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High-resolution angle-resolved photoemission study of the heavy-fermion superconductor UPt
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We report high-resolution angle-resolved photoemission spectrogetipyARPES on single-crystal URt
together with a full-potential linearized augmented-plane-wave band-structure calculation for comparison. The
experimental results show a narrow dispersionless Bdénd atEr and highly dispersive Ptdbbands at higher
binding energies. The observed W Band shows a systematic intensity variation in accordance with the crystal
momentum, but is much narrower than the calculation, while the Pb&nhds show a good quantitative
agreement between the experiment and calculation. The present HR-ARPES observation suggests a substantial
renormalization effect of the Uf5band due to the strong correlatidis0163-182€09)02013-5

[. INTRODUCTION and bremsstrahlung isochromat spectrosc@phs) spectra
of 4f materials, in particular ceriufCe) and ytterbium(Yb)

The heavy-fermion superconductor YhRtas attracted compounds, have been interpreted with the single-impurity
much attention in recent times because of its anomalouAnderson mode{SIAM) to give a unified descriptioht The
physical properties-® The specific heat shows a large  Hamiltonian parameters obtained from an analysis 6f 4
(temperaturelinear coefficient and the observe®InT  spectra yield a reasonable value for the Kondo temperature
term at low temperatures has been regarded as evidence f0Fx) consistent with the thermodynamic properties. On the
spin fluctuations:® The most striking feature in UPts the  other hand, for 5 materials such as uraniurf) com-
coexistence of spin fluctuations and superconductivity at lowpounds, a unified picture consistently describing the physical
temperatures, which has led to proposals of novel supercomroperties from the high- to the low-energy regime has not
ducting mechanisms such pavave pairing®2 Since the ob-  been established. PES and BIS spectra of U compdtitids
served anomalous properties have been regarded as origingtow a relatively broad 5spectral feature nedg in con-
ing in the fundamental character of U ®lectrons, it is of trast with the sharp #peak atEr observed in Ce/Yb com-
great importance to elucidate the nature of tJdlectrons in  pounds. This may suggest a bandlilinerand nature of U
this material. However, despite many experimental and thesf electrons. However, the LDA band calculation also does
oretical efforts, the essential role of U ®lectrons in char- not provide a unified description. The calculated LDA 5
acterizing this material has not been well understood. Abandwidth is too small in comparison with the experimental
present, there are two apparently conflicting interpretation®ES and BIS bandwidth, while the LDAf Soandwidth is too
of the experimental results, itinerant and localized views oflarge to account for the largelinear specific heat*® The
U 5f electrons, and surprisingly both can explain some ofobserved broadening of the U ®and in the PES spectrum
physical properties of URt For example, the results of de compared with the LDA calculation has been attributed to
Haas—van Alphen(dHvA) measurements studying the the effect of Coulomb interactions amon§ &lectrons. It has
Fermi-surface topology are well interpreted with the local-been thus proposed that the SIAM is applicable for PES and
density-approximatioflLDA) band-structure calculation’®  BIS spectra of U compounds to obtain microscopic param-
while the obtained specific-heat coefficient and resultaneters such as the Coulomb interactidn().***¢2°On the
large mass-enhancement factor suggest a strong electron cother hand, recent angle-resolved photoemission spectros-
relation, namely, localized character of U Blectrons. copy (ARPES studies of U compound5?? have reported

Photoemission spectroscofPES has been intensively substantial inconsistencies against the SIAM prediction such
employed on 4- and 5 -electron materials to elucidate the as a finite-energy dispersion of the Fermi-level peak and its
unique electronic structure near the Fermi levéEY. PES relatively weak temperature dependence. This suggests a re-
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ence of spin fluctuations and superconductivity in JPt
- In this paper, we report high-resolutidghlR) ARPES on

a Di. Tl the heavy-fermion superconductor Yo study the “band
( ) UPt3 I-K-M structure” nearEg as well as the role and character of B 5
electrons in this novel compound. We have also performed
the  full-potential  linearized  augmented-plane-wave
(FLAPW) band structure calculation on URb interpret the
experimental results. We found that the Bit5ands are sub-
stantially dispersive in momentum space and are well repro-
duced in the band calculation, while the experimental U 5
“band” is dispersionless just & in contrast with the cal-
culation. We discuss the discrepancy in terms of the strongly
correlated nature of U felectrons in URt

