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Metallic ground state of CeNiSn
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The electronic ground state of CeNiSn has been investigated by means of specific-heat measurements below
2 K in magnetic field up to 5 T using a high-quality single crystal. Unusual temperature and field dependence
of specific heat reveals that the density of states of CeNiSn has a peak atEF inside the pseudogap. We claim
that CeNiSn is no longer a Kondo insulator but a metal at the lowest temperature.@S0163-1829~99!01204-7#
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I. INTRODUCTION

The crystal structure of CeNiSn is of an orthorhomb
e-TiNiSi type.1 Reflecting the crystal structure, the electron
and magnetic properties exhibit strongly anisotro
behavior.2 When magnetic field is applied along thea axis,
which is the easy magnetization axis, significant field effe
are observed in various electronic properties. Sommer
coefficientg of specific-heat3 and spin-lattice relaxation rat
1/T1 observed by nuclear magnetic resonance of119Sn ~Ref.
4! suggest a V-shaped pseudogap with a residual densi
states~DOS! around the Fermi levelEF . Ikeda and Miyake5

have theoretically predicted that a residual DOS could int
sically exist inside the pseudogap. The specific heat2 below 1
K indicates that the pseudogap is strongly suppresse
magnetic field higher than 8 T along thea axis.

In the early stage of the study on CeNiSn,2 electronic
resistivity exponentially increased below 6 K with decreas-
ing temperature. Therefore, CeNiSn was called a ‘‘Kon
semiconductor’’ or ‘‘Kondo insulator.’’ Recently, Nakamot
and co-workers6–8 succeeded in drastic amelioration
sample quality of CeNiSn single crystals and showed that
semiconductorlike temperature variation changes to a me
lic one with improving the sample quality. Among th
typical impurities (Ce2O3,CeNi2Sn2, and Ce2Ni3Sn2) in
CeNiSn, the amounts of Ce2O3 and CeNi2Sn2 were de-
creased below the detection limit of electron-probe m
croanalysis~EPMA! using the Czochralski technique with
hot tungsten crucible baked in a silica tube of the rad
frequency furnace. They found that only the solid-state e
trotransport ~SSE! treatment can reduce the amount
Ce2Ni3Sn2 to less than 0.1%. The SSE treatment for 16 d
not only decreases the impurities but also decreases
structural imperfection and strain. In fact, the half width
the rocking curve of neutron-diffraction peaks~200! and
~002! were decreased from 3° to 0.4°. Two impurity pea
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in specific heat vanished andT-independent value ofC/T
below 1 K decreased from 57 to 40 mJ/K2 mol. In the
present work, we use the best sample among the single c
tals grown with the SSE technique by Nakamoto and
workers.

The change in the temperature dependence of the resi
ity of CeNiSn from the semiconductorlike to the metallic o
shows a prominent contrast with the typical Kondo insulat
YbB12 and Ce3Bi4Pt3 for which the increasing ratio of resis
tivity at low temperatures becomes larger by improvi
sample quality.9,10 The semiconductorlike conduction prev
ously observed in CeNiSn is presumably due to carrier loc
ization by impurities and/or imperfection. Ikeda and Miyak5

showed theoretically that the shape of the gapped D
aroundEF is easily changed by impurity. In fact, the impu
rities might veil the intrinsic property in early samples. Thu
the sample quality is of essential importance for the study
this material.

Prior to this work, we found clear field dependence
specific heat for high-quality single-crystalline CeNiS
above 2 K in thefields m0H up to 14 T along thea axis.11

The field dependence in the temperature range at least a
4 K is well reproduced within the framework of a rigid-ban
model by assuming the Zeeman splitting of a V-shaped
with a residual DOS atEF . At lower temperatures below 3.
K, however, the calculated value with the rigid DOS mod
tends to deviate from the experimental data in high fie
suggesting that the electronic state aroundEF is dynamically
changed at lower temperatures by applying magnetic fi
The electronic state in a small energy scale should be
intrinsic ground state of CeNiSn. In order to study the de
of the electronic state inside the pseudogap, we have
formed specific-heat measurements below 1 K. In this pa
we report the low-temperature specific heat in magnetic fi
up to 5 T and discuss the ground state in terms of an e
tronic state formed inside the pseudoenergy gap.
2599 ©1999 The American Physical Society
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II. EXPERIMENT

