PHYSICAL REVIEW B VOLUME 58, NUMBER 8 15 AUGUST 1998-II

Valence-band photoemission study of single crystalline CeNiSn
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The electronic structure of single crystalline CeNiSn has been investigated using photoemission spectros-
copy. The extracted Cefdspectrum exhibits three peak structures; the typical Fermi level and 2 eV peaks, and
another between them; 0.9 eV below the Fermi leveét:. The nearkr peak reflects a substantial Cé-8n
sp hybridization, whereas the 0.9 eV peak arises from the £8li43d and Ce %-Ni 3d hybridization. A Ni
3d satellite feature is observed about 6 eV below the Nimain band, indicating a strong Nid3Coulomb
correlation in CeNiSn. The high-resolution photoemission study indicates a finite metallic density of states at
Er, implying a semimetallic ground state. The electronic states Beare found to have mixed character
from the Snsp, Ce &, Ce 4f, and Ni ™ electrons. Constant-initial-state and constant-final-state yield spectra
across the d—4f threshold indicate the Ce valence to be closeto 550163-182¢08)04131-9

l. INTRODUCTION tions predict CeNiSn to be either a semiméfalith a
pseudogap that closes along some directions, or a small-gap

CeNiSn has attracted much attention because of its veripsulator with an anisotropic hybridization gap and a V-
small pseudogap of a few K3 CeNiSn crystallizes in the shaped DOS nedr."* Some models based on a spin fap
orthorhombice— TiNiSi structure belonging to the noncen- Or a hybridization-induced charge déjhave been proposed
trosymmetric space groupn2,a, which causes a strong an- 0 explain the pseudogap formation. In the former model, the
isotropy in magnetic and electronic properffés Early ~ 9round state is assumed to be the Kondo spin singlet and the
transport and magnetic measurements on CeNiSn indicatePin gap corresponds to the energy difference between the
the energy gap formation in the nonmagnetic ground stat&Pin singlet and triplets. In the latter modfl, it is argued that
below Ty~6 K (T,4: the gap formation temperatyrevith  an anisotropic hybridization gap reflects thelependent hy-
the estimated Kondo temperatufg of 40-80 K® Recent bridization matrix elements and that the shape of the DOS
experiment on the temperatur&)( dependence of the elec- aroundEg is significantly deformed with impurity concentra-
trical resistivity in a purified single crystal of CeNi§Refs.  tion. Kaganet al® developed the spin fermion theory, in-
5 and 7 indicated a metalliclike ground state. Therefore thecluding the crystal-field levels, and found a fairly good ex-
semiconductorlike T-dependent electrical resistivity ob- planation for experiments such as neutron scattering and
served in early samples is considered to be presumably dwpecific heat. Only a few experimental studies have been
to carrier localization by impurities. In contrast, inelastic reported on the electronic structure of CeNiSn®Based on
neutron scattering experiments on single crystal safiples valence-band and core-level photoemission spectroscopy
showed the existence of anisotropic pseudogap-type magPES measurementy, it has been argued that Ce is close to
netic excitations. The specific heat of single-crystal CeNiSririvalent and that the Cef4electrons are strongly hybridized
also shows a sharp decrease at low temperature after reackith the Snsp electrons. Unfortunately, these experiments
ing a maximum around 7 K which is regarded as evidence were done on polycrystalline samples. In view of the recent
for the development of the pseudogap. A V-shaped densityeports of metalliclike behavior, it is important to carry out
of states(DOS) near the Fermi leveEr was inferred from  experiments on high-quality single-crystal samples.
the nuclear magnetic resonance relaxation*tated thermo- Neither the predicted anisotropic electronic structure nor
dynamic propertie$? the valence of Ce has been confirmed. Angle-resolved pho-

CeNiSn thus seems to exhibit an apparent contradictiotoemission spectroscogARPES measurements of CeNiSn
between the metallic conductivity and the gapwise behavioalong different symmetry directions allow the examination of
of the thermodynamic properties and the spin response. Tidne anisotropic electronic structure. Resonant photoemission
resolve such a contradiction and to get information about th@rovides a method to separate emissions from different va-
origin of the pseudogap formation in CeNiSn, it is importantlence statéd because the intermediate state of thk-44f
to investigate its electronic structure. Band-structure calcularesonance is dependent upon theccupancy, yielding dif-
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ferent photon energy dependences in the constant-initial- i L e e
state(CIS) spectra. Constant-final-staf€FS spectra for the
mixed valent material will show absorption features due to CeNiSn
two different valence statés.

