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Temperature-dependent valence-band photoemission study of UNiSn
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The electronic structure of UNiSn has been investigated using photoemission spectroscopy~PES!. The U 5f
partial spectral weight~PSW! exhibits a broad peak centered at'0.3 eV belowEF . The Ni 3d PSW shows
the main peak well belowEF and a very low density of states~DOS! at EF . The hn dependence of the
valence-band spectrum reveals a dominant U 5f electron character for the states near the Fermi levelEF , with
a small contribution from the U 6d, Ni 3d, and Snsp states. Comparison of the measured PES spectra to the
LSDA1U band structure calculation indicates the importance of the on-site Coulomb interaction between U
5 f electrons in UNiSn. The high-resolution photoemission spectrum of UNiSn is described well by a V-shaped
metallic DOS nearEF , suggesting a finite but reduced DOS atEF . A possible origin for the reduced DOS at
EF might be the hybridization of the U 5f states to the Ni 3d states that have a very low DOS atEF .
T-dependent high-resolution PES for UNiSn reveals a finite DOS atEF even aboveTN .
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I. INTRODUCTION

UNiSn displays an interesting phase transition. Pow
neutron diffraction1 and magnetic susceptibility2,3 show that
an antiferromagnetic~AF! order of type I is formed below
the Néel temperatureTN.43 K. Temperature- (T-) depen-
dent electrical resistivityr(T) exhibits an activation-typeT
dependence above 200 K with an energy gap of 67–76 m
a maximum around 55 K, and a rapid decrease with decr
ing T,3,4 indicating a semiconductor-to-metal~SM! transition.
Recent powder x-ray diffraction reveals a structural tran
tion from a cubic MgAgAs-type symmetry to tetragon
symmetry atTN .5 This phase transition is considered to
anomalous because it is an inverse metal-insulator trans
with a gap opening aboveTN and the structural, SM, and AF
transitions occur concomitantly.

UNiSn has been extensively investigated to underst
the underlying mechanism of the peculiar multiple pha
transitions. Aokiet al. explained6 the AF and structural tran
sition using a crystal electric field~CEF! level scheme for the
5 f 2 (U41) configuration in a cubic symmetry. This mod
was supported by Akazawaet al.7 who proposed the exis
tence of a quadrupolar-ordered phase from resistivity, ela
moduli, susceptibility, and thermal expansion studies. Ind
quadrupolar ordering has been indicated in high-resolu
neutron inelastic scattering,8 in accordance with the abov
hypothesis.7 These models assume the localized 5f electrons
in UNiSn in the CEF, which is consistent with the gene
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consensus of strongly correlated U 5f electrons in heavy-
fermion uranium intermetallic compounds.

On the other hand, there is no indication of heavy-elect
behavior in UNiSn. For example, the specific heat coeffici
of UNiSn is quite modest,g'18–28 mJ/mol K2, suggesting
a moderate 5f electron density of states~DOS! at the Fermi
level EF .2,6 The electronic structure of UNiSn has been c
culated by incorporating the on-site Coulomb interactions
5 f electrons,9 and the magnetic phase transition in UNiSn
explained as due to a reconstruction of the bands. It has
been suggested that the hybridization between the Snp and
U f and that between the Nid and U f are important in
determining the physical properties of UNiSn.6

