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Band structure of UPd3 studied by ultrahigh-resolution angle-resolved
photoemission spectroscopy
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We have performed ultrahigh-resolution angle-resolved photoemission spectroscopy on UPd3 to study the
band structure near the Fermi level (EF) and the Fermi surface. We found three Fermi surfaces~FS’s!: two hole
pockets with a dominant Pd 4d character at theG ~A! point and an electron pocket with a U 6d nature at the
K ~H! point. These FS’s are qualitatively well reproduced in the band structure calculation based on the
localized U-5f -electron model, while remarkable quantitative discrepancies are observed nearEF . The U 5f
states are located 0.4–1.0 eV belowEF and do not contribute to the Fermi surface. These results indicate the
strongly localized nature of U 5f electrons in UPd3.
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I. INTRODUCTION

UPd3 has been regarded as an exceptional U-based in
metallic compound possessing ‘‘localized’’ U 5f elec-
trons1–10 in contrast to many other U-based intermetal
compounds such as UPt3 and URu2Si2, where U 5f elec-
trons form very narrow band~s! at or near the Fermi leve
(EF) and behave as very heavy ‘‘itinerant’’ electrons.11–13 It
is recognized that the large variety of physical properties
U compounds stems from the intrinsic nature of U 5f elec-
trons with a duality of ‘‘itinerant’’ and ‘‘localized’’ natures.
The observed anomalous properties of UPd3 have been at-
tributed to the ‘‘localized’’ U 5f electrons.1–10 UPd3 exhibits
a three-staged magnetic phase transition as a function of
perature from the paramagnetic phase to the first quadrup
phase atTQ57.5 K, then to the second quadrupolar phase
TQ8 56.5 K, and finally to the antiferromagnetic phase at 4
K ~Refs. 2 and 9!. Early angle-integrated photoemissio
studies14–18 have shown that the U 5f states are situate
about 1 eV belowEF in contrast to ‘‘itinerant’’ U compounds
where the U 5f ‘‘bands’’ are located atEF .19–24The crystal-
field splitting of U41 ions was observed by inelastic neutro
scattering.1–4 Further, the effective mass of carriers estima
from de Haas–van Alphen~dHvA! experiments8–10 and the
electronic specific heat coefficient6–8 is very small compared
with that of U-based heavy-fermion materials. All these e
perimental results strongly suggest that U 5f electrons in
UPd3 are ‘‘localized’’ and form flat ‘‘band~s!’’ far away from
EF . However, there are some reports against this pict
The Fermi surface~FS! topology obtained from the dHvA
measurements8,9 is not consistent with the band structure c
culation which treats the U 5f electrons as ‘‘localized’’
states.25 Furthermore, the experimentally obtained magne
moment in the antiferromagnetic state (;1022mB) ~Refs. 1
0163-1829/2002/66~24!/245110~6!/$20.00 66 2451
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and 2! is considerably smaller than that of a U41 ion
(3.58mB) expected from the localized model.26 Such a small
magnetic moment is rather a common feature in U-ba
heavy-fermion superconductors13,27,28 and is regarded as
evidence for the intermediate valence of U ions.29 Thus the
‘‘localized’’ nature of U 5f electrons in UPd3 is now ques-
tioned and a new experimental input from a different vie
point is necessary to resolve the present controversy.

In this paper, we report high-resolution angle-resolv
photoemission spectroscopy~ARPES! on UPd3 to study the
‘‘band structure’’ nearEF as well as the Fermi surface. B
using high-energy~15 meV! and angular (60.1°) resolu-
tions, we have succeeded in mapping out the detailed ‘‘b
structure’’ nearEF and the Fermi surface. We compare t
present ARPES results with the band structure calculatio25

as well as the dHvA experiments8–10 and thereby discuss th
nature of U 5f electrons in UPd3.

II. EXPERIMENT

UPd3 single crystals~typically 3–4 mm in diameter and
75 mm in length! were grown by the Czochralski metho
with a tetra-arc furnace. Starting materials were 99.95% p
U and 99.999% pure Pd in the respective molar ratios. T
x-ray diffraction, electrical resistivity, magnetic susceptib
ity, and specific heat measurements have been performe
characterization, and the results show good agreement
those reported earlier.8,9 ARPES measurements were pe
formed using a SCIENTA SES-200 spectrometer with
high-flux discharge lamp and a toroidal grating monoch
mator. We used the HeIa resonance line~21.218 eV! to
excite photoelectrons. The energy resolution was set a
meV for quick data acquisition because of the relatively f
degradation of the crystal surface. The angular resolu
was 60.1°, which corresponds to a momentum resolut
©2002 The American Physical Society10-1
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comparable to 1% of the whole Brillouin-zone length. Sing
crystals were cleavedin situ at 25 K just before measureme
under an ultrahigh vacuum of 4310211 Torr. ARPES mea-
surements were performed for the clean mirrorlike surf
alongGKM -LHA andGM -LA emission planes in the doubl
hexagonal Brillouin zone of UPd3 ~see Fig. 1!. The Fermi
level of samples was referenced to that of a gold film eva
rated on the sample substrate. We have confirmed the re
ducibility of data on several different surfaces and samp

