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Positron lifetime measurements and electronic structure of CeNiSn

A. Bharathi,* Y. Hariharan, and C. S. Sundar
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~Received 8 September 1999!

Positron lifetime measurements have been carried out in CeNiSn, in the temperature range of 5 to 300 K. In
the 300 and 150-K temperature interval the positron lifetime is seen to decrease from 17861 to 17661 ps.
Below 150 K the lifetime shows a gradual increase and attains a value of 18161 ps at 35 K, below which the
lifetime shows a small decrease. This behavior of the positron lifetime is seen to correlate with earlier mea-
surements@Y. Uwamotoet al., J. Magn. Magn. Mater.104, 643 ~1992!# on the thermal expansion coefficient
in CeNiSn, which has been understood in terms of electronic structure changes associated with the system
transforming from an independent Kondo regime to a Kondo insulating state, via an intermediate mixed valent
regime. Strong support for these electronic structure changes are provided byab initio positron lifetime
calculations which are seen to be in good agreement with the positron experiments.
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I. INTRODUCTION

A special class of strongly correlated electron syste
termed Kondo insulators have recently attracted consider
attention.1,2 The number of systems that exhibit the Kon
insulating behavior are few and generally occur in cu
systems,1,3 viz. SmB6, Ce3Bi4Pt3 , YbB12, FeSi, etc., in
which the cubic structure leads to a simple band struc
close to the Fermi energyEF . The only exceptions in this
category are CeNiSn and CeRhSb, which crystallize in
e-TiNiSi orthorhombic structure.3 The occurrence of the
Kondo insulating ground state in CeNiSn has been un
considerable debate. Early experiments using polycrysta
samples show4 a transport gap, 5 K in magnitude, while mea-
surements in single-crystal samples show5 that the gap is
anisotropic, being insulating along thec direction and metal-
lic along thea and b directions. More recent resistivity ex
periments on very pure single crystals of CeNiSn indicat
metallic ground state6 but specific-heat measurements, H
measurements, and magnetic susceptibility experiments
both single and polycrystalline samples point to the prese
of a gap close toEF .6–8 The CeNiSn system also exhibi
anomalous thermal expansion9 and temperature dependen
of elastic constants.10 The thermal expansion coefficientsaa
and ab and the elastic constantsC11, C22, and C33 show
anomalies at;150 and;10 K, respectively. These anoma
lies correlate with maxima in the resistivity in these samp
seen along the three different crystallographic direction5

and can be understood11,12by considering that the system ha
two characteristic temperatures of the order of 150 and 10
The higher characteristic temperature is associated11,12 with
the system smoothly transforming from an independ
Kondo to a mixed valent regime and the lower characteri
temperature with the opening of the Kondo insulating ga

The formation of the Kondo insulating gap has been c
ventionally explained in terms of the formation of a loc
singlet in the strong-coupling limit,1 or alternately due to the
opening of an hybridization gap,13,14 in the weak-coupling
regime. Band-structure calculations13 in the CeNiSn system
suggest the presence of a semiconducting ground state w
band gap (;217 K!, with the valence band comprising o
Ce-5d, Ni-3d, Sn-5p, and Ce-4f electrons. Recent neutron
scattering experiments14 provide evidence for the hybridiza
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tion of Ce-4f and Ni-3d bands close to the Fermi surfac
But photoemission measurements on this system seem t
dicate that at the Fermi level, apart from the hybridization
the 4f electrons of Ce and the 3d electrons of Ni, there is
also a dominant hybridization of the Sn 5p and Ce 4f
electrons.15 In the present experiments, we have investiga
the Kondo insulating behavior in CeNiSn through
temperature-dependent study of positron lifetime. Suppor
ab initio positron lifetime calculations are used to unravel t
electronic structure changes responsible for the experime
observations. In may be mentioned that recent measurem
in FeSi~Refs. 16 and 17! indicate the sensitivity of the pos
itron lifetime to the opening of a hybridization induce
Kondo insulating gap as a function of temperature.