In this paper we report a resonant photoemission study of
high-quality single crystalline CeNiSn near the Ca-44f
absorption edge, together with CIS and CFS yield measure-
ments. Both the partial spectral weigtSW) distribution of
Ce 4f electrons and the bulk Ce valence have been deter-
mined. In addition, high-resolution photoemission measure-
ments have been performed at low photon energies, which
allows us to determine the character of electronic states near
Er.

121

%ﬁf

Intensity (arb. units)

Il. EXPERIMENTAL DETAILS

Single crystals of CeNiSn were grown by the Czochralski
pulling method by using a tungsten crucible in an rf furnace
under purified helium gas at a pressure of 4 k&/.cmgots N TR AT T T
were 4-5 mm in diameter and 50 mm in length. The ingots 10 8 6 4 2 E
were determined to be single crystal from x-ray Laue pat- Binding Energy (eV)
terns. Photoemission experiments were carried out at the ) )
Ames/Montana ERG/Seya beam line at the Synchrotron Ra- FIG- 1. EDC's of CeNiSn over a wide photon enerdy»j
diation Center. The samples were cleaved in vacuum with §"9¢-
base pressure better thanx40 ! Torr. Samples were 1 ) ) ) ) _
cooled down taT,,,~20 K using a closed cycle He refrig- @nge: The intensity aE,:_ relative to that of the Ni @ main
erator. The Fermi level and the overall instrumental resoluP€ak(1.4 eV in BB in this photon energy range also indi-
tion of the system were determined from the valence-bangates the presence of Nd3states neakr. hv=68 and 63
spectrum of a sputtered Pt foil. The total instrumental reso€V correspond to the Ni3—3d on- and off-resonance en-
lution [full width at half maximum(FWHM)], due to both ~ €rgies, respectively. Atv=68 eV, the main peak around 1.4
about 150 and 250 meV &t~ 20 and 120 eV, respectively. Peak can be roughly assigned to the’8™ * and 3°c™
High-resolution photoemission spectra were taken witHfinal-state configurationéssuming the initial-state configu-
FWHM of 40-50 meV. The photon flux was monitored by ration as &°c™), respectively, as in pure Ni metat:(con-
the y|e|d from a go|d mesh and all the Spectra reported argucuon or I|gand e|eCtI’OI)§3 The Sa.tel“te structure associ-

normalized to the mesh current. ated with the Ni & bands cannot be explained by one
electron band theory, since it arises from the NiGoulomb
correlation.
IIl. RESULTS AND DISCUSSION . . .
At low hv's (14-30 eV, besides the Ni 8 main peak at
A. Energy distribution curves over wide hv range 1.4 eV BE, three other weak structures are observeBiat

Figure 1 shows the valence band energy distributio _~0.8 eV, and~2.2 eV in BE, which diminish with increas-

curves(EDC's) of CeNiSn in the photon energn¢) range "9 hv. At these lowelhv’s, the cross sectionss of Snsp_

of 14-121 eV, which includes both the Nip3and Ce 4 and Ce 9 states become comparable to that of the Wi 3

absorption thresholds. In our study, no angle-resolved effecglectrons,

were observed, probably because of the rough surface topog-

raphy after cleavage. So the spectra in this paper can be g= o(Sn spfa(Ce 5d) 2 at hv~20 eV, (1)

considered angle integrated. The variation in the line shape a(Ni 3d) ’

with varying hv reflects the change in the relative photoion-

ization cross sections of different electronic stafefir

=121 eV anthf 115 eV correspond to the on- an_d off- 3<0.02 at hy~80 eV. )

resonance energies due to the Cd-—44f absorption,

respectively’? Therefore the emission enhancechat=121  Therefore these three weak structures reflect thesSand

eV [betweerEg and about 3 eV in binding enerd@E)] can  Ce &d emissions. This conclusion implies that the §nand

be identified with the Ce #emission. This finding implies a Ce &d states in CeNiSn are spread over the whole valence

substantial contribution from Cef4states to the emission band, i.e., fromEg to ~4 eV below.