II. EXPERIMENT AND CALCULATION

Intensity (arb. units)

A_ 700 UPt; single crystals were grown by the Czochralski
; method. The crystals obtained were characterized by x-ray-
] diffraction and resistivity measurements, the results of which
1—30° are in good agreement with published dafhotoemission
‘ measurements were carried out using a home-built high-
L L 1 4° resolution photoemission spectrometer, which has a hemi-
60 40 20 Ep spherical electron-energy analyzer and a high-intensity dis-
Binding Energy (eV) charge lamp. The base pressure of the spectrometer is 2
X 10~ Torr, and the angular resolution is1°. The energy
resolution was set at 50 meV for quick data acquisition be-
cause of relatively fast degradation of the sample surface as
described below. A clean mirrorlike surface of the WPt
(0001 plane was obtained bin situ cleaving at 10 K just
before the measurement and kept at the same temperature
9= during the measurement. Since we observed a degradation of
the sample surface as evidenced by the gradual increase of
the background in the spectrum, we recorded all spectra
within 20 h after cleaving. We checked that spectral features
were unchanged within this time interval. We measured three
sets of ARPES spectra using different samples and con-
10° firmed reproducibility. The Fermi level of the sample was
referred to a gold film evaporated on the sample substrate,
and its accuracy is estimated to be less than 5 meV.
20° We calculated the band structure of YRising the
FLAPW method with the LDA for the exchange correlation
potential. For the LDA, the formula proposed by Gunnarsson
and Lundquist® is used. The scalar relativistic effects are
. included for all electrons and the spin-orbit interactions are
60 40 20 Ep 40 included for valence electrons as a second variational proce-
Binding Energy (V) dure. The LAPW basis functions are truncated|lat G;|
=<b5.4(2m/a), corresponding to 767 LAPW functions at the
FIG. 1. High-resolution angle-resolved photoemission spectra of” point. For potential convergence, 21 samplkgoints in
UPt; measured with the He resonance line at 10 K fofa) the irreducible Brillouin zon€BZ) are used. In order to ob-
I'KM-LHA and (b) I'M-LA emission planes. The polar angle  tain the final band structure, eigenenergies are calculated at
referred to the surface normal is denoted. 247k points in the 1/24 irreducible BZ.

(b) | uP M-I

He1
T=10K

Intensity (arb. units)

30°

vival of the band approach and/or requests inclusion of the [ll. RESULTS AND DISCUSSION
lattice effect in the Anderson model. In fact, ARPES results
of Ulr; have been well analyzed with the LDA band
calculation®® suggesting the itinerant nature of Uf5 Figure 1 shows ARPES spectra of YRteasured with the
electrons* While a recent periodic Anderson motfel He | resonance ling21.22 eVf at 10 K in theTKM-LHA
(PAM) gives results qualitatively consistent with the ARPESandI"M-LA emission planes of the hexagonal BHZg. 2).
observatiorf:?? Thus the fundamental character of f 5 The polar angled measured from the surface normal of
electrons is still unclear, while it should dominate the cleaved(000J) plane is denoted on the spectra. We find that
anomalous properties of U compounds such as the coexisthe position and intensity of structures in ARPES spectra are

A. Whole valence band region
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FIG. 2. Brillouin zone of UP{in the extended zone scheme. The (b) (d)
HR ARPES measurement was performed 1IoKM-LHA and Eer
I'M-LA planes. % £ 1o
very sensitive to the polar angle, which indicates the compli- g g
cated band structure of UPtThe overall dispersive feature 5, o 30f
.. . . =)
of peaks(band$ around#=0° looks similar in both emis- g § il
sion planes. For example, in both planes we find two promi- & /A
nent peaks near 2 and 4 eV, respectively, together with tw s0F
small peaks between these two prominent ones. We also fir o
a strongly dispersing peak in the energy range of 0.5-1.5¢e' r<—M-—5—T '
in both planes. In contrast, in the large-polar-angle region o A L-—xgA A—xL-—x A
6=20°-40° the spectral feature is remarkably different be- Wave Vector Wave Vector

tween the two emission planes. A prominent peak at 2 eV at , )
f=20°—26° observed in thEKM-LHA plane is missing in FIG. 3. Experimental band structures determined by HR ARPES

the W-LA plane, whie a small bt sharp peak 1 0.5 eV ai” % TK-LEA 3001 Fic A pines Dk reascorespons
0=34°—-40° in the'M-LA plane has no counterpart in the 9y ) g