It is now well established that the positron lifetime me
surement is an excellent probe for the study of electro
structure of solids.18,19The sensitivity of the positron lifetime
t, to either the localized or itinerant nature of the electron
the bulk of a solid, comes about through an enhancem
factor in the electron density. This enhancement factor is
the order of 6 to 10 for itinerant electrons, while it is sma
and of order unity for localized core electrons.18 It is there-
fore expected that a change in the nature of the electron f
localized to itinerant character will have a significant effe
on the measured lifetimes. For example, experiments ac
the valence transition in valence fluctuating systems,
SmS~Ref. 20! and Ce,21 in which the localizedf electrons in
the insulating state gets delocalized under the applicatio
pressure, giving rise to the metallic phase, did show a
crease in lifetime. However since these transitions were a
associated with a decrease in volume it was difficult to u
ambiguously delineate the effects arising from electro
structure changes and lattice contraction.20 The opportunity
to study a pure electronic structure change without an
companying lattice volume change was provided in the F
system which shows a Kondo insulating behavior as o
lowers the temperature.16,17 In positron lifetime measure
ments in the temperature regime where the system goes
the Kondo insulating state, a remarkable decrease in the
itron lifetime was observed.16 This was interpreted to arise a
a consequence of the delocalization of an erstwhile locali
d electron as it hybridizes with ans electron and doubly
10 677 ©2000 The American Physical Society
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occupies the lower more dispersed band, with decreas
temperature.16,17 Here we report on the positron lifetim
measurements done in CeNiSn in the 5- and 300-K temp
ture region and on the computation of the positron den
distribution and positron lifetimes in this system.

II. EXPERIMENTAL DETAILS

CeNiSn samples were prepared by arc melting
~99.9%!, Ni ~99.99%!, and Sn~99.99%! taken in stoichio-
metric proportions several times in a protective, flowing
mosphere of He gas using a tri-arc furnace. The loss
weight after the meltings was less than 1%. The arc me
buttons were vacuum sealed and homogenized, at 100
for 1 week. The homogenized samples were cut using a
mond wheel into slices;0.5-mm thick and;5 mm in di-
ameter. Room temperature x-ray-diffraction~XRD! measure-
ments were carried out using the CuKa radiation. The XRD
patterns could be indexed to ane-TiNiSi, orthorhombic
structure and the sample was found to be monophasic,
lattice parametersa57.538 Å,b54.598 Å, andc57.617 Å
in good agreement with the values reported earlier.14 The
resistance versus temperature was measured in the 4-
300-K regime in a dip-stick cryostat, with the samp
mounted in a pressure contact assembly in a four probe
ometry. As the temperature is lowered from 300 K, the
sistance shows a gradual increase with decrease in tem
ture followed by a steep increase below 50 K. In the 5- a
50-K temperature interval the resistance data could be fi
to an Arrhenius behavior yielding a gap value of 6 K,
accordance with earlier studies on polycrystalline sampl4

The positron lifetime measurements were made using a
fast coincidence spectrometer20 having a time resolution o
260 ps. The positron source,22NaCl deposited on 2.5-mm Ni
foil, was sandwiched between the disks of the CeN
samples in a copper sample cell which was mounted insi
JANIS make continuous flow cryostat, using which the te
perature variation between 300 and 5 K was achieved.

III. RESULTS AND DISCUSSION

The measured lifetime spectra were best analyzedx2

<1.1) in terms of a single lifetime component after taki
into account the annihilations in the source foil.16,20 The re-
sulting temperature variation of the lifetime (t), is shown in
Fig. 1. It can be seen from the figure that the lifetime d
creases from the 300-K value of 17861 to 17661 ps at 150
K. Below 150 K the measured positron lifetime shows

FIG. 1. Positron lifetime vs temperature in CeNiSn sample
the 5- and 300-K range~open circles!. The solid line is guide to the
eye. The expected variation in lifetime due to lattice expansion~see
text! is shown as a dashed line.
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unmistakable increase to 18161 ps at 35 K, below which it
again tends show a small decrease upto the lowest temp
ture of 5 K. This variation int over the temperature rang
was found to show a similar behavior in both the heating a
cooling runs.