A single crystal of CeNiSn used in this work was grow
by the Czochralski technique using a radio-frequency f
nace with a hot tungsten crucible in a purified Ar atm
sphere. The sample was purified by a SSE method with
rent density of 600 A/cm2 in a vacuum of 131029 Torr for
16 days. The surface of the crystal was carefully polish
because impurities on the surface results badly. The impu
concentration of Ce2O3 and CeNi2Sn2 in the crystal has been
confirmed under the detection limit of the metallograph
examination and EPMA and that of Ce2Ni3Sn2 has reduced
less than 0.1%.6,8 Details of sample preparation and chara
terization are described elsewhere.6 The purified sample
shows metallic conduction with the smallest residu
resistivity8 that we have ever obtained, indicating that t
sample used in this work is of best quality. Molar speci
heat was measured from 0.13 to 2 K in magnetic field up to
5 T using an adiabatic calorimeter suspended from the m
ing chamber of a3He-4He dilution refrigerator via a super
conducting heat switch made of Pb.

III. RESULTS AND DISCUSSION

The electronic contribution to specific heatCel was evalu-
ated by subtracting both the nuclear contribution and
phonon contribution from the experimental data. The nucl
contribution CN is expected from the nuclear spin o
61Ni,115Sn,117Sn, and 119Sn. We estimatedCN as specific
heat of Schottky-type. The amount ofCN is about 7% of the
total specific heat at 0.15 K in the field of 5 T. The phon
contributionCph was estimated asCph5bT3 by fitting the
specific heat of LaNiSn in the absence of field toC5gT
1bT3 at low temperatures. The values we used areg
511.4 mJ/K2 mol and b50.49 mJ/K4 mol ~Ref. 3! and
their field dependence was neglected. Figure 1 shows
temperature dependence ofCel /T at selected magnetic field
along the a axis. With decreasing temperature,Cel /T

FIG. 1. Electronic specific heat divided by temperatureCel /T at
selected magnetic fields up to 5 T along thea axis. The inset shows
temperature dependence ofCel /T on a linear scale. The solid line
are guides for the eye.
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slightly increases below; 0.5 K, indicating an enhance
DOS aroundEF . With increasing field,Cel /T below 0.5 K
rapidly decreases and shows a minimum around 2 T.
amount of decrease is more than 30% around 0.15 K at
After marking the minimum,Cel /T increases with the mag
netic field. A similar field effect on specific heat has be
found in a preliminary work.12 Such a sensitivity of specific
heat to the magnetic field was not observed in low-qua
samples2 in field between 0 and 4 T below 0.8 K. The inset
of Fig. 1 showsCel /T below 0.8 K on a linear scale. Fo
H>1 T, Cel /T decreases linearly with temperature belo
0.6 K. The solid lines in the inset of Fig. 1 are guides for t
eye. Except for a very narrow temperature region, we do
see the lnT dependence ofCel /T, which is frequently dis-
cussed as a non-Fermi liquid.

Temperature dependence ofCel /T between 0 and 1 T are
plotted in Fig. 2. The clear field dependence is obser

FIG. 2. Low-field part ofCel /T plotted as a function ofT.

FIG. 3. Magnetic-field dependence ofCel /T at various tempera-
tures.
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below 0.5 K in contrast with no appreciable field depende
above 0.5 K. As the field increases at a fixed tempera
below 0.2 K,Cel /T increases and shows a maximum arou
0.2 T. With further increasing field,Cel /T steeply decrease
down to the value at the field of 1 T. The maximum arou
0.2 T is possibly due to a fine structure of the DOS.

