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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 Ce 4f spectrum exhibits three peak structures; the typical Fermi level and 2 eV peaks, and
another between them,;0.9 eV below the Fermi levelEF . The near-EF peak reflects a substantial Ce 4f -Sn
sp hybridization, whereas the 0.9 eV peak arises from the Ce 4f -Ni 3d and Ce 5d-Ni 3d hybridization. A Ni
3d satellite feature is observed about 6 eV below the Ni 3d main band, indicating a strong Ni 3d Coulomb
correlation in CeNiSn. The high-resolution photoemission study indicates a finite metallic density of states at
EF , implying a semimetallic ground state. The electronic states nearEF are found to have mixed character
from the Snsp, Ce 5d, Ce 4f , and Ni 3d electrons. Constant-initial-state and constant-final-state yield spectra
across the 4d→4 f threshold indicate the Ce valence to be close to 31. @S0163-1829~98!04131-9#
e

-
-

at
ta

-

he
-
d

tic
s
a

iS
a
e
si

tio
vio
. T
th
n

ul

-gap
V-

d
the
the
the

hat

OS
-
-
x-
and
een

opy
to
d
ts

ent
ut

nor
ho-

n
of
sion
va-
I. INTRODUCTION

CeNiSn has attracted much attention because of its v
small pseudogap of a few K.1–3 CeNiSn crystallizes in the
orthorhombice2TiNiSi structure belonging to the noncen
trosymmetric space groupPn21a, which causes a strong an
isotropy in magnetic and electronic properties.2,4,5 Early
transport and magnetic measurements on CeNiSn indic
the energy gap formation in the nonmagnetic ground s
below Tg'6 K (Tg : the gap formation temperature!, with
the estimated Kondo temperatureTK of 40–80 K.6 Recent
experiment on the temperature (T) dependence of the elec
trical resistivity in a purified single crystal of CeNiSn~Refs.
5 and 7! indicated a metalliclike ground state. Therefore t
semiconductorlike T-dependent electrical resistivity ob
served in early samples is considered to be presumably
to carrier localization by impurities. In contrast, inelas
neutron scattering experiments on single crystal sample8,9

showed the existence of anisotropic pseudogap-type m
netic excitations. The specific heat of single-crystal CeN
also shows a sharp decrease at low temperature after re
ing a maximum around 7 K,10 which is regarded as evidenc
for the development of the pseudogap. A V-shaped den
of states~DOS! near the Fermi levelEF was inferred from
the nuclear magnetic resonance relaxation rate11 and thermo-
dynamic properties.12

CeNiSn thus seems to exhibit an apparent contradic
between the metallic conductivity and the gapwise beha
of the thermodynamic properties and the spin response
resolve such a contradiction and to get information about
origin of the pseudogap formation in CeNiSn, it is importa
to investigate its electronic structure. Band-structure calc
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tions predict CeNiSn to be either a semimetal,13 with a
pseudogap that closes along some directions, or a small
insulator with an anisotropic hybridization gap and a
shaped DOS nearEF .14 Some models based on a spin gap15

or a hybridization-induced charge gap16 have been propose
to explain the pseudogap formation. In the former model,
ground state is assumed to be the Kondo spin singlet and
spin gap corresponds to the energy difference between
spin singlet and triplets. In the latter model, it is argued t
an anisotropic hybridization gap reflects thek¢-dependent hy-
bridization matrix elements and that the shape of the D
aroundEF is significantly deformed with impurity concentra
tion. Kaganet al.6 developed the spin fermion theory, in
cluding the crystal-field levels, and found a fairly good e
planation for experiments such as neutron scattering
specific heat. Only a few experimental studies have b
reported on the electronic structure of CeNiSn.17,18Based on
valence-band and core-level photoemission spectrosc
~PES! measurements,17 it has been argued that Ce is close
trivalent and that the Ce 4f electrons are strongly hybridize
with the Snsp electrons. Unfortunately, these experimen
were done on polycrystalline samples. In view of the rec
reports of metalliclike behavior, it is important to carry o
experiments on high-quality single-crystal samples.