The small decrease int in the 300- and 150-K tempera
ture regime, seen in Fig. 1, can be accounted for by ther
contraction of the lattice. The expected decrease due to t
mal contraction, as estimated from theoretical calculatio
~indicated later in the text!, using the lattice constants at
and 300 K~Ref. 14! is shown as a dashed line in Fig. 1.
can been seen from the figure that the experimentally
served slope of the positron lifetime in the 300- and 150
temperature range and that obtained by the calculations
very similar, clearly indicating that in this regime it is lattic
contraction that is responsible for the observed lifetime
havior. Below 150 K, the positron lifetime shows a cle
increase deviating from the linear decrease expected from
lattice contraction. This behavior is therefore unusual a
could arise from electronic structure changes occuring in
temperature regime. At this point we noticed that the
crease oft below 150 K and its saturation below 35 K seem
to be similar to the changes observed in the elastic const
C11 and C33 and the thermal expansion coefficientsaa and
ac as a function of temperature.9,10 In experiments on poly-
crystalline CeNiSn the variation of the volume therma
expansion coefficientav has been obtained in the 4- an
300-K temperature interval.22 When the annihilation ratel,
inverse of the measuredt, andav are plotted as a function o
temperature a striking correlation is observed~cf. Fig. 2!. It
can be seen thatav ~bold line, Fig. 2! tracks the measured
positron annihilation rate~open circles! fairly well. This can
therefore imply that the changes observed by positron l
time and the elastic constants could have the same phy
origin. Such a correlation betweenav and annihilation pa-
rameters is found to be more generic and is seen in o
strongly correlated electron systems.23

It is well known that anomalous thermal expansion is
characteristic feature of valence fluctuating systems and
its origin in the fact that the localizedf level is pinned to the

FIG. 2. Positron annihilation rate vs temperature in CeNi
shown by open circles. The variation of the volume therm
expansion coefficientav taken from Ref. 22 is shown as a soli
line. The ordinate on the right has been offset vertically to show
correlation with the variation of the positron annihilation rate.
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Fermi level.24 A simple physical interpretation24 is that, as
the localizedf electron in the mixed valent state transfe
into the conduction band, the 5d/6s electrons of the rare
earth ion move inwards to screen thef hole and consequentl
decrease the effective radius of the rare-earth ion resultin
a contraction of the lattice. This contraction further results
thed band shifting to lower energies which makes thef elec-
tron transfer into the conduction band more favorable.
increased creation off holes ensues, followed byd electron
screening leading to the anomalous behavior ofav . Calcu-
lations of the positron lifetime in CeNiSn keeping these el
tronic structure changes in view has been attempted, and
be described in the following.

The positron density distribution and the positron lifetim
in the solid is calculated following the method of Puska a
Nieminen25 as described in detail in Ref. 26. The calcu
tional scheme consists of three major steps:~i! construction
of the positron potential;~ii ! numerical solution of the Schro
dinger equation under periodic boundary conditions, and~iii !
calculation of the lifetime, done by evaluating the overlap
the positron and electron densities. The potential experien
by the positron is obtained from a superposition of t
atomic potentials and densities.25 The solution of the Schro¨-
dinger equation has been done under periodic boundary
ditions. The calculated positron density distribution in t
~040! plane in CeNiSn is shown in Fig. 3. From this conto
plot, it is seen that the positron density spans the entire
cell and that the maxima occur in the interstitial regions
tween the metal atoms.

The positron annihilation ratel, an inverse of the posi
tron lifetime t, was obtained as a sum of the core annihi
tion ratelc and valence annihilation ratelv . These are ob-
tained by evaluating25,26 the overlap of the calculate
positron densityuc1(r )u2, with the superposed core and v
lence electron densitiesnc(r ) andnv(r ), respectively, using
the formulas

FIG. 3. The positron density distribution in the~040! plane. The
position of the Ce, Ni, and Sn atoms are indicated. The maxim
of the positron density is seen in the interstitial region between
Ni, and Sn atoms. A uniform positron sampling of all the atoms
also indicated by the calculation of the partial annihilation ra
~Ref. 29!.
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lc516pE uc1~r !u2nc~r !dr , ~1!

lv5E dr @21134nv~r !#uc1~r !u2. ~2!

In order to take into account the effect of lattice contracti
on the positron lifetime, we use the lattice constants fr
neutron-scattering data14 at 300 and 6 K. Using the electroni
configurations for Ce, Ni, and Sn corresponding to the in
pendent Kondo regime~cf. Table I!, the lifetime value at 300
K is estimated to be 184.24 ps, which is seen to decreas
182.41 ps at 6 K. This implies that only a small change
;2 ps is expected due to lattice contraction and this is in
cated as a dashed line in Fig. 1.