To show the field dependence more clearly,Cel /T is re-
plotted in Fig. 3 as a function of the field at several tempe
tures. At 0.2 K,Cel /T suddenly decreases with increasi
field up to 1 T. With further increasing field, the decreasi
rate is reduced andCel /T attains a minimum value in a field
around 2 T. In higher field,Cel /T increases monotonically
As temperature is elevated, the field dependence beco
smooth; especially the low field structure is smeared
around 0.5 K. In the recent work13 on the longitudinal mag-
netoresistance along thea axis, a minimum and a peak o
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Gaussian-type have been found below 0.3 K at 0.2 and 0
T, respectively. At the field of 0.2 T where the magneto
sistance shows the minimum,Cel /T shows the maximum in
its field dependence. Around 0.77 T, the decreasing rat
Cel /T becomes a maximum. This close correspondence
tween magnetoresistance andCel /T in field is attributable to
a field-induced change in the DOS.

To explain the unusual enhancement ofCel /T below 0.5
K in zero field and substantial decrease inCel /T by applying
field, we have tried to fit the data by assuming an additio
peak inside a V-shaped pseudogap as illustrated in Fig
The value ofuEl2Ehu is defined to be the width of the re
sidual DOS in this calculation. The field effect is assumed
the Zeeman splitting of the partial DOS,N1(E) andN2(E),
for the up-spin and down-spin band without a change of
DOS shape. The total DOS,N(E), is calculated as
N~E!5N1~E!1N2~E!, ~1!

N6~E!5
A

p

~D/2!

~E2EF7EZeeman!
21~D/2!2

for uE2EF7EZeemanu>D, ~2!

N6~E!5
A

pH S N02
~D/2!

D21~D/2!2D uE2EF7EZeemanu2W

W2D
1N0J for W<uE2EF7EZeemanu,D, ~3!

N6~E!52
A

p

dN

W
uE2EF7EZeemanu1Ñ01dÑ for uE2EF7EZeemanu,W, ~4!
ap.

es
he
whereD, D, andW are the half-widths of the main Loren
zian DOS, the V-shaped pseudogap, and the bottom of
gap, respectively. A normalization factorA is determined so
as to satisfy a condition*N(E)dE51. The parameter 2Ñ0

FIG. 4. Schematic DOS with an additional peak structure ins
a V-shaped gap. The top figure is the overall DOS. The clos
illustration of the gap bottom is given in the bottom of the figu
The parametersD, D, andW are the half-width of the main DOS

the V-shaped gap, and the bottom of the gap, respectively. 2Ñ0 and

2dÑ are the magnitude of the residual DOS and the height of
additional peak.
he
52(A/p)N0 is the residual DOS and 2dÑ52(A/p)dN is the
height of the additional peak at the bottom of the pseudog
The magnitude of the Zeeman splitting is given asEZeeman
56gJuJzumBH for N2(E) and N1(E). Here,gJ , Jz , and

e
p

.

e
FIG. 5. The fitting by our DOS model. Solid and broken curv

representCel /T calculated for 0 and 2 T, respectively, by using t
DOS model shown in Fig. 4.



r
th

l-
-

id
re

th

a
ha
-
ze
v
ly
o

he
o
d

e
e

h
-

he
le
y-
he
th
em
,
l-

t

e
-

s
i

of

i-

he
e

as
am-
ri-
is

s
w-
sult
ed

lity
so
lso
l

ce

use
rmi
e

of

e

t in

2602 PRB 59KOICHI IZAWA et al.
mB are the Lande´ g factor, thez component of total angula
momentum, and the Bohr magneton, respectively. Using
DOS, specific heat is calculated as

Cel5NAE
2`

`

EN~E!
] f ~E,T!

]T
dE, ~5!

whereNA is the Avogadro number andf (E,T) is the Fermi-
Dirac distribution function. In this calculation, we have a
ways kept the parametergJuJzu equal to 1.10, which we de
termined with the specific-heat data above 2 K reported in
the previous paper.11 The fitted results are shown by sol
and broken curves in Fig. 5. The zero-field data is well
produced with the parametersD540 K, D525 K, W

52.0 K, Ñ05(A/p)N056.831024 K21, and dÑ51.6
31024 K21, where N052.531023 K21. Therefore, we
have revealed that the DOS of CeNiSn below 0.5 K has
peaked structure inside the pseudogap.