Neither the predicted anisotropic electronic structure
the valence of Ce has been confirmed. Angle-resolved p
toemission spectroscopy~ARPES! measurements of CeNiS
along different symmetry directions allow the examination
the anisotropic electronic structure. Resonant photoemis
provides a method to separate emissions from different
lence states19 because the intermediate state of the 4d→4 f
resonance is dependent upon thef occupancy, yielding dif-
4426 © 1998 The American Physical Society
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PRB 58 4427VALENCE-BAND PHOTOEMISSION STUDY OF SINGLE . . .
ferent photon energy dependences in the constant-ini
state~CIS! spectra. Constant-final-state~CFS! spectra for the
mixed valent material will show absorption features due
two different valence states.20

In this paper we report a resonant photoemission stud
high-quality single crystalline CeNiSn near the Ce 4d→4 f
absorption edge, together with CIS and CFS yield meas
ments. Both the partial spectral weight~PSW! distribution of
Ce 4f electrons and the bulk Ce valence have been de
mined. In addition, high-resolution photoemission measu
ments have been performed at low photon energies, w
allows us to determine the character of electronic states
EF .

II. EXPERIMENTAL DETAILS

Single crystals of CeNiSn were grown by the Czochral
pulling method by using a tungsten crucible in an rf furna
under purified helium gas at a pressure of 4 kg/cm2. Ingots
were 4–5 mm in diameter and 50 mm in length. The ing
were determined to be single crystal from x-ray Laue p
terns. Photoemission experiments were carried out at
Ames/Montana ERG/Seya beam line at the Synchrotron
diation Center. The samples were cleaved in vacuum wi
base pressure better than 4310211 Torr. Samples were
cooled down toTmsr'20 K using a closed cycle He refrig
erator. The Fermi level and the overall instrumental reso
tion of the system were determined from the valence-b
spectrum of a sputtered Pt foil. The total instrumental re
lution @full width at half maximum~FWHM!#, due to both
the monochromator and the electron energy analyzer,
about 150 and 250 meV athn;20 and 120 eV, respectively
High-resolution photoemission spectra were taken w
FWHM of 40–50 meV. The photon flux was monitored b
the yield from a gold mesh and all the spectra reported
normalized to the mesh current.

III. RESULTS AND DISCUSSION

A. Energy distribution curves over wide hn range

Figure 1 shows the valence band energy distribut
curves~EDC’s! of CeNiSn in the photon energy (hn) range
of 14–121 eV, which includes both the Ni 3p and Ce 4d
absorption thresholds. In our study, no angle-resolved eff
were observed, probably because of the rough surface to
raphy after cleavage. So the spectra in this paper can
considered angle integrated. The variation in the line sh
with varying hn reflects the change in the relative photoio
ization cross sections of different electronic states.21 hn
5121 eV andhn5115 eV correspond to the on- and of
resonance energies due to the Ce 4d→4 f absorption,
respectively.22 Therefore the emission enhanced athn5121
eV @betweenEF and about 3 eV in binding energy~BE!# can
be identified with the Ce 4f emission. This finding implies a
substantial contribution from Ce 4f states to the emissio
close toEF , which will be discussed further in connectio
with the results shown in Fig. 3.

The off-resonance spectrum athn5115 eV is dominated
by the Ni 3d emission. The main features in the EDC hard
change fromhn'115 eV down tohn563 eV, consistent
with dominant Ni 3d emissions in this photon energ
l-
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range.21 The intensity atEF relative to that of the Ni 3d main
peak~1.4 eV in BE! in this photon energy range also ind
cates the presence of Ni 3d states nearEF . hn568 and 63
eV correspond to the Ni 3p→3d on- and off-resonance en
ergies, respectively. Athn568 eV, the main peak around 1.
eV in BE and the satellite peak around 6 eV below the m
peak can be roughly assigned to the 3d9cm21 and 3d8cm

final-state configurations~assuming the initial-state configu
ration as 3d9cm), respectively, as in pure Ni metal (c: con-
duction or ligand electrons!.23 The satellite structure assoc
ated with the Ni 3d bands cannot be explained by on
electron band theory, since it arises from the Ni 3d Coulomb
correlation.

At low hn ’s ~14–30 eV!, besides the Ni 3d main peak at
1.4 eV BE, three other weak structures are observed; atEF ,
;0.8 eV, and;2.2 eV in BE, which diminish with increas
ing hn. At these lowerhn ’s, the cross sections (s) of Snsp
and Ce 5d states become comparable to that of the Nid
electrons,

b[
s~Sn sp!1s~Ce 5d!

s~Ni 3d!
;2 at hn;20 eV, ~1!

whereas they become negligible at higherhn ’s,

b,0.02 at hn;80 eV. ~2!