Neither the theoretically predicted electronic structure
UNiSn nor the 5f 2 configuration of the localized U41 ion
has been verified by photoemission spectroscopy~PES!.
There is an early resonant photoemission spectrosc
~RPES! study on UTSn (T5Ni, Pd, Pt! with a rather poor
instrumental resolution,10 in which the origin of the phase
transitions in UNiSn has not been addressed. Further,
T-dependent PES study on UNiSn has been reported ye
our knowledge. Therefore the expected gap opening or
duction in the DOS atEF N(EF) in the semiconducting
phase aboveTN , as compared to the metallic phase at lowT,
has not been experimentally observed. In order to investig
the role of the electronic structure in the phase transition
UNiSn, we have performed high-resolutionT-dependent PES
measurements of UNiSn below and aboveTN'43 K. We
©2001 The American Physical Society01-1
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KANG, PARK, McEWEN, OLSON, KWON, AND MIN PHYSICAL REVIEW B64 085101
have also performed a detailed RPES study of UNiSn n
the U 5d→5 f absorption edge, which allows us to determi
the partial spectral weight~PSW! distributions of both U 5f
and Ni 3d electrons in UNiSn. Experimental data are co
pared to a band structure calculation performed in the lo
spin-density functional approximation~LSDA! and the
LSDA1U method (U is the Coulomb correlation
interaction!.11

II. EXPERIMENTAL AND CALCULATIONAL DETAILS

For this work, we prepared a large button of UNiSn po
crystalline sample by arc melting constituent elements
high purity. In order to ensure homogeneity of the samp
we turned over the button several times during the arc m
ing process. Afterwards we annealed the button at 1070 K
1 month in order to achieve a cubic MgAgAs-type structu
Our magnetization measurements taken on the sample af
month annealing showed a clear antiferromagnetic transi
near 48 K, in agreement with previous results.3

Photoemission experiments were carried out at the Am
Montana ERG/Seya beam-line at the Synchrotron Radia
Center. Samples were cooled down toTmsr&15 K and frac-
tured in vacuum with a base pressure better than
310211 Torr. The cleanliness of the cleaved surfaces w
checked by the absence of the 6 eV peak~Ref. 12! or a hump
at about 9.5 eV binding energy~BE!, as observed sometime
in inhomogeneous polycrystalline samples.13 The Fermi level
and the overall instrumental resolution of the system w
determined from the valence-band spectrum of a sputtere
foil. The total instrumental resolution@full width at half
maximum ~FWHM!#, due to both the monochromator an
the electron energy analyzer, was about 80 meV and
meV at hn;20 eV andhn;100 eV, respectively. High-
resolution photoemission spectra were taken with
FWHM of about 30 meV. The photon flux was monitored
the yield from a gold mesh and all the spectra reported w
normalized to the mesh current. ForT-dependent PES mea
surements, the chamber pressure stayed below 7310211 Torr
during heating. The low-T PES spectra were reproduced a
ter the heating-cooling cycle.

The electronic structure of UNiSn has been calculated
employing the self-consistent linearized muffin-tin-orbi
~LMTO! band method. The projected angular moment
density of states~PLDOS! has been calculated by using bo
the LSDA and LSDA1U methods. The von Barth–Hedi
form of the exchange-correlation potential has been utiliz
In the LSDA1U method, the spin-orbit interaction is inco
porated in a self-consistent variational loop, so that the
bital polarization is properly taken into account.14

III. RESULTS AND DISCUSSION

A. U 5f PSW and valence-band features

Figure 1 shows the valence-band energy distribut
curves~EDC’s! of UNiSn in the photon energy (hn) range of
22–110 eV, which includes both the Ni 3p and U 5d absorp-
tion thresholds. The variation in the line shape with varyi
hn reflects the change in the photoionization matrix eleme
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with hn. Herehn598 andhn592 eV correspond to the on
and off-resonance energies due to U 5d5/2→5 f absorption,
respectively,15 andhn5110 eV is another on-resonance e
ergy due to U 5d3/2→5 f absorption. Therefore the emissio
enhanced athn598 andhn5110 eV can be identified a
due to U 5f emission, and the strong enhancement in
emission betweenEF and about 1.5 eV in binding energ
indicates the large U 5f electron character in the electron
states close toEF . This will be discussed further in Fig. 2.

