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High-resolution angle-resolved photoemission study of the heavy-fermion superconductor UPt3
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We report high-resolution angle-resolved photoemission spectroscopy~HR ARPES! on single-crystal UPt3

together with a full-potential linearized augmented-plane-wave band-structure calculation for comparison. The
experimental results show a narrow dispersionless U 5f band atEF and highly dispersive Pt 5d bands at higher
binding energies. The observed U 5f band shows a systematic intensity variation in accordance with the crystal
momentum, but is much narrower than the calculation, while the Pt 5d bands show a good quantitative
agreement between the experiment and calculation. The present HR-ARPES observation suggests a substantial
renormalization effect of the U 5f band due to the strong correlation.@S0163-1829~99!02013-5#
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I. INTRODUCTION

The heavy-fermion superconductor UPt3 has attracted
much attention in recent times because of its anoma
physical properties.1–3 The specific heat shows a largeT
~temperature-!linear coefficient and the observedT3 ln T
term at low temperatures has been regarded as evidenc
spin fluctuations.1–6 The most striking feature in UPt3 is the
coexistence of spin fluctuations and superconductivity at
temperatures, which has led to proposals of novel super
ducting mechanisms such asp-wave pairing.1,2 Since the ob-
served anomalous properties have been regarded as orig
ing in the fundamental character of U 5f electrons, it is of
great importance to elucidate the nature of U 5f electrons in
this material. However, despite many experimental and
oretical efforts, the essential role of U 5f electrons in char-
acterizing this material has not been well understood.
present, there are two apparently conflicting interpretati
of the experimental results, itinerant and localized views
U 5 f electrons, and surprisingly both can explain some
physical properties of UPt3. For example, the results of d
Haas–van Alphen~dHvA! measurements studying th
Fermi-surface topology are well interpreted with the loc
density-approximation~LDA ! band-structure calculation,7–10

while the obtained specific-heat coefficient and result
large mass-enhancement factor suggest a strong electron
relation, namely, localized character of U 5f electrons.

Photoemission spectroscopy~PES! has been intensively
employed on 4f - and 5f -electron materials to elucidate th
unique electronic structure near the Fermi level (EF). PES
PRB 590163-1829/99/59~13!/8923~7!/$15.00
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and bremsstrahlung isochromat spectroscopy~BIS! spectra
of 4f materials, in particular cerium~Ce! and ytterbium~Yb!
compounds, have been interpreted with the single-impu
Anderson model~SIAM! to give a unified description.11 The
Hamiltonian parameters obtained from an analysis off
spectra yield a reasonable value for the Kondo tempera
(TK) consistent with the thermodynamic properties. On
other hand, for 5f materials such as uranium~U! com-
pounds, a unified picture consistently describing the phys
properties from the high- to the low-energy regime has
been established. PES and BIS spectra of U compounds12–20

show a relatively broad 5f spectral feature nearEF in con-
trast with the sharp 4f peak atEF observed in Ce/Yb com-
pounds. This may suggest a bandlike~itinerant! nature of U
5 f electrons. However, the LDA band calculation also do
not provide a unified description. The calculated LDA 5f
bandwidth is too small in comparison with the experimen
PES and BIS bandwidth, while the LDA 5f bandwidth is too
large to account for the largeT-linear specific heat.14,19 The
observed broadening of the U 5f band in the PES spectrum
compared with the LDA calculation has been attributed
the effect of Coulomb interactions among 5f electrons. It has
been thus proposed that the SIAM is applicable for PES
BIS spectra of U compounds to obtain microscopic para
eters such as the Coulomb interaction (U f f).