III. RESULTS AND DISCUSSION

Figures 2 and 3 show ARPES and momentum distribut
curve ~MDC! spectra alongGKM and GM high-symmetry
lines in the double hexagonal Brillouin zone~Fig. 1!, respec-
tively. These two different types of spectra represent ess
tially the same electronic structure; the ARPES spectrum
an energy distribution curve~EDC! defined as the photo
emission intensity as a function of binding energy at a fix
wave vector while the MDC spectrum is defined as the p
toemission intensity as a function of wave vector at a fix
binding energy. Although EDC spectra have been routin
used to study the band structure of materials so far, M
spectra have some principle advantages over EDC, in
ticular, in analysis of the electronic structure nearEF ~Ref.
30!. For example,~1! the background effect from the secon
ary electrons is easily removed in the MDC spectrum wh
the EDC spectrum has a large binding-energy-depen
background due to the secondary electrons, and~2! the MDC
spectrum does not suffer the Fermi-edge-cutoff effect si
the Fermi-Dirac function has the same value at a fixed bi
ing energy. It is naturally expected that the MDC spectrum
sensitive to steeply dispersive bands while EDC to slow
dispersive bands. In fact, several highly dispersive ba
symmetric with respect to theG ~A! or M ~L! point are
clearly seen in the MDC spectra in Fig. 3, while almost fl
bands appear in the EDC~ARPES! spectra in Fig. 2. It is
remarked that there is no sharp peak atEF in the EDC spec-
tra ~Fig. 2!, which has been commonly observed in U-bas
heavy-fermion materials and is ascribed to the Kon
resonance peak.22,23 This suggests the localized nature of
5 f electrons in UPd3.

In order to study the electronic structure nearEF as well
as the nature of U 5f electrons in UPd3 in detail, we display

FIG. 1. Brillouin zone of paramagnetic UPd3 in the extended
zone scheme. Shaded areas correspond to measuredGKM -LHA
andGM -LA planes.
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in Fig. 4 the experimentally derived band structure along
GKM andGM directions, compared with the band structu
calculation based on the localized U-5f -electron model.25

The experimental band dispersions were obtained by plot
the peak position as a function of the wave vector and
binding energy for both EDC and MDC spectra.31 The ex-
perimental bands in Figs. 4~a! and 4~b! are categorized
roughly into two groups:~1! highly dispersive bands extend
ing all over the Brillouin zone and~2! three nondispersive
bands located at 0.4–1.0 eV. According to photon-ener
dependent angle-integrated PES studies,14–18 the highly dis-
persive bands are attributed to Pd 4d and U 6d electrons
while the flat bands have a strong U 5f character. We find in
Figs. 4~a! and 4~b! that the experimental bands show sym
metric dispersion with respect to theK ~H! or M ~L! point

FIG. 2. High-resolution ARPES spectra nearEF of UPd3 along
~a! GKM ~AHL! and ~b! GM ~AL! high-symmetry lines measure
with He Ia photons at 25 K. Solid circles and crosses indicate p
positions of dispersive and nondispersive features, respectively
0-2
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BAND STRUCTURE OF UPd3 STUDIED BY . . . PHYSICAL REVIEW B66, 245110 ~2002!
and the dispersions have the periodicity matching very w
with the bulk Brillouin zone. This indicates that the observ
bands are of bulk origin.32,33 Furthermore, the band dispe
sion shows a qualitatively good agreement with the ba
structure calculation where the U 5f electrons are treated a
localized states.25 All these results strongly suggest that t
U 5 f electrons are substantially localized, forming nond
persive bands away fromEF , while the Pd 4d–U 6d hy-
bridized states form highly dispersive bands and give
Fermi surface in UPd3.