The off-resonance spectrum athn592 eV is dominated
by Ni 3d emission because at thishn the Snsp electron
emission is negligible with respect to the Ni 3d emission
(,1% of the Ni 3d emission!,16 and the U 5f emission is
suppressed due to off resonance. The latter argument is
ported by the fact that the off-resonance spectrum of UN
is very similar to that of CeNiSn~Ref. 17! except for the Ni
3d peak position: the Ni 3d peak in UNiSn is located deepe
than that in CeNiSn by about 0.5 eV. Similarly as in N
metal,18 the main peak around 2 eV BE and the satellite pe
around 8 eV BE~6 eV below the main peak! in the hn
;68 eV spectrum can be roughly assigned to the 3dncm21

and 3dn21cm final states, respectively, by assuming the i
tial state configuration of 3dncm (n59,10) wherec denotes
a conduction or ligand electron. This assignment of the s
ellite is based on the observation that the Ni 3d satellite
emission is resonantly enhanced athn568 eV in Ni 3p
→3d RPES.17 The satellite structure associated with the

FIG. 1. Normalized valence-band energy distribution curv
~EDC’s! of UNiSn in the photon energy (hn) range of 22–110 eV,
except for thehn522 and 30 eV spectra that are arbitrarily scal
to show their line shapes better. The peak under the arrow ahn
568 eV corresponds to the Ni 3d satellite. See the text for the
structures of A, B, C, and D.
1-2
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TEMPERATURE-DEPENDENT VALENCE-BAND . . . PHYSICAL REVIEW B64 085101
3d bands, not explained by one-electron band theory, refl
the non-negligible on-site Coulomb interaction between
Ni 3d electrons in UNiSn.

At low hn ’s ~22–30 eV!, four structures are observe
labeled as A nearEF , B (;1 eV), C (;2 eV), and a weak
shoulderlike structure D (;3 eV). These well-separate
structures, the absence of the 6 eV BE feature,12 and the low
inelastic background indicate the good quality of the data
this work. At these lowhn ’s, the cross sections (s) of U 6d
and Ni 3d electrons become comparable to one another w
non-negligible contributions from the Snsp electrons:

s~U 5 f !:s~U 6d!:s~Ni 3d!:s~Sn sp!

.6%:41%:41%:12% at hn'21 eV,

according to the atomic photoionization cross-sect
calculation.16 Therefore the valence-band spectra at lowhn ’s
indicate that the U 6d and Snsp states in UNiSn are sprea
over the whole valence band, i.e., fromEF to ;4 eV below.
The features A and C are mostly due to the U 5f electrons
and the Ni 3d electrons, respectively, as discussed above

As hn increases from 22 eV to 92 eV, the intensity ne
EF increases and then decreases with respect to that of th
3d main peak. The former trend reflects the increasing Uf
emission nearEF that has a maximum aroundhn;50 eV.
The latter trend is due to the suppression of the U 5f emis-
sion athn592 eV ~U 5d→5 f off resonance! as well as the
decreasing Snsp and U 6d emission relative to the Ni 3d
emission with increasinghn.16 Thus this observation indi

FIG. 2. ~a! The extracted U 5f spectrum~dots! of UNiSn, ob-
tained from subtraction of the U 5d→5 f off-resonance spectrum
~dashed lines! from the on-resonance spectrum~solid lines!. ~b!
Comparison of the U 5f PSW’s of UNiSn, UAl2 ~from Ref. 20!,
and UPd3 ~from Ref. 22!.
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cates that the electronic states nearEF have a dominant U 5f
electron character, but hybridized with the U 6d and Snsp
states. Indeed this conclusion is consistent with our b
structure calculation, which will be shown in Fig. 3.