Therefore these three weak structures reflect the Snsp and
Ce 5d emissions. This conclusion implies that the Snsp and
Ce 5d states in CeNiSn are spread over the whole vale
band, i.e., fromEF to ;4 eV below.

In Fig. 1, a shoulderlike structure nearEF is observed,
which has not been observed in Ref. 17. This difference
flects better energy resolution and the better quality of
samples employed in this study. This feature is more clea
seen in Fig. 2, which reveals the spectral trend nearEF with
varyinghn; As hn decreases from 90 to 55 eV, the intens

FIG. 1. EDC’s of CeNiSn over a wide photon energy (hn)
range.
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at EF increases slightly with respect to that of the Ni 3d main
peak. This is due to the increase in the Snsp and Ce 5d
cross sections, with respect to that of the Ni 3d electrons:
b,0.02 athn;90 eV andb,0.1 athn;50 eV. Thus the
results shown in Fig. 2 confirm the presence of Snsp and Ce
5d states nearEF . By combining the findings in Figs. 1 an
2, it is concluded that the electronic states at the Fermi e
in CeNiSn have mixed character, i.e., a mixture of the Snsp,
Ce 5d, Ce 4f , and Ni 3d character. Indeed this conclusion
consistent with our band-structure calculations,24 in which
the ground state of CeNiSn becomes semimetallic, and th
states that crossEF have dominant character of Ce 4f elec-
trons ~40–70 %! and also non-negligible contributions from
the Ce 5d ~5–25 %!, Ni 3d ~5–25 %!, and Snsp ~8–10 %!
electrons. These predictions are similar to those of Ref.
except that an the insulating ground state is predicted in R
14.

B. Ce 4f spectrum

Figure 3 presents the subtraction procedure of the Ced
→4f off-resonance spectrum~dashed line! from the on-

FIG. 2. Comparison of valence-band photoemission spectr
CeNiSn withhn555,63,90 eV.

FIG. 3. The extracted Ce 4f spectrum~dots! of CeNiSn, ob-
tained from subtraction of the Ce 4d→4 f off-resonance spectrum
~dashed lines! from the on-resonance spectrum~solid lines!. See
text for the details.
ge

se

4,
f.

resonance spectrum~solid line!, and the difference curve
~dots! that is assumed to represent the extracted Ce 4f partial
spectral weight~PSW! distribution. The off-resonance spec
trum has been scaled to account for thehn dependence of the
Ni 3d cross section.25 The difference curve exhibits thre
prominent features at about 0.3 eV (A), 0.9 eV (B), and 2.7
eV (C) in BE. In addition to the two peak structures (A,C),
an extra peakB exists in the 4f derived PSW of CeNiSn.
Any ambiguity in the extraction of the Ce 4f PSW and the
nature of the structureB will be discussed further later in th
context of the contribution from the Ce 5d PSW.

The peaksA and C are reminiscent of the well-known
double-peak structures observed in Ce metal and Ce c
pounds. The peakC corresponds to the 4f 1→4 f 0

transition,26 while the 4f spectral intensity close toEF(A) is
known to correspond to the 4f 1cm21 final state and to reflec
the strength of the hybridization between Ce 4f and
conduction-band electrons in several differe
approaches.22,27–29In the LDA ~local-density approximation!
band theoretical view,27 the peak nearEF is interpreted as the
ground-state Ce 4f band, corresponding to the fully relaxe
4 f 1cm21 final states. However, the LDA band approach
not able to account for the strong Coulomb correlation in
4 f electrons. On the other hand, the Gunnarss
Schönhammer~GS! theory28 based on the degenerate imp
rity Anderson Hamiltonian~IAH !, assuming Ce 4f electrons
to be essentially localized, has been considered to be a g
model for describing the Ce 4f electrons. According to the
GS theory, the 4f spectral feature close toEF corresponds to
the tail of the Kondo resonance that originates from the
bridization interaction between Ce 4f and conduction-band
electrons. In contrast, recent high-resolution PES studies
Ce compounds indicates that theT-dependence and/o
k¢-dependent effects of Ce 4f near-EF peaks are inconsisten
with the predictions of the IAH model.30–32 Therefore the
detailed origin of the nearEF peak is still controversial.

