
5 f spectral function should change to that in the localized
limit [Fig. 5(c)]. However, as our study shows, the ARPES
spectra at 100 K are almost identical to those at 10 K except
for the slight suppression of the peak-top intensity of heavy
quasiparticle bands at EF, and the integrated intensities of
the heavy quasiparticle bands decrease only 3% at most with
increasing temperature from 10 to 100 K. The almost absence
of the temperature dependence of the integrated intensities

implies that the slight suppression of heavy quasiparticle band
intensity can be naturally explained without contradiction
by the prefactor (1 + eβ h̄ω )−1 in Eq. (3) whose functional
form is equivalent to the Fermi-Dirac function and that the
spectral function ρ f (k, ω, T ) depends hardly on temperature.
This leads us to conclude that the renormalization factor zk

for heavy quasiparticles is almost independent of tempera-
ture in the temperature range of the present study. Based on
these arguments, we suggest that the Curie-Weiss behavior
in UPt3 should not be understood in terms of a simple en-
semble of localized 5 f moments but rather in terms of a
quasiparticle picture with a shorter lifetime owing to thermal
excitations.

The observed weak dependence of the heavy quasiparti-
cle intensity on temperature for UPt3 is in stark contrast to
ARPES experiments for USb2 [37]. In this ARPES study,
the intensity of narrow 5 f bands just below EF is suppressed
monotonously with increasing temperature and almost disap-
pears at 130 K, indicative of a dramatic change in ρ f (k, ω, T )
as a function of temperature. Similar behavior has been re-
ported for 4d-4 f resonant ARPES experiments performed
for the Ce-based heavy-fermion compounds whose intensity
of the heavy-fermion bands monotonously decreases with
increasing temperature [38–42]. At present, the origin of
the difference between USb2 and UPt3 remains unknown.
The temperature dependence of FSs of the Yb-based heavy
fermion compound YbRh2Si2 has been studied by ARPES
and Compton-scattering experiments [43,44]; the former ex-
periment revealed that the FSs do not change their sizes or
shape up to around 100 K, well above the Kondo tempera-
ture (∼25 K), while the latter experiment claims that a FS
reconstruction occurs at room temperature due to the local-
ization of 4 f electrons. Direct comparison of these studies
with our UPt3 result is difficult as we could not resolve the
FS structure, but our ARPES result agrees with the ARPES
result for YbRh2Si2 regarding the absence of the temperature
dependence.

V. CONCLUSION

We investigated the electronic structure of the heavy-
fermion superconductor UPt3 by soft x-ray photoemission
spectroscopy. The ARPES results were compared with the
band structure calculations for UPt3 and the non-5 f refer-
ence compound ThPt3. The observed band structure, except
for the heavy quasiparticle bands at EF, is well described
by the calculation for ThPt3 rather than that for UPt3. The
heavy quasiparticle bands seem to be formed through the
hybridization between dispersive bands, which resemble those
for ThPt3, and the U 5 f components near EF. We extracted
the U 5 f spectral weight from the photon energy dependence
of the ARPES spectra and have shown that most of the U
5 f spectral weight exists not as the coherent heavy-fermion
bands but as incoherent components which distribute over
a wide energy range from near EF to ∼2 eV. The inco-
herent components exhibit peaks at 0.25 and 1.3∼1.7 eV
at several high-symmetry points, and the energy separation
of these peaks is comparable to that of the f 1 final-state
peaks observed in the f 2 localized compound UPd3, indi-
cating that the incoherent component for UPt3 can possibly
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be viewed as a precursor of f 2 to f 1 multiplet for the lo-
calized limit. The spectral intensity of the coherent heavy
quasiparticle bands hardly depends on temperature, at least
up to 100 K, where the magnetic susceptibility follows a
Curie-Weiss law.
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