Figure 2~a! presents the extracted U 5f PSW~dots!, cor-
responding to the difference between the U 5d→5 f on-
resonance spectrum~solid line! and off-resonance spectrum
~dashed line!. The U 5f spectrum exhibits a pronounce
peak centered at about 0.3 eV BE with a FWHM
;1.4 eV and a tail to about 3 eV below. It is reminiscent
the U 5f PSW’s of other U intermetallic compounds in ha
ing much spectral weight aroundEF and showing the broad
5 f width.15,19–23The U 5f spectrum shows a change in th
slope around 2 eV BE, the intensity of which depends on
scale factor. The off-resonance spectrum is multiplied b
scale factor to account for thehn dependence of othe
conduction-band electrons. Therefore the existence of th
eV feature seems to be within experimental uncertainty. T
U 6d emission is known to resonate at the 5d absorption
edge as well.21 There is uncertainty in the resonant streng
of the 6d states with respect to that of the 5f states in ura-
nium compounds.21 Further, the line shape of the U 6d PSW

FIG. 3. Projected angular momentum density of states~PL-
DOS!, obtained from the LSDA calculation for the AF ground sta
of UNiSn. From the top, PLDOS per spin and per atom of U 5f , U
6d, Ni 3d, and Sn 5p electrons, respectively. The spin-up PLDO
are denoted by black lines and the spin-down PLDOS are den
by grey lines.
1-3
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KANG, PARK, McEWEN, OLSON, KWON, AND MIN PHYSICAL REVIEW B64 085101
is not known for UNiSn yet. However, it is likely that th
resonating U 6d intensity is normalized out in subtractin
the off-resonance spectrum from the on-resonance spec
because it usually mimics the ligandd andsp DOS. In other
words, the U 6d wave functions overlap substantially wit
the Ni 3d wave functions in space and energy, resulting i
large hybridization between them. Thehn range employed in
this study is surface sensitive, and so it is also possible
the surface 5f emission might contribute to the regio
around 2–3 eV BE, as found in Ce systems.24,25On the other
hand, surface effects have not been observed explicitly
uranium systems,23 in contrast to Ce systems for which su
face effects have been well established.

The extracted 5f PSW of UNiSn is compared to those o
UAl2 ~Ref. 20! and UPd3 ~Ref. 22! in Fig. 2~b!. All the
spectra are scaled at the peak. UAl2 and UPd3 are classified
as a nearly-heavy-fermion system and a typically localiz
5 f system, respectively. The peak in UPd3 is known to cor-
respond to the 5f 2→5 f 1 transition of U41 ions,22 while the
5 f peak close toEF in UAl2 corresponds to the fully relaxe
5 f ncm21 final states (n52, 3, 4), where the 5f ncm ground-
state configuration is assumed. In the local density-functio
approximation~LDA ! band theoretical view, the 5f peak
nearEF is interpreted as the ground-state U 5f band. It is
observed that, as one moves from UAl2 to UNiSn and UPd3,
the centroid of the 5f electron peak moves away fromEF
and its width becomes wider, resulting in a decreasingf
DOS at theEF , Nf(EF), from UAl2 to UNiSn and UPd3.
This trend is similar to that in the Y12xUxPd3 system,22 in-
dicating that the directf -f hopping among the U 5f elec-
trons decreases from UAl2 to UNiSn and UPd3.

In contrast to the large 5f spectral weight aroundEF in
UAl2, UNiSn reveals a reduced 5f -electron weight around
EF because the 5f -electron peak is located farther away fro
EF and the 5f width is wider than in UAl2. This difference
between UNiSn and UAl2 might be understood by the fac
that the average U-U separation in UNiSn (d54.53 Å) is
quite large, larger than that in UAl2 (d53.22 Å) and even
larger than the Hill limit (dHill 53.3–3.5 Å),26 beyond
which the U 5f electrons are observed to form local m
ments, suggesting that the direct interaction between n
neighbor U 5f electrons is negligible in UNiSn. It is consis
tent with the fact that UNiSn has a large ordered magn
moment of 1.55mB obtained from a neutron diffraction
study.1 This value is significantly large, as compared to oth
U intermetallic systems. An inelastic neutron scattering stu
done by one of us also found rather well-defined CEF ex
tations in UNiSn.8 Thus the interaction between U 5f elec-
trons in UNiSn should be mediated by hybridization
conduction-band electrons, such as U 6d, Snsp, and Ni 3d
electrons.