14,16,20 On the
other hand, recent angle-resolved photoemission spec
copy ~ARPES! studies of U compounds21,22 have reported
substantial inconsistencies against the SIAM prediction s
as a finite-energy dispersion of the Fermi-level peak and
relatively weak temperature dependence. This suggests
8923 ©1999 The American Physical Society
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8924 PRB 59T. ITO et al.
vival of the band approach and/or requests inclusion of
lattice effect in the Anderson model. In fact, ARPES resu
of UIr3 have been well analyzed with the LDA ban
calculation,23 suggesting the itinerant nature of U 5f
electrons.24 While a recent periodic Anderson model25

~PAM! gives results qualitatively consistent with the ARPE
observation.21,22 Thus the fundamental character of U 5f
electrons is still unclear, while it should dominate t
anomalous properties of U compounds such as the coe

FIG. 1. High-resolution angle-resolved photoemission spectr
UPt3 measured with the HeI resonance line at 10 K for~a!
GKM -LHA and ~b! GM -LA emission planes. The polar angleu
referred to the surface normal is denoted.
e
s

st-

ence of spin fluctuations and superconductivity in UPt3.
In this paper, we report high-resolution~HR! ARPES on

the heavy-fermion superconductor UPt3 to study the ‘‘band
structure’’ nearEF as well as the role and character of U 5f
electrons in this novel compound. We have also perform
the full-potential linearized augmented-plane-wa
~FLAPW! band structure calculation on UPt3 to interpret the
experimental results. We found that the Pt 5d bands are sub-
stantially dispersive in momentum space and are well rep
duced in the band calculation, while the experimental Uf
‘‘band’’ is dispersionless just atEF in contrast with the cal-
culation. We discuss the discrepancy in terms of the stron
correlated nature of U 5f electrons in UPt3.

II. EXPERIMENT AND CALCULATION

UPt3 single crystals were grown by the Czochrals
method. The crystals obtained were characterized by x-
diffraction and resistivity measurements, the results of wh
are in good agreement with published data.8 Photoemission
measurements were carried out using a home-built h
resolution photoemission spectrometer, which has a he
spherical electron-energy analyzer and a high-intensity
charge lamp. The base pressure of the spectrometer
310211Torr, and the angular resolution is61°. The energy
resolution was set at 50 meV for quick data acquisition
cause of relatively fast degradation of the sample surfac
described below. A clean mirrorlike surface of the UP3
~0001! plane was obtained byin situ cleaving at 10 K just
before the measurement and kept at the same temper
during the measurement. Since we observed a degradatio
the sample surface as evidenced by the gradual increas
the background in the spectrum, we recorded all spe
within 20 h after cleaving. We checked that spectral featu
were unchanged within this time interval. We measured th
sets of ARPES spectra using different samples and c
firmed reproducibility. The Fermi level of the sample w
referred to a gold film evaporated on the sample substr
and its accuracy is estimated to be less than 5 meV.

We calculated the band structure of UPt3 using the
FLAPW method with the LDA for the exchange correlatio
potential. For the LDA, the formula proposed by Gunnarss
and Lundqvist26 is used. The scalar relativistic effects a
included for all electrons and the spin-orbit interactions
included for valence electrons as a second variational pro
dure. The LAPW basis functions are truncated atuk1Gi u
<5.4(2p/a), corresponding to 767 LAPW functions at th
G point. For potential convergence, 21 samplingk points in
the irreducible Brillouin zone~BZ! are used. In order to ob
tain the final band structure, eigenenergies are calculate
247 k points in the 1/24 irreducible BZ.

III. RESULTS AND DISCUSSION

A. Whole valence band region

Figure 1 shows ARPES spectra of UPt3 measured with the
He I resonance line~21.22 eV! at 10 K in theGKM -LHA
andGM -LA emission planes of the hexagonal BZ~Fig. 2!.
The polar angleu measured from the surface normal
cleaved~0001! plane is denoted on the spectra. We find th
the position and intensity of structures in ARPES spectra

of
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very sensitive to the polar angle, which indicates the com
cated band structure of UPt3. The overall dispersive featur
of peaks~bands! aroundu50° looks similar in both emis-
sion planes. For example, in both planes we find two pro
nent peaks near 2 and 4 eV, respectively, together with
small peaks between these two prominent ones. We also
a strongly dispersing peak in the energy range of 0.5–1.5
in both planes. In contrast, in the large-polar-angle region
u520° – 40° the spectral feature is remarkably different
tween the two emission planes. A prominent peak at 2 eV
u520° – 26° observed in theGKM -LHA plane is missing in
theGM -LA plane, while a small but sharp peak at 0.8 eV
u534° – 40° in theGM -LA plane has no counterpart in th
GKM -LHA plane. Thus the measured ARPES spec
clearly represent the characteristic band structure for two
ferent emission planes in the BZ.