From the Hall-coefficient measurement, a strong decre
of the carrier concentration due to the gap formation
been suggested at low temperatures.13 The carrier concentra
tion decreases down to 0.0012 /f.u. at 0.5 K if one analy
the data assuming a one carrier model. Concerning the
ues ofCel /T and the carrier concentration, we can rough
estimate the Sommerfeld coefficient per one carrier
;104 mJ/K2 mol. This argument strongly suggests that t
electronic state in the bottom of the pseudogap consists
renormalized quasiparticle with enhanced effective mass
to a many-body effect.

In contrast with the successful fitting for zero field, th
broken curve calculated for 2 T deviates remarkably from th
experimental data with 30% reduction inCel /T at 0.2 K, so
long as the same parameter ofgJuJzu51.10 is used and the
Zeeman splitting of the rigid partial bands is assumed. T
theory by Ikeda and Miyake,5 which well reproduces previ
ous experimental results,3,8,14,6 predicted that neither the
DOS aroundEF is enhanced at low temperatures nor t
DOS is drastically suppressed by the field. Hence, the e
tronic property of CeNiSn is likely governed by a man
body effect, which first forms a Kondo resonance peak, t
a pseudogap atEF , and finally a new quasiparticle state wi
small characteristic energy at the bottom of the gap as t
perature is lowered. The peak formed in DOS below 0.5 K
it is intrinsic, is possibly an indication for a new-type meta
lic ground state in CeNiSn.

Considering the energy scale of the new ground state,
electronic state should have a characteristic temperatureT*
<1 K sinceCel /T increases below 0.5 K at zero field. Th
characteristic temperatureT* ;1 K corresponds to the Zee
man energyEZeeman/kB5gJuJzumBH/kB for 1 T. It is quite
reasonable that the new electronic state aroundEF is dynami-
cally destroyed by the magnetic field of;1 T. Thus, the
initial decrease inCel /T can be interpreted as the suppre
sion of the new electronic state by field. The increase
Cel /T above 2 T is reasonably explained by the overlap
the regions aboveEh and belowEl in our DOS model~Fig.
4! due to the Zeeman splitting. The initial decrease inCel /T
has not been found above 1 K probably because the add
e
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tional peak structure in the DOS vanishes above 0.5 K. T
T-linear dependence ofCel /T above 1 T suggests that th
DOS is proportional touEF2Eu above 1 T.

In the above discussion, the new peak in the DOS w
assumed as a new intrinsic state of CeNiSn. We must ex
ine possibilities that the peak arises from any extrinsic o
gin. One of the most likely cases is that an impurity band
responsible for theT andH dependence ofCel /T. However,
the upturn ofCel /T below 0.5 K at zero field become
clearer with purifying the crystal, suggesting that the lo
temperature enhancement in specific heat is unlikely to re
from impurities. The remarkable field effect was observ
below 4 T for the high-quality crystal in this work. No field
dependence was observed in specific heat for low-qua
samples.2 The impurities might blur the quasiparticle band
as to veil the field dependence of specific heat. We a
measured the specific heat forHic. The results for severa
fields are plotted in Fig. 6. In contrast with the case forHia,
no significant reduction inCel /T was observed from 0.13 to
2 K even at 5 T. This strongly anisotropic field dependen
agrees well with the behavior above 2 K in which the sig-
nificant field effect is found only forHia not for Hib or
Hic. If the low-temperature upturn inCel /T arises from
impurities, isotropic field dependence is expected beca
the randomness introduced by the impurities make the Fe
surface more isotropic. Thus, it is difficult to explain th
strongly anisotropic field dependence ofCel /T by impuri-
ties. We believe that our findings are an intrinsic property
CeNiSn.

IV. CONCLUSION

We have observed for high-quality single-crystallin
CeNiSn the unusual upturn ofCel /T below 0.5 K as well as
the strong suppression of low-temperature specific hea

FIG. 6. Temperature dependence ofCel /T for Hic, which
shows weak-field dependence.
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field below 1 T applied along thea axis. TheT and H de-
pendence suggests a growth of a new electronic state du
a many-body effect inside the pseudogap at low temp
tures. From this fact, we propose that CeNiSn is a differ
type of strongly correlated metal although this compound
been classified as a Kondo insulator so far.
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