Note that the average hybridization strength between
5 f and Ni 3d/Sn sp electrons is expected to be large
UNiSn. The U-Ni separation (2.77 Å) is very small, eve
smaller than the U-Sn separation (3.20 Å) and the U
separation in UAl2 (3.22 Å), suggesting a large hybridiza
tion between U 5f and Ni 3d electrons in UNiSn. Thus a
possible explanation for the reducedNf(EF) in UNiSn is that
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the virtual charge fluctuations leading to a largeNf(EF) are
suppressed by a small Nid DOS atEF via hybridization. To
obtain a solid picture of the hybridization interaction in UN
iSn, it will be necessary to calculate the hybridization mat
elements.

B. Comparison to the LSDA and LSDA¿U calculation

Figure 3 shows the PLDOS of UNiSn, obtained from t
LSDA calculation by assuming an AF ground state. Ea
PLDOS is per atom, and the spin-up and spin-down PLD
are denoted by black and gray lines, respectively. It is sho
that the valence band extends fromEF to about 5 eV below
EF , in agreement with the measured photoemission spe
~see Figs. 1 and 4!. The U f states exhibit exchange-split 5f
bands, separated by about 2–2.5 eV from each other.
other states~U d, Ni d, Sn p) exhibit nearly no exchange
splitting, indicating that the spin polarization in UNiSn
mainly due to U 5f electrons. In consequence, the calcula
spin magnetic moment of U is 2.40mB , while the magnetic
moment of Ni is negligible. The Fermi level lies in th
middle of the spin-up Uf bands that are hybridized with th
U d, Ni d, and Snp states. Much of the spin-upf states are

FIG. 4. Top: comparison of the extracted U 5f PSW of UNiSn
~dots! to the calculated PLDOS, obtained from the LSDA calcu
tion ~dotted line! and from the LSDA1U calculation~solid line!. In
this comparison only the occupied part of the PLDOS is taken,
then convoluted by a Gaussian function with 0.2 eV at FWHM
simulate the instrumental resolution. Middle: similarly for Ni 3d
states. Bottom: comparison of thehn522 eV PES spectrum o
UNiSn ~dots! to the sum of the U 6d, Ni 3d, and Sn 5p PLDOS.
See the text for details.
1-4
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TEMPERATURE-DEPENDENT VALENCE-BAND . . . PHYSICAL REVIEW B64 085101
concentrated within60.5 eV fromEF . The Ni d bands are
nearly filled with a very low DOS atEF , in agreement with
the very low spectral intensity in the Ni 3d PSW ~see the
hn592 eV spectrum in Fig. 1!. Most of the Snp states are
concentrated at 1–5 eV belowEF , resulting in a small DOS
nearEF . Therefore the largest contribution toN(EF) comes
from the U f electrons (;85%) with a small contribution
from U 6d (;6%), Ni 3d (;7%), and Snsp (;2%)
electrons. The Ud, Ni d, and Snp bands are much wide
than the Uf bands, consistent with the negligible exchan
splitting in these bands. The Ud, Ni d, and Snp PLDOS
share common features, indicating a large hybridizat
among them. These theoretical results are qualitatively s
lar to those of previous reports.9,27 The AF phase of UNiSn
corresponds to a normal metal, in contrast to the h
metallic nature of the ferromagnetic phase of UNiSn.27