I'KM (AHL) and (d) ’'MTI" (ALA) high- try i h
I'KM-LHA plane. Thus the measured ARPES spectrg,, Cor(npari)sc?rr\] @ (ALA) high-symmetry lines are shown
clearly represent the characteristic band structure for two dif- '

ferent emission planes in the BZ.

In order to see directly the dispersing feature of bands ifface, the above is not the case, because of the surface poten-
ARPES spectra, we have mapped out the “band structuretial and, more importantly, the momentum itself have an
of UPt; from the ARPES spectra in Fig. 1. The results areuncertainty due to the very short escape depth of photoelec-
shown in Figs. 8) and 3b) for the TKM-LHA and trons. Thus the momentum of photoelectrons perpendicular
I'M-LA emission planes, respectively. The experimentako the surface becomes broad when the photoelectron escapes
“band structure” is obtained by taking the second derivativefrom the surface. As a result, high-symmetry lines in the
of ARPES spectra after moderate smoothing and plotting themission plane are likely to appear as prominent structures in
intensity in a square-root scale by gradual shading as a funthe ARPES spectrum, since the density of states on the high-
tion of wave vector and the binding energfyUsually, band  symmetry line is relatively large. This means that the experi-
mapping has been made by picking up peak positions imental band structure obtained by ARPES can be directly
ARPES spectra by hand. In order to avoid an artificial errocompared with the band-structure calculation performed for
and/or a possible background effect due to secondary elethe high-symmetry line€ Of course, this interpretation is
trons as in the previous method, we employed the abovealid when the momentum broadening is comparable to or
numerical method. In Figs.(8 and 3b), dark areas corre- larger than the BZ size in the perpendicular direction. Since
spond to the experimentally determined bands. We set thi is difficult to estimate exactly the broadening only with
gray-scale level so as to have the apparent bandwidth in thfexed-energy photons, it is noted that the present interpreta-
gray-scale image being almost equal to the full width at haltion is based on the above assumption. We have observed
maximum (FWHM) of the corresponding band in APRES some indirect experimental evidence for a substantial mo-
spectra. mentum broadening perpendicular to the surface. As found

Before comparing the experimental and calculated banéh Figs. 3a) and 3b), almost all of the experimental bands
structures, we briefly explain what “band structure” the are symmetric with respect td (L) point at the BZ bound-
present ARPES results correspond to. In the present expery, and further the experimental band dispersions near the
mental setup, we observe the electronic structure withid (A) point in the second BZ are almost the same as those in
I'KM-LHA [Fig. 3@] or I'M-LA [Fig. 3(b)] emission the first BZ. These behaviors cannot be expected if the mo-
plane in the BZ. In a photoemission process, the momenturmentum perpendicular to the surface is strictly conserved or
of photoelectrons parallel to the crystal surface is conservethe broadening is much smaller than the BZ size, supporting
owing to the existence of translational symmetry in that di-the above discussion that peaks in ARPES spectra trace the
rection. However, for momentum perpendicular to the surhigh-symmetry lines in the BZ. Further, the fact that the
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experimental bands match well with the bulk BZ indicates
that the band character is of bulk origin.

Figures 3c) and 3d) show results of the FLAPW band-
structure calculation for two high-symmetry directions
I'-K-M (A-H-L) andI'’-M-T" (A-L-A), respectively. In the
calculated band structure, bands located arodpchave a
strong U 5 character, while the others located at higher
binding energies originate in the PdStates. The topmost Pt
5d band is situated at 0.3 eV at tHépoint and shows a
downward dispersion toward tiM andK points as shown in
Figs. 3c) and 3d). Thus the U 5 and Pt ® bands are
relatively well separated in the calculated band structure. As
found in Fig. 3, the overall feature of the band structure
shows excellent agreement between the experiment and cal-
culation. This suggests an essential validity of the band-
structure calculation for the overall framework of the elec-
tronic structure in URt In particular, when we compare the
dispersive feature of the PtSbands, we find that both the
energy position and bandwidth show a remarkably good cor-
respondence between the experiment and calculation. This
indicates that the FLAPW band calculation is a good ap-
proximation for the Pt 8 bands which form the main body