Before we proceed further, we would like to point out th
the observed temperature dependence of lifetime cannot
arise due to positron trapping at defects.25 This we rule out
on several counts:~i! At first we note that the theoretically
calculated lifetime of 184 ps is in good agreement with t
experimentally measuredt of 17861 ps, indicating that the
positron annihilates from the Bloch state~cf. Fig. 3!. ~ii ! An
increase in the positron lifetime with a decrease in tempe
ture, seen in Fig. 1, could also arise if positron gets trap
at shallow defects.18 However, such a possibility is unlikely
because in intermetallic systems like CeNiSn, vacancy-t
traps are expected to be deep traps, as in metals.18,19Further,
the increase of the positron lifetime due to thermally ac
vated redistribution of the positron from the bulk to shallo
traps is seen to have a sigmoidal behavior spread ov
wider temperature range,27 when compared to that seen
Fig. 1. Thus we believe that the role of defects in giving r
to the positron lifetime changes seen in Fig. 1 can be ru
out.

Having argued that the lattice contraction and defect tr
ping have no significant role to play in the observed variat
of t, we investigate as to how the temperature depende
seen in Fig. 1 could have come about due to electronic st
ture changes. Since the positron annihilation rate data sh
in Fig. 2 tracks the variation ofav , as a function of tempera
ture we surmise that the origin of the lifetime changes a
that of thermal expansion are correlated. We note that
localization model of Kasuya12 satisfactorily explains the
anomalous thermal expansion and elastic cons
behavior9–12,22as the system makes a smooth transformat
from an independent Kondo to a mixed valent regime. A
cording to this model,12 the electronic structure of the C
atom changes from being predominantly trivalent to being
a mixed valent state with decrease in temperature. There
in the positron lifetime calculations carried out at 300 K, w
consider the Ce atom to be in the trivalent state~electronic
configuration: @Xe#4f15d26S1) and obtain a lifetimet
5184.24 ps, in good agreement with the measured lifet
value of 17861 ps at room temperature.

In the mixed valent state below 150 K, as the localizedf
electron is transferred to the conduction band and thed
electron from the conduction band gets localized close to
Ce core to screen the 4f hole, the resultant 5d hole forms a
bound state with the 4f electron.11,12 In effect both the4 f
and 5d electrons acquire a very local character.The elec-
tronic configuration of Ce in the mixed valent state can th
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TABLE I. A summary of positron lifetime calculations in CeNiSn corresponding to various electr
configurations. The electronic states treated as core electrons, in the calculation oft is indicated in bold.
@Xe#, @Kr #, and@Ar # denote the corresponding inert shell configurations. The lattice constants at 300 an
~Ref. 14!, viz. a57.542 Å,b54.601 Å, andc57.617 Å anda57.500 Å,b54.580 Å, andc57.580 Å have
been used in the lifetime calculations.