In the localized picture, the U-5f -originated peaks in PES
spectra have been interpreted in terms of the
5 f 1-final-state (U41) multiplet14,15 which consists of two

FIG. 3. MDC spectra nearEF of UPd3 along ~a! GKM ~AHL!
and ~b! GM ~AL! high-symmetry lines. Open circles indicate pe
positions of dispersive features.
24511
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spin-orbit components~2F5/2 and 2F3/2) with an energy
separation of 0.9 eV~Refs. 34 and 35!. In contrast, we find
‘‘three’’ U 5 f ‘‘bands’’ in Figs. 4~a! and 4~b!. Furthermore,
the energy separation between each U 5f ‘‘band’’ is slightly
different from the theoretical value for the multiplet stru
ture. One probable explanation for this discrepancy is t
these three U 5f ‘‘bands’’ consist of two different multiplet
structures. Since there are two different U sites in the pa
magnetic UPd3 with a double hexagonal crystal structure,8,36

the Madelung energy and consequently the U 5f bare level
are expected to be different between the cubic and the h
agonal sites. In fact, two different magnetic excitations
cribable to the two sites have been observed in the inela
neutron scattering.1–4

Next, we discuss the band structure nearEF of UPd3,
which is found to consist of mainly Pd 4d–U 6d hybridized
states according to the discussion above. We find at first
the overall band dispersion agrees well between the exp
ment and calculation. For example, the experimental banc
(c8) andd (d8), which form hole pockets at theG ~A! point,
correspond to the calculated bandsT2 (S2) andT3 (S3) with
a dominant Pd 4d character. In addition, the experiment
bande at theK ~H! point corresponds to a group of thre
theoretical bands (T4, S4, andS5) with a strong U 6d char-
acter. This good agreement between the experiment and
culation suggests that the localized U-5f -electron model is a
good starting point in understanding the electronic struct
of UPd3. On the other hand, we find several quantitati
discrepancies in the close vicinity ofEF . The bottom of
experimental bande with a dominant U 6d character is lo-
cated at 650 meV fromEF at theK ~H! point, while that of
corresponding bands in the calculation (T4, S4, and S5) is
around 150 meV. Furthermore, we find that two parabo
bandsa (a8) and b (b8) at theG ~A! point with a Pd 4d
character have the top at 400 and 50 meV belowEF , respec-
tively, and are totally occupied, while the calculation predi
the EF crossing of the corresponding bands@T1, S2, andS3

(S2, R2, andR3)]. This discrepancy in the relative energ
position of the Pd 4d and U 6d bands between the exper
ment and calculation may be attributed to underestimation
the Pd 4d–U 6d hybridization strength in the calculation
Since the dHvA results have been analyzed based on
band calculation,8,10 the discrepancy observed by the prese
ARPES study strongly requests a reinterpretation of the
topology of UPd3.

In order to study the FS topology of UPd3 in detail, we
show MDC curves atEF along the two high-symmetry line
in Fig. 5, together with the experimental band dispersions
the close vicinity ofEF . In the GKM ~AHL! direction, we
find peaks at60.18 Å21 in the MDC spectrum which cor-
respond to thekF of bandc, followed by two small peaks a
0.33 Å21 and 0.48 Å21 which correspond to thekF’s of
bandsd ande, respectively. In theGM ~AL! direction, on the
other hand, we find a large peak at 0.18 Å21 and a small one
at 0.46 Å21, which correspond to thekF’s of bandsc8 and
d8, respectively. By taking account of the sixfold symmet
of the Brillouin zone, we have roughly mapped out the Fer
surface of UPd3 projected onto the~0001! plane as shown in
0-3
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FIG. 4. Experimental band structures nearEF

of UPd3 along~a! GKM ~AHL! and~b! GM ~AL!
high-symmetry lines. Open and solid circles an
crosses correspond to the peak positions in E
and MDC spectra~Figs. 2 and 3!. Note that the
same symbols are used in Figs. 2–4. Gray th
lines are a guide for the eye. The band structu
calculation based on the localized U-5f -electron
model ~Ref. 25! along ~c! GKM ~AHL! and ~d!
GM ~AL! high-symmetry lines is shown for com
parison.
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Fig. 6, where solid circles, triangles, and squares corresp

to the Fermi momentakF
c (kF

c8), kF
d (kF

d8), andkF
e , respec-

tively. As described above, the Fermi momentakF
c (kF

c8) and

kF
d (kF

d8) correspond to the holelike FS’s at theG ~A! point
formed by the Pd 4d bandsc (c8) and d (d8), while the
momentumkF

e corresponds to an electronlike FS at theK ~H!
point formed by the U 6d bande.