UPt; T-K-M|  Her

Intensity (arb.units)

of the valence band. On the other hand, we find a consider- 38°, 127

ably narrow band just d& in the experiment, which may be 06 04 0z B

assigned to the U 5 states by comparison with the band Binding Energy (eV)

calculation. However, the band calculation predicts several

dispersive U 5 bands in the energy range &--0.5eV. FIG. 4. HR-ARPES spectra ne&f measured with the He

This is in a sharp contrast to the Ptl §ase where the ex- resonance line at 10 K for theKM-LHA plane. The polar angle
periment and calculation are in good quantitative agreemenf.@) referred to the surface normal and corresponding wave vector

In the next section, we discuss the electronic structure nedk) measured from th&'(A) point are denoted on each spectrum.
Ee in detalil. The photoemission spectrum of gold n&ris shown for reference

of the Fermi level.

B. Near-E region well separated from Pt states. In fact, other remarkable

Figure 4 shows ARPES spectra ne&i in the dispersive structures denoted by bars and open circles in Fig.
I'KM-LHA emission plane measured with a smaller energy4 are attributed to Ptd states as described abofsee Fig.
interval with the He resonance line at 10 K, together with a 3). In the following, we discuss the electronic structure near
gold spectrum as a reference for the Fermi level. The spectré in detail, comparing the present experimental results with
intensity is normalized with the incident photon number. Thesome representative band-structure calculafidfias well
polar angle(6) and corresponding wave vectth) from the as with a previous ARPES result using synchrotron
I'(A) point are denoted on each spectrum. We at first find aadiation?
relatively sharp peak just &g whose intensity shows a Figure 5 shows a comparison of the experimental band
moderate angular dependence. It shows the minimum interstructure neakr obtained by the present ARPES experiment
sity at§=0° (namely, at thd" or A point), while it becomes  with three band-structure calculatiofig® The experimental
a prominent peak with a maximum intensity a&=22°, band structure in Fig.(®) was obtained with the same pro-
which corresponds to thK(H) point in the BZ. The peak cedure as in Fig. 3. In order to make comparison easy, we
intensity decreases when we further increase the polar angft symbols on the high-symmetry points in the experimen-
from #=22° and has a minimum aroursd= 30°, which cor- tal bands &—n) as well as on the bands in the calculations
responds to another high-symmetry poMiL). Thus the (A—H'"). As described above, the gross feature of Bt 5
spectral intensity of the sharp peak &t follows well the  bands(bandsA—-D’ in the calculationsshows a very good
periodicity of the crystal momentum, indicating that the agreement between the experiment and calculations. For ex-
sharp peak aEg is intrinsic and represents the electronic ample, one of experimental bands dispersing from ploitat
structure neakEg of UPt;. We also find additional character- m via point h (bandb-h-m) is ascribed to ban® in each
istic features for this peak:(1) the peak does not show a calculation. Another experimental baftishndb-i-n), which
noticeable energy dispersion within the present energy resds almost parallel to band-h-m is attributed to a combina-
lution, and(2) the Fermi level is not located at the midpoint tion of bandsD, C, andC’. We also find good correspon-
of the leading edge, but at a point closer to the peak positiorgjence between the experimental bands which disperse down-
which is evident from comparison with the gold spectrumward from pointsc andd and the calculated bandsandB
where the Fermi level is located at the midpoint of the lead{B’). In spite of these good qualitative agreements, there are
ing edge. According to the band-structure calculation, thissome quantitative differences between the experiment and
sharp peak aEg is assigned to the U f5states, which are calculations. Both experimental bandsh-m andb-i-n ex-
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A ——H—L

FIG. 5. (a) Experimental band structure neBg for the TKM-LHA plane determined by HR ARPES, compared with three band-
structure calculationgh)—(d) (Refs. 8—10. Symbols ina—n andA—H’ are for comparison between the experiment and calculations.