close toEg, which will be discussed further in connection In Fig. 1, a shoulderlike structure nekg is observed,

with the results shown in Fig. 3. which has not been observed in Ref. 17. This difference re-
The off-resonance spectrumlat=115 eV is dominated flects better energy resolution and the better quality of the

by the Ni 3d emission. The main features in the EDC hardly samples employed in this study. This feature is more clearly

change fromhv~115 eV down tohr=63 eV, consistent seen in Fig. 2, which reveals the spectral trend rigawith

with dominant Ni 31 emissions in this photon energy varyinghv; As hv decreases from 90 to 55 eV, the intensity

whereas they become negligible at higher's,
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resonance spectrurgsolid ling), and the difference curve
(dotg that is assumed to represent the extracted Cpeadtial
spectral weigh{PSW distribution. The off-resonance spec-
trum has been scaled to account for thedependence of the
Ni 3d cross sectioR® The difference curve exhibits three
prominent features at about 0.3 eX)( 0.9 eV B), and 2.7
eV (C) in BE. In addition to the two peak structures,C),
an extra pealB exists in the 4 derived PSW of CeNiSn.
Any ambiguity in the extraction of the Cef4PSW and the
nature of the structurB will be discussed further later in the
context of the contribution from the Ced3PSW.

The peaksA and C are reminiscent of the well-known
double-peak structures observed in Ce metal and Ce com-
pounds. The peakC corresponds to the f4—4f°
transition?® while the 4f spectral intensity close tBg(A) is

FIG. 2. Comparison of valence-band photoemission spectra dknown to correspond to thef4c™ 1 final state and to reflect
CeNiSn withh»=55,63,90 eV.

atEg increases slightly with respect to that of the Ni fain
peak. This is due to the increase in the §mand Ce &l
cross sections, with respect to that of the Ni 8lectrons:
£<0.02 athr~90 eV andB<0.1 athv~50 eV. Thus the
results shown in Fig. 2 confirm the presence ofsprand Ce

5d states neaEg. By combining the findings in Figs. 1 and 4f

the strength of the hybridization between Cd 4nd
conduction-band electrons in several different
approache&?’~?°In the LDA (local-density approximation
band theoretical vieW’ the peak neaE is interpreted as the
ground-state Ce #band, corresponding to the fully relaxed
4flc™ 1 final states. However, the LDA band approach is
not able to account for the strong Coulomb correlation in Ce
electrons. On the other hand, the Gunnarsson-

2, it is concluded that the electronic states at the Fermi edg&chmhammer(GS) theory’® based on the degenerate impu-
in CeNiSn have mixed character, i.e., a mixture of thes§n
Ce 5, Ce 4f, and Ni ™ character. Indeed this conclusion is to be essentially localized, has been considered to be a good
consistent with our band-structure calculatiéhsn which
the ground state of CeNiSn becomes semimetallic, and tho4éS theory, the # spectral feature close ¢ corresponds to
states that crosEr have dominant character of Cd 4lec-
trons (40—-70 % and also non-negligible contributions from bridization interaction between Cef 4and conduction-band
the Ce @l (5—25 9%, Ni 3d (5—-25 %, and Snsp (8—10 %
electrons. These predictions are similar to those of Ref. 14Ce compounds indicates that the-dependence and/or
except that an the insulating ground state is predicted in Rek-dependent effects of CefsearEy peaks are inconsistent

14.

B. Ce 4 spectrum

Figure 3 presents the subtraction procedure of the €e 4
—4f off-resonance spectrunidashed ling from the on-

T T

Ce 4f PSW

INTENSITY (arbitrary units)

—— hv = 121 eV

T T T T T T T

5 4 3 2 1
Binding Energy (eV)

FIG. 3. The extracted Cef4spectrum(doty of CeNiSn, ob-
tained from subtraction of the Ced4-4f off-resonance spectrum
(dashed linesfrom the on-resonance spectruisolid lines. See

text for the details.

rity Anderson HamiltoniarflAH), assuming Ce # electrons
model for describing the Cefdelectrons. According to the
the tail of the Kondo resonance that originates from the hy-