In order to see directly the dispersing feature of bands
ARPES spectra, we have mapped out the ‘‘band structu
of UPt3 from the ARPES spectra in Fig. 1. The results a
shown in Figs. 3~a! and 3~b! for the GKM -LHA and
GM -LA emission planes, respectively. The experimen
‘‘band structure’’ is obtained by taking the second derivat
of ARPES spectra after moderate smoothing and plotting
intensity in a square-root scale by gradual shading as a f
tion of wave vector and the binding energy.27 Usually, band
mapping has been made by picking up peak positions
ARPES spectra by hand. In order to avoid an artificial er
and/or a possible background effect due to secondary e
trons as in the previous method, we employed the ab
numerical method. In Figs. 3~a! and 3~b!, dark areas corre
spond to the experimentally determined bands. We set
gray-scale level so as to have the apparent bandwidth in
gray-scale image being almost equal to the full width at h
maximum ~FWHM! of the corresponding band in APRE
spectra.

Before comparing the experimental and calculated b
structures, we briefly explain what ‘‘band structure’’ th
present ARPES results correspond to. In the present ex
mental setup, we observe the electronic structure wit
GKM -LHA @Fig. 3~a!# or GM -LA @Fig. 3~b!# emission
plane in the BZ. In a photoemission process, the momen
of photoelectrons parallel to the crystal surface is conser
owing to the existence of translational symmetry in that
rection. However, for momentum perpendicular to the s

FIG. 2. Brillouin zone of UPt3 in the extended zone scheme. Th
HR ARPES measurement was performed forGKM -LHA and
GM -LA planes.
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face, the above is not the case, because of the surface p
tial and, more importantly, the momentum itself have
uncertainty due to the very short escape depth of photoe
trons. Thus the momentum of photoelectrons perpendic
to the surface becomes broad when the photoelectron esc
from the surface. As a result, high-symmetry lines in t
emission plane are likely to appear as prominent structure
the ARPES spectrum, since the density of states on the h
symmetry line is relatively large. This means that the expe
mental band structure obtained by ARPES can be dire
compared with the band-structure calculation performed
the high-symmetry lines.28 Of course, this interpretation is
valid when the momentum broadening is comparable to
larger than the BZ size in the perpendicular direction. Sin
it is difficult to estimate exactly the broadening only wi
fixed-energy photons, it is noted that the present interpr
tion is based on the above assumption. We have obse
some indirect experimental evidence for a substantial m
mentum broadening perpendicular to the surface. As fo
in Figs. 3~a! and 3~b!, almost all of the experimental band
are symmetric with respect toM (L) point at the BZ bound-
ary, and further the experimental band dispersions near
G(A) point in the second BZ are almost the same as thos
the first BZ. These behaviors cannot be expected if the m
mentum perpendicular to the surface is strictly conserved
the broadening is much smaller than the BZ size, suppor
the above discussion that peaks in ARPES spectra trace
high-symmetry lines in the BZ. Further, the fact that t

FIG. 3. Experimental band structures determined by HR ARP
for ~a! GKM -LHA and~b! GM -LA planes. Dark areas correspon
to energy bands. Theoretical band structures calculated along~c!
GKM ~AHL! and ~d! GMG ~ALA! high-symmetry lines are shown
for comparison.
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experimental bands match well with the bulk BZ indicat
that the band character is of bulk origin.