Figure 4 compares the extracted PSW’s of UNiSn to
calculated PLDOS, obtained from the LSDA~dotted lines!
and LSDA1U ~solid lines! calculations, respectively. In
comparison to the PES spectra, only the occupied part of
calculated PLDOS was taken, and then convoluted b
Gaussian function with 0.2 eV at the FWHM. The Gauss
function has been used to simulate the instrumental res
tion. The effects of the lifetime broadening and photoem
sion matrix elements are not included in the theory curves
the bottom panel, the theoretical spectrum was obtained
adding the Ud, Ni d, and Sp PLDOS, because none of th
contributions are negligible athn522 eV and it is difficult
to separate out the different electron emissions~see the dis-
cussion under Fig. 1!. The LSDA calculation shows a larg
discrepancy with experiment even though the calcula
bandwidths are comparable to the measured valence-
widths. The most pronounced discrepancy is that the ca
lated peak positions in the Nid and Snp PLDOS appear a
higher BE’s than in the PES spectra by more than 0.5 eV
to the U f states, the experimental 5f PSW shows extra in-
tensity from;0.5 eV to about 3 eV BE with respect to th
LSDA calculation, for which much of the occupiedf PLDOS
is concentrated within 0.5 eV fromEF . Further, the experi-
mental 5f PSW shows a reduced 5f weight atEF in contrast
to the highNf(EF) in the LSDA.

In order to examine the origin of such disagreement
tween experiment and the LSDA, the on-site Coulomb c
relation parameterU for the U 5f electrons has been inco
porated in the electronic structure calculation for UNiSn. T
parameters used in this calculation are the Coulomb corr
tion U52.0 eV and the exchangeJ50.95 eV. In the
LSDA1U calculation, the on-site Coulomb correlation f
the Ni 3d electrons has been neglected because including
Ni d Coulomb correlation in the LSDA1U calculation
makes the discrepancy between experiment and th
worse.28 As in the previous report,9 the LSDA1U correctly
yields the correct metallic ground state for the AF phase
UNiSn and the semiconducting state for the PM phase
UNiSn. The calculated spin and orbital magnetic mome
for U are 2.25mB and 24.53mB , respectively, and so th
total magnetic moment of U becomes 2.28mB . This value is
in reasonable agreement with experiment1 and the previous
report.9
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The effect of including the on-site Coulomb interactio
between the U 5f orbitals in the LSDA1U is the shift of the
occupied 5f peak belowEF toward a higher BE and the shif
of the unoccupied 5f peak aboveEF farther away fromEF .
The second effect of the LSDA1U is the shift of the Ud, Ni
d, and Snp PLDOS towardEF , namely, toward lower BE’s.
The larger the value ofU is employed, the larger the shifts i
the peaks of the U 5f , 6d, Ni d, and Snp PLDOS become.
The latter effect of the LSDA1U calculation produces bette
agreement with the measured PES spectra. In particular
1 eV peak~B! ~of U 6d–Sn 5p hybridized electron charac
ter! and the 2 eV peak~C! ~predominantly of Ni 3d electron
character! in the PES spectra exhibit good agreement w
the LSDA1U ~solid lines!, compared to the LSDA~dotted
lines!. This finding certainly suggests the importance of t
on-site Coulomb interaction between U 5f electrons in de-
termining the electronic structure of UNiSn. In contrast, t
LSDA1U calculation does not improve the Uf PLDOS:~i!
the calculatedf peaks in the occupied part appear at high
BE’s than in experiment, and~ii ! the calculatedNf(EF) be-
comes too small. A smaller value ofU would yield an im-
proved agreement with the experimental U 5f PSW, but then
it would yield a larger discrepancy with the othe
conduction-band features of the Nid, U d, and Snp elec-
trons. Therefore neither the LSDA nor the LSDA1U seems
to provide a consistent description of the experimental e
tronic structure of UNiSn at the moment.