electrons. In contrast, recent high-resolution PES studies on

with the predictions of the IAH modéP~32 Therefore the
detailed origin of the nedE; peak is still controversial.
Despite the controversy surrounding the origin of the near
Er feature, the high intensity of peak suggests large hy-
bridization, as explained below. The average separation be-
tween Ce sites in CeNiSrdE 3.82 A) (Ref. 4 is larger than
the critical Ce-Ce distance in the Hill plg8.3-3.5 A3
beyond which the Cef4electrons are observed to form local
moments. This separation is even larger than that-i@Ge
(3.39 A) and y-Ce (3.65 A),?’ suggesting that the direct in-
teraction between near-neighbor Cé dlectrons is negli-
gible in CeNiSn. The interaction between Cé dlectrons
should be mediated by the hybridization between €eléc-
trons and conduction-band electrons, such as €eSmsp,
and Ni 3d electrons. The Ni 8 wave function is more lo-
calized than the Cedor Snsp wave functions, yielding a
smaller overlap with the # wave functions on nearest-
neighbor Ce sites, and hence one expects the {GeN#3d
hybridization to be smaller than the Cd-4Ce X or Ce
4f-Snsp hybridization. This argument is supported by the
observation that the intensity of the main Ni peak(at 1.4
eV in BE) is much stronger than that of the négr peak in
the Ni 3d PSW, whereas, in the Cd £SW, the intensity of
peak A is comparable to that of peaR. In addition, the
average nearest-neighbor separation between Ce and Sn at-
oms (3.27 A) is much shorter than that between Ce and Ce
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' o ' ' (solid lineg in the vicinity of Eg with those of Pt metal
e (2) (dotg. These spectra were taken with the same experimental
conditions; aftT s~ 20 K, and with FWHM=40-50 meV.

In this comparison, two spectra are scaled to each other. The
dotted lines in the spectra of Pt metal are the results of a
fitting using the Fermi-Dirac distribution function convo-
— CeNiSn \(\ luted with a Gaussian function. In fitting the spectra of Pt, we

hy=26eV

"""" Pt have assumed a flat DOS with a nonzero slope that is cutoff
at E¢ by the Fermi-Dirac distribution function. The Gaussian

: : : : : function has been used to simulate the instrumental resolu-
tion.

®) The fact that the slope of the photoemission spectra of
CeNiSn atEg is very similar to that of Pt indicates a finite
metallic DOS atEg in CeNiSn. Even though the PES spec-
trum is measured abovEg, it should at least reflect the
~—— CeNiSn \ ground-state DOS. The finite metallic DOS would be consis-

INTENSITY (arbitrary units)

hy=14eV

tent with the recent report of a metallic ground statad a
pseudogap that closes along some direction. The present
analysis, however, does not eliminate the possible existence

300 200 100 E of a V-shaped DOS of width 5 meV & (Ref. 12 because
Binding Energy (meV) of the finite resolution. Further, there is a possibility of the
V-shaped DOS that exists over only part of the Fermi sur-
face. Our experiment does not allow to determine the aniso-
tropic electronic structure of CeNiSn, because the spectra are
Rffectively angle integrated.

Finally, it would be worthwhile to point out that, in our
high-resolution photoemission measurements of CeNiSn, no
4 ] o spectral feature has been observed around 280 meV in BE
atoms(3.82 A),* suggesting that the Cef4Snsphybridiza-  that corresponds to the spin-orbit sideband of the @k 4
tion is larger than the Cef4-Ce & hybridization. Therefore  fina| state®® This is probably because the PES spectrum at

we conjecture that the hybridization between (eahd Sn  ,,,— 26 eV is not dominated by Cefdemission, but rather
sp electrons is the major origin of the neBfgpeakA in the by Ni 3d and Snsp emission.

Ce 4f PSW. To obtain a solid picture on the hybridization
interaction in CeNiSn, it will be necessary to calculate hy-
bridization matrix elements, which is in progress.