Figures 3~c! and 3~d! show results of the FLAPW band
structure calculation for two high-symmetry directio
G-K-M (A-H-L) andG-M -G (A-L-A), respectively. In the
calculated band structure, bands located aroundEF have a
strong U 5f character, while the others located at high
binding energies originate in the Pt 5d states. The topmost P
5d band is situated at 0.3 eV at theG point and shows a
downward dispersion toward theM andK points as shown in
Figs. 3~c! and 3~d!. Thus the U 5f and Pt 5d bands are
relatively well separated in the calculated band structure.
found in Fig. 3, the overall feature of the band structu
shows excellent agreement between the experiment and
culation. This suggests an essential validity of the ba
structure calculation for the overall framework of the ele
tronic structure in UPt3. In particular, when we compare th
dispersive feature of the Pt 5d bands, we find that both th
energy position and bandwidth show a remarkably good c
respondence between the experiment and calculation.
indicates that the FLAPW band calculation is a good
proximation for the Pt 5d bands which form the main bod
of the valence band. On the other hand, we find a consi
ably narrow band just atEF in the experiment, which may b
assigned to the U 5f states by comparison with the ban
calculation. However, the band calculation predicts sev
dispersive U 5f bands in the energy range ofEF-0.5 eV.
This is in a sharp contrast to the Pt 5d case where the ex
periment and calculation are in good quantitative agreem
In the next section, we discuss the electronic structure n
EF in detail.

B. Near-EF region

Figure 4 shows ARPES spectra nearEF in the
GKM -LHA emission plane measured with a smaller ene
interval with the HeI resonance line at 10 K, together with
gold spectrum as a reference for the Fermi level. The spe
intensity is normalized with the incident photon number. T
polar angle~u! and corresponding wave vector~k! from the
G(A) point are denoted on each spectrum. We at first fin
relatively sharp peak just atEF whose intensity shows a
moderate angular dependence. It shows the minimum in
sity atu50° ~namely, at theG or A point!, while it becomes
a prominent peak with a maximum intensity atu522°,
which corresponds to theK(H) point in the BZ. The peak
intensity decreases when we further increase the polar a
from u522° and has a minimum aroundu530°, which cor-
responds to another high-symmetry pointM (L). Thus the
spectral intensity of the sharp peak atEF follows well the
periodicity of the crystal momentum, indicating that th
sharp peak atEF is intrinsic and represents the electron
structure nearEF of UPt3. We also find additional characte
istic features for this peak: ~1! the peak does not show
noticeable energy dispersion within the present energy r
lution, and~2! the Fermi level is not located at the midpoi
of the leading edge, but at a point closer to the peak posit
which is evident from comparison with the gold spectru
where the Fermi level is located at the midpoint of the le
ing edge. According to the band-structure calculation, t
sharp peak atEF is assigned to the U 5f states, which are
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well separated from Pt 5d states. In fact, other remarkab
dispersive structures denoted by bars and open circles in
4 are attributed to Pt 5d states as described above~see Fig.
3!. In the following, we discuss the electronic structure ne
EF in detail, comparing the present experimental results w
some representative band-structure calculations8–10 as well
as with a previous ARPES result using synchrotr
radiation.22

Figure 5 shows a comparison of the experimental ba
structure nearEF obtained by the present ARPES experime
with three band-structure calculations.8–10 The experimental
band structure in Fig. 5~a! was obtained with the same pro
cedure as in Fig. 3. In order to make comparison easy,
put symbols on the high-symmetry points in the experim
tal bands (a–n) as well as on the bands in the calculatio
(A–H8). As described above, the gross feature of Ptd
bands~bandsA–D8 in the calculations! shows a very good
agreement between the experiment and calculations. Fo
ample, one of experimental bands dispersing from pointb to
m via point h ~bandb-h-m) is ascribed to bandD in each
calculation. Another experimental band~bandb- i -n), which
is almost parallel to bandb-h-m is attributed to a combina
tion of bandsD, C, andC8. We also find good correspon
dence between the experimental bands which disperse do
ward from pointsc andd and the calculated bandsA andB
(B8). In spite of these good qualitative agreements, there
some quantitative differences between the experiment
calculations. Both experimental bandsb-h-m andb- i -n ex-