Table I summarizes physical parameters (kF , character,
size, and effective mass! of the Fermi surfaces in UPd3 ob-
24511
ndtained by the present ARPES, compared with those from
dHvA experiments8,9 and the band calculation.25 In estimat-
ing the size, we assumed a circular or star-shaped Fe
surface as shown in Fig. 6. We call these two holelike a
one electronlike experimental FS’s as Fermi surfacesC, D,
and E, respectively. The dHvA experiments have report
several independent FS’s (a, b, g, d, z, ande).8,9 Since the
FS’s a and z are assigned to the open orbits, we exclud
these two FS’s from the comparison and assumed a circ
shape for the other FS’s in estimating thekF and size. We
FIG. 5. MDC spectra atEF ~energy window is67.5 meV) of UPd3 for ~a! GKM ~AHL! and ~b! GM ~AL! high-symmetry lines. To
highlight the steep dispersive features, the experimental band dispersion nearEF is shown in lower panel.
0-4
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BAND STRUCTURE OF UPd3 STUDIED BY . . . PHYSICAL REVIEW B66, 245110 ~2002!
find in Table I that the Fermi surfacesC andD in the ARPES
experiment correspond to thed and b orbits in the dHvA
experiment. The electronlike FS at theK ~H! point ~Fermi
surfaceE in ARPES! probably corresponds to the orbitg in
dHvA experiment. In spite of this qualitative good agreem
between the ARPES and dHvA experiments, it is again no
here that the assignment of FS’s in the dHvA experim
were based on the band calculation shown in Fig. 4 wh
apparently contradicts the ARPES result. The calcula
bandT1 (S1), which was assigned to the orbitd in the dHvA
study, is found to be totally occupied and not to contribute
the Fermi surface as shown in Fig. 4. Therefore, the ass
ment of each orbit observed in the dHvA experiment sho
be corrected as in Table I.

Finally, we briefly comment on the effective mass
UPd3 in comparison with the dHvA measurements8–10 as

FIG. 6. Fermi surfaces of UPd3 projected onto the~0001! plane,
determined by the present ARPES experiment. Solid circles,

angles, and squares correspond to thekF
c (kF

c8), kF
d (kF

d8), andkF
e in

Fig. 5, respectively. Gray solid and dashed lines are a guide for
eye.
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well as the thermodynamic properties.6–8 From the band dis-
persions obtained by ARPES, we have estimated the ef
tive mass for each dispersion with the free-electron appro
mation and compared them with the cyclotron effecti
masses obtained from the dHvA experiment8,10 in Table I.
We find that the effective masses obtained from the ARP
and dHvA experiments agree with each other almost p
fectly and both show very small effective masses (;2m0)
compared with those in heavy-fermion U compound
@;102m0 ~Refs. 11–13!#. The observed small mass enhanc
ment is consistent with the small electronic specific h
coefficient6,7 of UPd3 (g;9.5 mJ/mol K2) compared with
those of heavy-fermion compounds@.400 mJ/mol K2

~Ref. 11!#.

IV. CONCLUSION

We have studied the electronic band structure nearEF and
the Fermi surface of UPd3 using ultrahigh-resolution angle
resolved photoemission spectroscopy. We have observed
eral highly dispersive bands forming the Fermi surfaces
well as nondispersive ‘‘bands’’ nearEF , which are ascribed
to the Pd 4d–U 6d hybridized bands and the U 5f states,
respectively. The overall band structure consisting of
Pd 4d–U 6d hybridized states shows a qualitative go
agreement with the band calculation based on the local
U-5 f -electron model,25 indicating that the band structure ca
culation serves as a good starting point in understanding
gross electronic structure of UPd3 and at the same time the U
5 f electrons are strongly localized in UPd3. We have ob-
served three Fermi surfaces: two holelike FS’s with a do
nant Pd 4d character at theG ~A! point and an electronlike
FS with a U 6d nature at theK ~H! point. The size and
effective mass of the observed FS’s are consistent with
dHvA measurements8,10 and the thermodynamic
properties,6–8 while the previous assignment of FS’s in th
dHvA experiment should be corrected because of the p
sible underestimation of the Pd 4d–U 6d hybridized
strength in the band calculation. The present ARPES res
suggest that the localized character of U 5f electrons plays
an essential role in characterizing the magnetic propertie
UPd3.

i-

e

Pd

ation of
TABLE I. Fermi momentum (kF), character, size, and effective mass of the Fermi surfaces of U3

obtained by the present ARPES experiment and the dHvA experiments~Refs. 8–10!. Note that the previous
assignment of FS’s in the dHvA experiment should be corrected because of the possible underestim
the Pd 4d–U 6d hybridized strength in the band calculation~Ref. 25!.

kF (Å21) Character Size (Å22) Effective mass (m0) Assignment

c (c8) 0.18 ~0.18! Hole 0.10 2.6~2.6! T2 (S2)
d (d8) 0.33 ~0.46! Hole 0.46 1.6~2.6! T3 (S3)

ARPES @from G (A)]
e 0.24 Electron >0.18 1.6 T4,S4,S5

@from K (H)]

Previous Corrected
b 0.39 Hole 0.48 1.79–2.69 S2 (R2) T3 (S3)

dHvA g 0.28 0.24 2.49–2.60 T4,S4,S5

d 0.20 Hole 0.12 ;1.66 T1 (S1) T2 (S2)
e 0.10 Electron 0.03 0.45–0.69 S5 (R5)
0-5
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