The Ce ¥ emission is known to resonate at thd ab- Figure 5 shows the yield spectra, taken in the CIS mode
sorption edge as wetlf:* Neither the portion nor the line across the d—4f absorption threshold, for different initial
shape of the Ced PSW is known for CeNiSn yet, but it is state energiek; in the valence band. The spectra have been
likely that a substantial contribution from the C&l #SW  scaled to have the same magnitude at the peak. Each CIS
lies under the structurB, as explained below. It is interest- yield spectrum represents tiier dependence of an initial
ing to note that the three peak structures of the €&8W  state. The top curve is the CFS yield spectrum taken with a
of CeNiSn(see the difference curve in Fig) 8re also seen kinetic energyEy of 2 eV. The well-known Fano-like reso-
in CeBas.% In the case of CeBg, the Besp PSW has two nance in the Ce # cross section is clearly observed in the
peaks, one nedfr and the other at about 1.5 eV in BE, with CIS spectra in Fig. 5. The line shapes of the Ge&4S and
the latter being located near the middle peak in the €e 4 CFS yield spectra in CeNiSn are very similar to those of Ce
PSW. The middle peak in CeBghas been assigned mainly metal?® for which the Ce valence is close to-3 Further, the
due to the Ce 8 PSW hybridized with the Bep electrons.  line shape of the Ce 4CIS in CeNiSn is essentially the
In CeNiSn, the peaB is located close to that of the Nid3  same for different values d&; over the Ce 4 PSW, indicat-
main peak, suggesting that it is due to the hybridization tdng that the 4 emission does not have separate contributions
the Ni 3d electrons of the Ce #or 5d electrons. Moreover, from different valence states. Thus these Ge(4S spectra
since the Ce 8 wave functions have a larger overlap with provide evidence that the valence of Ce is close to B
the Ni 3d wave functions than the Cef4wave functions CeNiSn. The CFS vyield spectrum of CeNiSn shows no indi-
both in space and energy, it is likely that the featBreas a  cation of a separatedd—4f absorption process correspond-
substantial contribution from the CedSPSW?* This inter-  ing to a different valence state, also suggesting that strong
pretation is consistent with the finding that no feature ke mixed valence does not occur in CeNiSn. This conclusion
has been observed in the Cé BSW of CeSg, in which the  will be confirmed by fine structures in the CFS spectiisae
Snsp PSW is rather structureless. Fig. 6 below. Drawing a quantitative conclusion on the va-
lence of Ce, however, requires a detailed theoretical analysis
of the 4f CIS#0-42

Figure 6 compares fine structures in the CFS yield spec-
Figure 4 compares high resolution PES spectra of CeNiStrum of CeNiSn at the onset of theldbsorption with those

FIG. 4. High-resolution photoemission spectra of CeNiSulid
lineg) in the vicinity of the Fermi level taken dtv=14 eV and 26
eV, in comparison with those of Pt metaots. All the spectra
were obtained with the same measurement conditions; around 20
and with the total resolution of 40—-50 meV.

D. Yield spectra and Ce valence

C. High-resolution PES near the Fermi level
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9 5 s = =0 740 FIG. 6. Comparison of fine structures in the CFS yield spectra

of CeNiSn to those in the absorption spectra of Ce metal and Ce

Photon Energy (eV) oxide. The latter two spectra have been reproduced from Ref. 43.

FIG. 5. CIS yield spectra of CeNiSn taken at initial state ener- o
giesE; of —0.4, — 1.3, — 2.8, and— 6.5 eV, respectively. The spec- the Ce 4-Snsp hybridization. The 0.9 eV peak reflects the

trum at the top is the CFS vyield spectrum taken with a kineticCe 4f—Ni 3d hybridization, and it also has a non-negligible

energyEy of 2 eV. contribution from the Ce & PSW that arises from a large Ce
5d—Ni 3d hybridization. At the Ni $—3d on-resonance

in the absorption spectra of Ce metal and Ce oxide, whickenergy, a satellite feature has been observed about 6 eV be-

are reproduced from Haensel, Rabe, and Sorftitdgis low the Ni 3d main band, indicating a strong Nid3Cou-

clearly shown that the CFS fine structures of CeNiSn ardomb correlation in CeNiSn. The Syp and Ce %l states are

very similar to those in the absorption spectrum of Ce metalfound to spread over the whole valence band, i.e., figno

but quite different from those of Ce oxide. It is known that ~4 eV below.

the energy separations and relative strengths among the fine The high-resolution photoemission study of CeNiSn indi-

structures in the absorption spectrum of Ce oxide are vergates a finite DOS & aboveT,, suggesting a semimetallic

similar to those of La metal, but energy shifted from La dueground state. Thav dependence of the intensity Bt indi-

to the different core potenti4f. La metal has nearly nof4  cates that the electronic states nEarhave mixed character

electrons in the ground state, and hence this indicates that @ the Ce 4, Ce &d, Ni 3d, and Snsp electrons. CIS and

ions in Ce oxide have nearlyf4 configurations, which cor- CFS yield spectra near thal4hreshold are very similar to

responds to the formal valence of Cetr4 Therefore the those of Ce metal, indicating that the Ce valence is close to

comparison in Fig. 6 provides a fingerprint that there is na3+.

formal Ce 4+ state in CeNiSn, implying that the valence of

Ce in CeNiSn is very close to-3. ACKNOWLEDGMENTS
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