FIG. 4. HR-ARPES spectra nearEF measured with the HeI
resonance line at 10 K for theGKM -LHA plane. The polar angle
~u! referred to the surface normal and corresponding wave ve
~k! measured from theG(A) point are denoted on each spectrum
The photoemission spectrum of gold nearEF is shown for reference
of the Fermi level.
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FIG. 5. ~a! Experimental band structure nearEF for the GKM -LHA plane determined by HR ARPES, compared with three ba
structure calculations~b!–~d! ~Refs. 8–10!. Symbols ina–n andA–H8 are for comparison between the experiment and calculations.
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hibit a remarkable energy dispersion betweenK(H) and
M (L) points in the BZ, while the corresponding calculat
bands are almost dispersionless in this momentum reg
This suggests that every band-structure calculation over
mates the hybridization strength between the Pt 5d and U 5f
states near theM (L) point. We also find that there is a qua
titative difference in the Pt 5d bands even among the thre
calculations@Figs. 5~b!–5~d!#; bandD in the present calcu
lation @Fig. 5~b!# shows a gradual downward dispersion fro
theG point, while bandD in the other two calculations@Figs.
5~c! and 5~d!# show an upturn near theG point before dis-
persing downward. We have not observed this kind of upt
of bandb-h-m near theG(A) point in the experiment, which
suggests that the two calculations underestimate the hyb
ization strength between the Pt 5d and U 5f states near theG
point. However, in spite of these quantitative discrepanc
on the part of the BZ, the essential structure of Pt 5d bands
in the experiment and calculations shows a good agreem
This suggests that the remaining experimental bands neaEF
are ascribed to the U 5f states.

In the experiment@Fig. 5~a!#, we find three ‘‘bands’’ near
EF , namely, bandsa-e- j , b- f -k, and g- l , which have no
counterparts in the calculated Pt 5d bands. As shown in Fig
4, banda-e- j forms a relatively sharp prominent peak just
EF and shows a systematic intensity variation in accorda
with the periodicity of the BZ. In contrast, both bandsb- f -k
and g- l are broad, small structures in ARPES spectra
shown by the shaded areas in Fig. 4, being located betw
the prominentEF peak and the dispersive Pt 5d band. When
we compare the experiment with the calculations, we fi
notice that there is no flatband just atEF in the calculations.
Instead, we find several dispersive U 5f bands nearEF in the
calculations which may partially correspond to the expe
mental flatband. The present energy~50 meV! and momen-
tum ~0.07 Å21! resolutions are good enough to resolve the
dispersive U 5f bands if they exist as in the calculation
Two experimental flatbandsb- f -k andg- l may be ascribed
to bandsF andE in the calculations, respectively, althoug
the calculated bands, especially in the present calcula
@Fig. 5~b!#, are situated closer toEF . However, if these two
theoretical flatbands really exist as in the calculations, t
should have appeared as prominent sharp peaks in ph
n.
ti-

n

id-

s

nt.

t
e
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en

t

-

e

n

y
to-

emission spectra since they are almost dispersionless
consequently do not suffer an external broadening effect
to finite angular resolution. As shown in Fig. 4, the spect
intensity of these two structuresb- f -k and g- l is consider-
ably smaller than that of theEF peak having the same U 5f
character as well as that of Pt 5d bands at higher binding
energies. Further, we do not observe experimental Uf
bands which should correspond to dispersiveE8 or F8 bands
in the calculations. All these facts suggest that the bro
small structures with no energy dispersion are not assig
as a single-particle band as predicted from the band-struc
calculation, but may be a kind of satellite produced by t
strong electron correlation of U 5f electrons.