Despite the controversy surrounding the origin of the n
EF feature, the high intensity of peakA suggests large hy
bridization, as explained below. The average separation
tween Ce sites in CeNiSn (d53.82 Å! ~Ref. 4! is larger than
the critical Ce-Ce distance in the Hill plot~3.3–3.5 Å!,33

beyond which the Ce 4f electrons are observed to form loc
moments. This separation is even larger than that ina-Ce
~3.39 Å! andg-Ce ~3.65 Å!,27 suggesting that the direct in
teraction between near-neighbor Ce 4f electrons is negli-
gible in CeNiSn. The interaction between Ce 4f electrons
should be mediated by the hybridization between Ce 4f elec-
trons and conduction-band electrons, such as Ce 5d, Sn sp,
and Ni 3d electrons. The Ni 3d wave function is more lo-
calized than the Ce 5d or Snsp wave functions, yielding a
smaller overlap with the 4f wave functions on nearest
neighbor Ce sites, and hence one expects the Ce 4f –Ni 3d
hybridization to be smaller than the Ce 4f –Ce 5d or Ce
4 f –Snsp hybridization. This argument is supported by th
observation that the intensity of the main Ni 3d peak~at 1.4
eV in BE! is much stronger than that of the nearEF peak in
the Ni 3d PSW, whereas, in the Ce 4f PSW, the intensity of
peak A is comparable to that of peakB. In addition, the
average nearest-neighbor separation between Ce and S
oms ~3.27 Å! is much shorter than that between Ce and
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atoms~3.82 Å!,4 suggesting that the Ce 4f –Snsp hybridiza-
tion is larger than the Ce 4f –Ce 5d hybridization. Therefore
we conjecture that the hybridization between Ce 4f and Sn
sp electrons is the major origin of the near-EF peakA in the
Ce 4f PSW. To obtain a solid picture on the hybridizatio
interaction in CeNiSn, it will be necessary to calculate h
bridization matrix elements, which is in progress.

The Ce 5d emission is known to resonate at the 4d ab-
sorption edge as well.34,35 Neither the portion nor the line
shape of the Ce 5d PSW is known for CeNiSn yet, but it is
likely that a substantial contribution from the Ce 5d PSW
lies under the structureB, as explained below. It is interes
ing to note that the three peak structures of the Ce 4f PSW
of CeNiSn~see the difference curve in Fig. 3! are also seen
in CeBe13.34 In the case of CeBe13, the Besp PSW has two
peaks, one nearEF and the other at about 1.5 eV in BE, wit
the latter being located near the middle peak in the Cef
PSW. The middle peak in CeBe13 has been assigned main
due to the Ce 5d PSW hybridized with the Besp electrons.
In CeNiSn, the peakB is located close to that of the Ni 3d
main peak, suggesting that it is due to the hybridization
the Ni 3d electrons of the Ce 4f or 5d electrons. Moreover
since the Ce 5d wave functions have a larger overlap wi
the Ni 3d wave functions than the Ce 4f wave functions
both in space and energy, it is likely that the featureB has a
substantial contribution from the Ce 5d PSW.36 This inter-
pretation is consistent with the finding that no feature likeB
has been observed in the Ce 4f PSW of CeSn3, in which the
Sn sp PSW is rather structureless.37

C. High-resolution PES near the Fermi level

Figure 4 compares high resolution PES spectra of CeN

FIG. 4. High-resolution photoemission spectra of CeNiSn~solid
lines! in the vicinity of the Fermi level taken athn514 eV and 26
eV, in comparison with those of Pt metal~dots!. All the spectra
were obtained with the same measurement conditions; around
and with the total resolution of 40–50 meV.
-

o

n

~solid lines! in the vicinity of EF with those of Pt metal
~dots!. These spectra were taken with the same experime
conditions; atTmsr'20 K, and with FWHM540250 meV.
In this comparison, two spectra are scaled to each other.
dotted lines in the spectra of Pt metal are the results o
fitting using the Fermi-Dirac distribution function convo
luted with a Gaussian function. In fitting the spectra of Pt,
have assumed a flat DOS with a nonzero slope that is cu
at EF by the Fermi-Dirac distribution function. The Gaussia
function has been used to simulate the instrumental res
tion.

The fact that the slope of the photoemission spectra
CeNiSn atEF is very similar to that of Pt indicates a finit
metallic DOS atEF in CeNiSn. Even though the PES spe
trum is measured aboveTg , it should at least reflect the
ground-state DOS. The finite metallic DOS would be cons
tent with the recent report of a metallic ground state7 and a
pseudogap that closes along some direction. The pre
analysis, however, does not eliminate the possible existe
of a V-shaped DOS of width 5 meV atEF ~Ref. 12! because
of the finite resolution. Further, there is a possibility of t
V-shaped DOS that exists over only part of the Fermi s
face. Our experiment does not allow to determine the an
tropic electronic structure of CeNiSn, because the spectra
effectively angle integrated.