C. Temperature dependence in PES

Figure 5 compares the normalized valence-band ph
emission spectrum of UNiSn obtained atT515 K ~dots!,
which belongs to the AF metallic phase, to that atT
590 K ~solid line! which belongs to the paramagnetic sem
conducting phase. The top and bottom panels show the s
tra obtained athn522 eV andhn598 eV, respectively.
The inset compares thehn522 eV spectra, after the inelas
tic backgrounds have been subtracted in a standard way.
data in Fig. 5 reveal the following features.~i! Essentially no
T-dependent changes are observed in the large-energy-
line shapes. Upon heating, there is a small transfer of spe
weight from lower BE~betweenEF and 1 eV BE! to higher
BE (.3 eV BE!. This change might indicate a reduce
DOS atEF in the semiconducting phase.~ii ! Peak locations
do not change withT, indicating that the Fermi level stay
unchanged in both the AF metallic phase and the param
netic semiconducting phase.~iii ! The metallic Fermi edge is
still observed aboveTN (T590 K.TN'43 K), which
seems to be contradictory to the SM transition inferred fr
other experiments for UNiSn.

Figure 6 shows theT dependence of the high-resolutio
PES spectrum of UNiSn in the vicinity ofEF . All the spectra
were obtained with the same measurement conditions ex
for temperature. The top panel compares the high-resolu
PES spectrum of UNiSn obtained atT515 K ~dots! to that
obtained atT590 K ~solid line!, taken athn522 eV. The
middle panel compares theT515 K spectrum of UNiSn
~dots! to that of Pt metal~solid line!, both with FWHM
'30 meV. In this comparison, two spectra are scaled
1-5
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each other at about 300 meV belowEF . Superposed on the
T515 K PES spectrum of UNiSn is the V-shaped meta
DOS that is cut off atEF by the 15 K Fermi distribution
function and convoluted with a Gaussian function
FWHM530 meV. We have employed the V-shaped meta
DOS because it is usually formed in semimetallic syste
The dotted line along the measured spectrum of Pt meta
the result of the flat DOS with a nonzero slope, cut off atEF
by the 15 K Fermi function and convoluted with a Gauss
function. The bottom panel shows theT590 K PES spec-
trum of UNiSn ~dots!, compared to the same V-shaped m
tallic DOS ~gray line!. The model DOS is now multiplied by
the 90 K Fermi function and convoluted with a Gauss
function ~solid line!.

Figure 6 provides the following information.~i! Nearly no
change has been observed in the PES spectrum of UN
with temperature~see the top figure!, except that due to the
temperature broadening, as confirmed in the analysis sh
in the lower panels. This observation is quite puzzling b
cause it suggests that there is no appreciable change in
electronic structure of UNiSn acrossTN , in spite of the
novel phase transitions acrossTN . ~ii ! The slope of the high-
resolution PES spectrum of UNiSn just belowEF is lower
than that of Pt. In contrast to the simple linear DOS for Pt~a
flat DOS with a nonzero slope!, the 15 K spectrum of UNiSn
is described well by the V-shaped metallic DOS nearEF ~a
model with a reduced but finite DOS atEF). This difference
suggests that UNiSn has a lowNf(EF), even though there is

FIG. 5. ~a! Comparison of theT-dependent valence-band PE
spectra of UNiSn athn522 eV belowTN (T515 K) and above
TN (T590 K). Inset: comparison of the two spectra after the
elastic backgrounds are subtracted.~b! Comparison of the
T-dependent valence-band PES spectra of UNiSn athn598 eV for
T515 K andT590 K.
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certainly a finite metallic DOS atEF in UNiSn. We interpret
this reduction inNf(EF) as due to the very low DOS of th
Ni 3d PLDOS in UNiSn. That is, the reducedNf(EF) is
caused via the energy-dependent hybridization matrix
ment between the U 5f states that are located away fromEF
and the Ni 3d states that have the main peak well belowEF
~about 2 eV BE! and a very low DOS atEF . ~iii ! The same
V-shaped metallic DOS provides a reasonably good fit to
measured 90 K spectrum. Further, it is found that the mo
with a real gap or a pseudogap29 of width 10 meV belowEF
cannot describe the measuredT590 K PES spectrum of
UNiSn.30 These findings indicate that UNiSn has a finite m
tallic DOS atEF aboveTN .