Next, we compare the present ARPES result with that
the previous report using synchrotron radiation.22 Both pre-
vious and present ARPES results are in agreement in
there is a sharp U 5f -band-originated peak just atEF . How-
ever, its angular~momentum! dependence is rather differen
The previous study reported a drastic reduction in the sp
tral intensity nearEF aroundk ~momentum from theG point!
50.175–0.225 Å21, which was attributed to a Fermi-leve
crossing of band~s!. In contrast, in the present study, whi
we have observed a moderate spectral intensity varia
matching well with the crystal periodicity as describe
above, we have not observed such a drastic reduction
spectral intensity in the same momentum region as show
Fig. 4. Further, the previous study reported a significant d
ference in the spectral feature between two ARPES spe
measured atk50.05 and 1.25 Å21, respectively, which they
interpreted as additional evidence for the momentum dep
dence of the U 5f peak. Since the momentum ofk
51.25 Å21 corresponds to a point between theM point in
the first BZ andK point in the second BZ, there is an equiv
lent point in the first BZ with the momentum of 0.9
@51.092(1.2521.09)# Å 21. In contrast to the previous re
port, when we compare the peak position of the U 5f band at
three points ofk;0.05, 0.93, and 1.25 Å21 in Fig. 4, we
cannot find a measurable difference. The origins for the d
crepancies between the two experiments are unclea
present. The energy and momentum resolutions are alm
the same between the two experiments~40–50 meV and
0.07–0.1 Å21!. The temperature of the measurement
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slightly different; 10 K in the present study vs 20 K in th
previous one. Since the Kondo temperature (TK) of UPt3 has
been estimated to be 10 K,2,22 Kondo singlet states are ex
pected to start forming around 10–20 K. However, accord
to previous temperature-dependent PES studies of Ce c
pounds acrossTK ,11,29,30 a drastic spectral change has n
been observed just atTK . In fact, we measured the temper
ture dependence of the ARPES spectrum at theG point up to
50 K and found no essential difference. Thus we infer t
the slight difference in measurement temperature cannot
duce such a sizable difference in the spectral shape.
difference in the photon energy~21.2 eV in the present stud
vs 40 eV in the previous one! is hardly expected to accoun
for the difference since the U 5f states nearEF are well
separated from the Pt 5d states as shown in Fig. 3, althoug
the photoionization cross section for U 5f electrons is dif-
ferent between the two photon energies. A difference in
matrix-element effect in the photoionization process m
cause the difference in the two measurements since stro
polarized synchrotron radiation light was used in the pre
ous study, while we used unpolarized light from a discha
lamp. Thus the observed discrepancies between the
ARPES experiments have to wait for future studies for cla
fication.

Finally, we discuss the formation process of a narrow
5 f band~peak! observed by ARPES experiments. It is cle
that a simple SIAM is not appropriate for describing t
observed intensity variation matching the crystal periodic
although the SIAM has been successfully applied to exp
the 4f states in Ce and Yb compounds.11 On the other hand
we have already shown above that the observed narrow Uf
band atEF is not reproduced in the band-structure calcu
tions, while the Pt 5d bands show a very good agreeme
between the experiment and calculations. In light of repor
good agreement between the dHvA experiment7,8 and the
band calculation,8–10 it is inferred that the band calculatio
serves as a good approximation at least in the Fermi-sur
topology. All these facts suggest that the U 5f band in UPt3
is considerably narrowed by the strong electron correla
while keeping theEF crossings at the same points as t
band calculation predicts. In this scenario, the observed
row band~peak! at EF is ascribed to the renormalized ma
band and additional broad structures@flat structuresb- f -k
andg- l in Fig. 5~a!# located away fromEF are assigned to
the satellites produced through the renormalization proce31
tte
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By comparing the observed bandwidth~;50 meV! with that
of the calculations~;500 meV! while taking account of the
present energy resolution~;50 meV!, we obtain an upper
limit of the renormalization factor of about 1/10 or a low
limit of the mass-enhancement factor of about 10. This va
is roughly consistent with those from other expe
ments: ;20 from the specific-heat measurement3 and
10–50 from the dHvA measurement.7,8 These results sugges
that U 5f electrons in UPt3 can be treated essentially withi
the band-structure framework when the strong correlatio
appropriately incorporated. On the other hand, a rec
model calculation based on PAM~Ref. 25! shows that the
lattice effect in the model gives the momentum and tempe
ture dependence of a Kondo peak atEF in a qualitatively
consistent manner with ARPES results.21,22Thus further the-
oretical and experimental studies are necessary to unders
the physical nature of U 5f states in uranium compounds.

V. CONCLUSION

We have performed HR ARPES on single-crystal UP3
and the FLAPW band-structure calculation to interpret
experimental results. We found that the gross valence b
structure shows a good agreement between the experim
and calculation. The U 5f and Pt 5d bands are well sepa
rated from each other in the band structure, the former be
located aroundEF and the latter being at higher bindin
energies. We found by HR ARPES that the Pt 5d bands
show remarkable energy dispersions in quantitatively go
agreement with the band calculation. In contrast, the Uf
band located nearEF is very narrow and almost dispersion
less compared with the band-structure calculation, altho
its spectral intensity shows momentum dependence matc
well with the crystal periodicity. This suggests a stro
renormalization effect in the U 5f band due to the electron
correlation.
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