hibit a remarkable energy dispersion betwd€(H) and emission spectra since they are almost dispersionless and
M(L) points in the BZ, while the corresponding calculated consequently do not suffer an external broadening effect due
bands are almost dispersionless in this momentum regiono finite angular resolution. As shown in Fig. 4, the spectral
This suggests that every band-structure calculation overestiatensity of these two structurds f-k andg-1 is consider-
mates the hybridization strength between thed®aid U 5 ably smaller than that of thEr peak having the same Uf5
states near thi! (L) point. We also find that there is a quan- character as well as that of PtSands at higher binding
titative difference in the Pt & bands even among the three energies. Further, we do not observe experimental fU 5
calculations[Figs. 5b)-5(d)]; bandD in the present calcu- bands which should correspond to disperdiVeor F' bands
lation [Fig. 5(b)] shows a gradual downward dispersion fromin the calculations. All these facts suggest that the broad,
theI" point, while bandD in the other two calculation$igs.  small structures with no energy dispersion are not assigned
5(c) and §d)] show an upturn near thE point before dis- as a single-particle band as predicted from the band-structure
persing downward. We have not observed this kind of upturrcalculation, but may be a kind of satellite produced by the
of bandb-h-m near thel"(A) point in the experiment, which strong electron correlation of UfSelectrons.

suggests that the two calculations underestimate the hybrid- Next, we compare the present ARPES result with that of
ization strength between the Pl @nd U 5 states near thE  the previous report using synchrotron radiatiémBoth pre-
point. However, in spite of these quantitative discrepanciesious and present ARPES results are in agreement in that
on the part of the BZ, the essential structure of Btliands  there is a sharp U band-originated peak just & . How-

in the experiment and calculations shows a good agreemerdver, its angulatmomentum dependence is rather different.
This suggests that the remaining experimental bandsEwear The previous study reported a drastic reduction in the spec-
are ascribed to the Ufbstates. tral intensity neaEg aroundk (momentum from thé" point)

In the experimenfFig. 5a)], we find three “bands” near =0.175-0.225 A, which was attributed to a Fermi-level
Er, namely, bandsi-e-j, b-f-k, andg-I, which have no crossing of ban@). In contrast, in the present study, while
counterparts in the calculated Ad Bands. As shown in Fig. we have observed a moderate spectral intensity variation
4, banda-e-j forms a relatively sharp prominent peak just at matching well with the crystal periodicity as described
Er and shows a systematic intensity variation in accordancabove, we have not observed such a drastic reduction of
with the periodicity of the BZ. In contrast, both barnlsf-k  spectral intensity in the same momentum region as shown in
and g-1 are broad, small structures in ARPES spectra asig. 4. Further, the previous study reported a significant dif-
shown by the shaded areas in Fig. 4, being located betwedarence in the spectral feature between two ARPES spectra
the prominenEr peak and the dispersive Pd®and. When measured a=0.05 and 1.25 A?, respectively, which they
we compare the experiment with the calculations, we firsinterpreted as additional evidence for the momentum depen-
notice that there is no flatband just&¢ in the calculations. dence of the U 5 peak. Since the momentum df
Instead, we find several dispersive  Bands neaEr inthe  =1.25A"! corresponds to a point between thkpoint in
calculations which may partially correspond to the experi-the first BZ andK point in the second BZ, there is an equiva-
mental flatband. The present ener@® me\) and momen- lent point in the first BZ with the momentum of 0.93
tum (0.07 A™Y) resolutions are good enough to resolve thesd =1.09— (1.25-1.09)] A 1. In contrast to the previous re-
dispersive U % bands if they exist as in the calculations. port, when we compare the peak position of the iband at
Two experimental flatbands-f-k andg-1 may be ascribed three points ofk~0.05, 0.93, and 1.25 & in Fig. 4, we
to bandsF andE in the calculations, respectively, although cannot find a measurable difference. The origins for the dis-
the calculated bands, especially in the present calculatioorepancies between the two experiments are unclear at
[Fig. 5(b)], are situated closer B . However, if these two present. The energy and momentum resolutions are almost
theoretical flatbands really exist as in the calculations, theyhe same between the two experime9-50 meV and
should have appeared as prominent sharp peaks in phot6:07—-0.1 A'). The temperature of the measurement is