Finally, it would be worthwhile to point out that, in ou
high-resolution photoemission measurements of CeNiSn
spectral feature has been observed around 280 meV in
that corresponds to the spin-orbit sideband of the Cef 1

final state.38 This is probably because the PES spectrum
hn526 eV is not dominated by Ce 4f emission, but rather
by Ni 3d and Snsp emission.

D. Yield spectra and Ce valence

Figure 5 shows the yield spectra, taken in the CIS mo
across the 4d→4 f absorption threshold, for different initia
state energiesEi in the valence band. The spectra have be
scaled to have the same magnitude at the peak. Each
yield spectrum represents thehn dependence of an initia
state. The top curve is the CFS yield spectrum taken wit
kinetic energyEK of 2 eV. The well-known Fano-like reso
nance in the Ce 4f cross section is clearly observed in th
CIS spectra in Fig. 5. The line shapes of the Ce 4f CIS and
CFS yield spectra in CeNiSn are very similar to those of
metal,39 for which the Ce valence is close to 31. Further, the
line shape of the Ce 4f CIS in CeNiSn is essentially the
same for different values ofEi over the Ce 4f PSW, indicat-
ing that the 4f emission does not have separate contributio
from different valence states. Thus these Ce 4f CIS spectra
provide evidence that the valence of Ce is close to 31 in
CeNiSn. The CFS yield spectrum of CeNiSn shows no in
cation of a separate 4d→4 f absorption process correspon
ing to a different valence state, also suggesting that str
mixed valence does not occur in CeNiSn. This conclus
will be confirmed by fine structures in the CFS spectrum~see
Fig. 6 below!. Drawing a quantitative conclusion on the v
lence of Ce, however, requires a detailed theoretical anal
of the 4f CIS.40–42

Figure 6 compares fine structures in the CFS yield sp
trum of CeNiSn at the onset of the 4d absorption with those

K
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in the absorption spectra of Ce metal and Ce oxide, wh
are reproduced from Haensel, Rabe, and Sonntag.43 It is
clearly shown that the CFS fine structures of CeNiSn
very similar to those in the absorption spectrum of Ce me
but quite different from those of Ce oxide. It is known th
the energy separations and relative strengths among the
structures in the absorption spectrum of Ce oxide are v
similar to those of La metal, but energy shifted from La d
to the different core potential.44 La metal has nearly no 4f
electrons in the ground state, and hence this indicates tha
ions in Ce oxide have nearly 4f 0 configurations, which cor-
responds to the formal valence of Ce 41. Therefore the
comparison in Fig. 6 provides a fingerprint that there is
formal Ce 41 state in CeNiSn, implying that the valence
Ce in CeNiSn is very close to 31.

IV. CONCLUSIONS

The electronic structure of single crystalline CeNiSn h
been investigated using photoemission spectroscopy. The
tracted Ce 4f PSW extends betweenEF and about 3 eV
below and exhibits three peak structures, including the w
known double peak structures and another peak loc
about;0.9 eV in BE. According to thehn dependence o
each feature, a large portion of the near-EF peak arises from

FIG. 5. CIS yield spectra of CeNiSn taken at initial state en
giesEi of 20.4,21.3,22.8, and26.5 eV, respectively. The spec
trum at the top is the CFS yield spectrum taken with a kine
energyEK of 2 eV.
p
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the Ce 4f –Snsp hybridization. The 0.9 eV peak reflects th
Ce 4f –Ni 3d hybridization, and it also has a non-negligib
contribution from the Ce 5d PSW that arises from a large C
5d–Ni 3d hybridization. At the Ni 3p→3d on-resonance
energy, a satellite feature has been observed about 6 eV
low the Ni 3d main band, indicating a strong Ni 3d Cou-
lomb correlation in CeNiSn. The Snsp and Ce 5d states are
found to spread over the whole valence band, i.e., fromEF to
;4 eV below.

The high-resolution photoemission study of CeNiSn in
cates a finite DOS atEF aboveTg , suggesting a semimetalli
ground state. Thehn dependence of the intensity atEF indi-
cates that the electronic states nearEF have mixed characte
of the Ce 4f , Ce 5d, Ni 3d, and Snsp electrons. CIS and
CFS yield spectra near the 4d threshold are very similar to
those of Ce metal, indicating that the Ce valence is close
31.
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