Finally, we would like to discuss the origin of no appr
ciable difference being observed in the spectra betweeT
515 K andT590 K. Since our photoemission data are s
face sensitive as mentioned previously, it is possible that
surface emission can cause the observedT-invariant spectral
features nearEF . If the surface layers did not go through th
SM transition with temperature or if there were impuri
phases on the surface, the possibleT-dependent variation o
the spectral features could be smeared. On the other h
our data do not eliminate the possibility of the opening of

- FIG. 6. Top: Comparison of high-resolution photoemissi
spectra of UNiSn in the vicinity ofEF at T515 K andT590 K,
taken at hn522 eV with FWHM ;30 meV. Middle: thehn
522 eV spectrum of UNiSn atT515 K ~dots!, compared to that
of Pt metal~solid line!. Superposed on the PES spectrum of UNi
is the V-shaped metallic DOS that is multiplied by a 15 K Fer
function and convoluted with a Gaussian function of FWH
530 meV~solid line!. Bottom: similarly for thehn522 eV spec-
trum atT590 K.
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anisotropic gap29 of size smaller than,5 meV atT.TN ,
considering the experimental resolution achieved in t
work. The size of the gap (,5 meV) compatible with our
high-resolution PES data is much smaller than that sugge
by other experiments~67–76 meV!.3 This situation for UN-
iSn is similar to that for CeNiSn.17 Our experiment does no
allow us to determine the anisotropic electronic structure
UNiSn, because the sample is polycrystalline and so
spectra are effectively angle integrated. To check this, i
necessary to do angle-resolved PES measurements
single-crystalline UNiSn, which is not available at th
present time.

IV. CONCLUSIONS

The electronic structure of UNiSn has been investiga
by performing a photoemission experiment and electro
structure calculation in the LSDA and LSDA1U methods.
The hn dependence of the valence-band spectrum rev
that the electronic states atEF have a dominant U 5f elec-
tron character. The U 5f PSW exhibits a broad peak center
at '0.3 eV BE with a FWHM of;1.4 eV, extending to
about 3 eV below. The U 5f PSW of UNiSn is compared to
those of UAl2 and UPd3. The centroid of the 5f electron
peak moves away fromEF from UAl2 to UNiSn and UPd3,
indicating that directf -f hopping decreases from UAl2 to
UNiSn and UPd3. Its width becomes wider in UNiSn than i
UAl2, reflecting the large hybridization between U 5f and Ni
3d electrons in UNiSn. The LSDA1U calculation yields
better agreement with the measured PES spectra than
LSDA calculation, suggesting that the on-site Coulomb
teraction between 5f electrons is important in determinin
the electronic structure of UNiSn. However, neither t
Y.
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.
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LSDA1U nor the LSDA provides a consistent description
the measured U 5f PES spectra of UNiSn, suggesting th
the LSDA1U method does not properly account for the e
fect of the U 5f Coulomb correlation in UNiSn. The Snsp
and U 6d states are found to spread over the whole vale
band, i.e., fromEF to ;4 eV below, with a very low spec-
tral weight nearEF . In the Ni 3p→3d RPES, a satellite
feature has been observed about 6 eV below the Ni 3d main
band, indicating a non-negligible Ni 3d Coulomb correlation
in UNiSn.

The high-resolution photoemission spectrum of UNi
shows a lower slope just belowEF than that of Pt, and is
described well by a V-shaped metallic DOS nearEF , imply-
ing a reduced 5f DOS atEF in UNiSn. A possible mecha-
nism for such a reduction inNf(EF) might be the hybridiza-
tion to the Ni 3d states that have a very low DOS atEF . The
T-dependent high-resolution PES of UNiSn reveals ess
tially no changes withT and a finite DOS atEF both below
and aboveTN , suggesting a semimetallic electronic state
T.TN . Our data do not eliminate the formation of th
pseudogap of width,5 meV for T.TN , and the contribu-
tion from theT-invariant surface emission nearEF .
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