8928 T.ITO et al. PRB 59

slightly different; 10 K in the present study vs 20 K in the By comparing the observed bandwidth50 me\) with that
previous one. Since the Kondo temperatufg)(of UPt has  of the calculationg~500 me\j while taking account of the
been estimated to be 1042 Kondo singlet states are ex- present energy resolutiofi~-50 me\), we obtain an upper
pected to start forming around 10-20 K. However, accordindimit of the renormalization factor of about 1/10 or a lower
to previous temperature-dependent PES studies of Ce corfimit of the mass-enhancement factor of about 10. This value
pounds acrosd ,*1?%%°a drastic spectral change has notis roughly consistent with those from other experi-
been observed just di . In fact, we measured the tempera- ments: ~20 from the specific-heat measurenterind
ture dependence of the ARPES spectrum afitipeint up to ~ 10—50 from the dHVA measuremelrft These results suggest
50 K and found no essential difference. Thus we infer thathat U 5f electrons in URtcan be treated essentially within
the slight difference in measurement temperature cannot prdhe band-structure framework when the strong correlation is
duce such a sizable difference in the spectral shape. Thappropriately incorporated. On the other hand, a recent
difference in the photon enerdg21.2 eV in the present study model calculation based on PAKRef. 25 shows that the
vs 40 eV in the previous onés hardly expected to account lattice effect in the model gives the momentum and tempera-
for the difference since the UfSstates neaEg are well  ture dependence of a Kondo peakEt in a qualitatively
separated from the Ptdbstates as shown in Fig. 3, although consistent manner with ARPES resufit$2 Thus further the-
the photoionization cross section for U ®lectrons is dif- oretical and experimental studies are necessary to understand
ferent between the two photon energies. A difference in théhe physical nature of U f5states in uranium compounds.
matrix-element effect in the photoionization process may
cause the difference in th(_e two measurements ;ince strongly V. CONCLUSION
polarized synchrotron radiation light was used in the previ-
ous study, while we used unpolarized light from a discharge We have performed HR ARPES on single-crystal Pt
lamp. Thus the observed discrepancies between the twand the FLAPW band-structure calculation to interpret the
ARPES experiments have to wait for future studies for clari-experimental results. We found that the gross valence band
fication. structure shows a good agreement between the experiment
Finally, we discuss the formation process of a narrow Uand calculation. The U 6and Pt ® bands are well sepa-
5f band(peak observed by ARPES experiments. It is clearrated from each other in the band structure, the former being
that a simple SIAM is not appropriate for describing thelocated arounder and the latter being at higher binding
observed intensity variation matching the crystal periodicity,energies. We found by HR ARPES that the Rt Bands
although the SIAM has been successfully applied to explairshow remarkable energy dispersions in quantitatively good
the 4f states in Ce and Yb compount!sOn the other hand, agreement with the band calculation. In contrast, thefU 5
we have already shown above that the observed narroW U 5band located nedgg is very narrow and almost dispersion-
band atEg is not reproduced in the band-structure calcula-less compared with the band-structure calculation, although
tions, while the Pt 8 bands show a very good agreementits spectral intensity shows momentum dependence matching
between the experiment and calculations. In light of reportedvell with the crystal periodicity. This suggests a strong
good agreement between the dHVA experim@rand the renormalization effect in the UfSband due to the electron
band calculatioff; ° it is inferred that the band calculation correlation.
serves as a good approximation at least in the Fermi-surface
topology. All these facts suggest that the ) tsand in UP§
is considerably narrowed by the strong electron correlation
while keeping theEr crossings at the same points as the We are grateful to Professor O. Sakai for useful discus-
band calculation predicts. In this scenario, the observed nasion in interpreting the ARPES data. We thank R. Buckmas-
row band(peak at E¢ is ascribed to the renormalized main ter for his critical reading of the manuscript. H.K. thanks the
band and additional broad structurigkat structuresb-f-k  Japan Society for the Promotion of Science for financial sup-
andg-| in Fig. 5@)] located away fronE; are assigned to port. This work was supported by a grant from the Ministry
the satellites produced through the renormalization protess.of Education, Science and Culture of Japan.
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