Serial number Regime Electronic configuration Calculatedt

1. independent Kondo Ce:@Xe#4f15d26s1 184.24 ps~Ref. 28!
Ni: @Ar #3d84s2

Sn:@Kr #4d105s25p2

lattice constant at 300 K

2. independent Kondo Ce:@Xe#4f15d26s1 182.41 ps
Ni: @Ar #3d84s2

Sn:@Kr #4d105s25p2

lattice constant at 6 K

3. mixed valent Ce:@Xe#4f14 f 15d16s1 190.08 ps
Ni: @Ar #3d84s2

Sn:@Kr #4d105s25p2

lattice constant at 6 K

4. Kondo insulating Ce:@Xe#4f04 f 15d16s1 189.45 ps
Ce-4f Ni-3d hybridization Ni:@Ar #3d94s2

Sn:@Kr #4d105s25p2

lattice constant at 6 K

5. Kondo insulating Ce:@Xe#4f04 f 15d26s1 181.90 ps
Ce-4f Ce-5d hybridization Ni:@Ar #3d84s2

Sn:@Kr #4d105s25p2

lattice constant at 6 K

6. Kondo insulating Ce:@Xe#4f04 f 15d16s1 184.20 ps
Ce-4f Sn-5p hybridization Ni:@Ar #3d84s2

Sn:@Kr #4d105s25p3

lattice constant at 6 K
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be written as@Xe#4f05d* 4 f 15d05d16s1, where 4f 0 hole in
the core of Ce atom is screened by the 5d* electron of the
surrounding atoms. In this process the latter acquiresf
symmetry and has a small spatial extent. To maintain cha
neutrality and to represent the fact that 5d* electron that has
attained anf character with a spatial extent similar to that
a 4f 1 electron in Ce, the electronic configuration of Ce in t
mixed valent state is written as@Xe#4f14 f 15d16s1 for the
purpose of performing the positron lifetime calculations~cf.
Table I!. Note that the electronic configuration of Ce in th
independent Kondo regime was@Xe#4f15d26s1. The elec-
tronic configurations of Ni and Sn in the mixed valent pha
were taken to be same as that used for the positron calc
tion at 300 K. The calculatedt turns out to be 190.08 ps
using the measured lattice constant at 6 K~cf. Table I!. The
resultant increase in the calculated lifetime values is;8 ps,
which is in good agreement with the changes oft seen in the
experiment. Given that we can account for the overall
crease, the observed gradual change int below 150 K can be
attributed to be due to the smooth variation of thef electron
count at Ce as a consequence of its transformation from
independent Kondo regime to the mixed valent regime, a
also reflected in the behavior ofav ~cf. Fig. 2!. The origin of
the increase int can be intuitively understood as follows
ge

e
la-

-

he
is

The 4f orbital radius which is;5 times smaller than that o
the 5d26s orbital, is closer to the nucleus and is hard
sampled by the positron,28 whereas the 5d electrons having a
larger orbital radius have a significant overlap with the p
itron density. Thus the movement of the 5d electrons to
screen the 4f hole, spatially close to the 4f level, reduces its
contribution to the valence annihilation rate, resulting in
increase int, below 150 K.

Figure 1 also shows that below 35 K the increasing tre
in the positron lifetime is arrested andt shows a tendency
towards a small decrease. Since it is this temperature reg
that corresponds to the lower characteristic temperature6–8,11

we think it worthwhile to examine if this change can b
accounted for by the opening of the Kondo insulating g
As mentioned in the Introduction, the band gap in CeNi
could arise on account of the hybridization of the 4f levels
of Ce with 3d levels of Ni at the Fermi surface14 and/or its
hybridization with 5p electrons of Sn.15 Since the positron
probes the three atomic species in CeNiSn with eq
probability,29 we calculatet after hybridization of Ce-4f
with Ni-3d, Sn-5p, and Ce-5d electrons, respectively~cf.
Table I!. According to the hybridization gap model, after th
flat 4f band hybridizes with a dispersed conduction band,
two hybridized electrons doubly occupy the more disper
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band. To implement this in our positron calculations for t
specific case of hybridization between Ce-4f and Ni-3d, we
assume an electronic configuration of Ce in the Kondo in
lating phase to be@Xe#4f04 f 15d16s1 and that of Ni as
@Ar #3d94s2, viz. in effect we transfer the localized Ce 4f
electron, with a flat dispersion, into the more dispersed Nid
level.14 The electronic configuration of Sn remains u
changed at@Kr #4d105s25p2. The calculated value oft for
the lattice constant taken at the 6-K value was observe
decrease to 189.45 ps from the mixed valent phase valu
190.08 ps~cf. Table I!. The calculated lifetimes correspond
ing to alternative hybridization scenarios, viz. when thef
level of Ce hybridizes with the 5d1 level of Ce and that both
the electrons now occupy a more dispersed 5d-like band,
employing the electronic configuration of Ce, Ni, and Sn
shown in Table I, we obtain a decrease in the calcula
lifetime to 181.9 ps. If, however, we assume that the 4f level
hybridizes with the 5p electrons of Sn~cf. Table I!, we ob-
tain a lifetime of 184.20 ps. Thus the small decrease
served int below 35 K in the experiment suggests that t
hybridization of Ce 4f electrons with the 3d electrons of Ni
ro
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is more likely than the alternative possibilities of hybridiza
tion with Ce 5d or Sn 5p electrons.

In summary, the behavior of temperature dependence
the positron lifetime tracks the variation of the therma
expansion coefficient and the electronic structure chan
used to explain the latter also account for the observed va
tion of t. In the 300–150-K temperature range the system
in the independent Kondo regime with Ce in the trivale
state and the small decrease seen in the positron lifetim
this temperature range arises due to thermal contraction.
significant increase int, seen in the 150–35-K range is a
tributable to the smooth transformation of the system into t
mixed valent state. Below 35 K, CeNiSn crosses over in
the Kondo insulating state, arising due to the hybridization
Ce-4f with the Ni-3d electrons. The present positron life
time experiments with support from theoretical calculatio
are in overall consonance with the theoretical prediction30

that the mixed valent state is a necessary prerequisite for
opening of the Kondo insulating gap in dense Kondo sy
tems.
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