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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 upd 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 pEakiratide the pseudogap. We claim
that CeNiSn is no longer a Kondo insulator but a metal at the lowest tempef&80d63-18209)01204-7

[. INTRODUCTION in specific heat vanished aritindependent value o€/T
belov 1 K decreased from 57 to 40 mJkol. In the
present work, we use the best sample among the single crys-
tals grown with the SSE technique by Nakamoto and co-

The crystal structure of CeNiSn is of an orthorhombic
€-TiNiSi type! Reflecting the crystal structure, the electronic
and magnetic properties exhibit strongly anisotropicWorkers

behavior? When magnetic field is applied along theaxis, The change in the temperature dependence of the resistiv-
which is the easy magnetization axis, significant field effectsyy, of ceNisn from the semiconductorlike to the metallic one
are observed in various electronic properties. Sommerfeldhows a prominent contrast with the typical Kondo insulators
coefficienty of specific-hedtand spin-lattice relaxation rate YbB,, and CgBi,Pt; for which the increasing ratio of resis-
1/T, observed by nuclear magnetic resonancé'dn (Ref.  tvity at low temperatures becomes larger by improving
4) suggest a V-shaped pseudogap with a residual density @ample quality:*° The semiconductorlike conduction previ-
states(DOS) around the Fermi leveg. Ikeda and Miyake ously observed in CeNiSn is presumably due to carrier local-
have theoretically predicted that a residual DOS could intrinization by impurities and/or imperfection. Ikeda and Miyake
sically exist inside the pseudogap. The specifichealow 1  showed theoretically that the shape of the gapped DOS
K indicates that the pseudogap is strongly suppressed iaroundEg is easily changed by impurity. In fact, the impu-
magnetic field higher thm8 T along thea axis. rities might veil the intrinsic property in early samples. Thus,
In the early stage of the study on CeNiSelectronic  the sample quality is of essential importance for the study of
resistivity exponentially increased belct K with decreas- this material.
ing temperature. Therefore, CeNiSn was called a “Kondo Prior to this work, we found clear field dependence of
semiconductor” or “Kondo insulator.” Recently, Nakamoto specific heat for high-quality single-crystalline CeNiSn
and co-worker$® succeeded in drastic amelioration of abowe 2 K in thefields woH up to 14 T along tha axis!!
sample quality of CeNiSn single crystals and showed that th&he field dependence in the temperature range at least above
semiconductorlike temperature variation changes to a metatt K is well reproduced within the framework of a rigid-band
lic one with improving the sample quality. Among the model by assuming the Zeeman splitting of a V-shaped gap
typical impurities (CeO3,CeNbSmn,, and CgNizSn,) in with a residual DOS aEg. At lower temperatures below 3.5
CeNiSn, the amounts of G&; and CeNjSn, were de- K, however, the calculated value with the rigid DOS model
creased below the detection limit of electron-probe mi-tends to deviate from the experimental data in high field,
croanalysiSEPMA) using the Czochralski technique with a suggesting that the electronic state aro&qds dynamically
hot tungsten crucible baked in a silica tube of the radiochanged at lower temperatures by applying magnetic field.
frequency furnace. They found that only the solid-state elecThe electronic state in a small energy scale should be the
trotransport (SSB treatment can reduce the amount of intrinsic ground state of CeNiSn. In order to study the detail
Ce&NizSn, to less than 0.1%. The SSE treatment for 16 day®of the electronic state inside the pseudogap, we have per-
not only decreases the impurities but also decreases tHermed specific-heat measurements below 1 K. In this paper,
structural imperfection and strain. In fact, the half width of we report the low-temperature specific heat in magnetic field
the rocking curve of neutron-diffraction peak®00 and up to 5 T and discuss the ground state in terms of an elec-
(002 were decreased from 3° to 0.4°. Two impurity peakstronic state formed inside the pseudoenergy gap.

0163-1829/99/5@4)/25995)/$15.00 PRB 59 2599 ©1999 The American Physical Society



2600 KOICHI IZAWA et al. PRB 59
120 @ —— 70 T I S 3
CeNiSn ¢ 1 F . "
100 |30 | H// a axis W::,,...a ZC/I;IISII o CeNiSn . e
N e a axis o 60 - H// a axis £
p— 40 _ ° (IT.F A:'D $ : &{:
o L . o et o ey
£ 80 30| 5 aT b e = .
N4 s SR W 50 - ]
=S 60 %% olz 0I4 06 STos s = e 7
N 5 . . L8 28,8 0Who,” o’ e
E T(K) s gl E oL = T resy e OT
u 40 | "“-:;..mi“%;j e (T ] N’ — l"”.'”,,.u..m"w" “No o® s 02T
< R : o IT & e o 0AT
QN bo ] 2T by »;’90 g @0 & “ 0.6T
20 o 3T © 30— M 0.8T
A 4T o l;l’
0 . s ST 20 I Lol
0.1 2 3 4 5678 1 2 1 5
: 0.1 1
T (K)

T (K)

FIG. 1. Electronic specific heat divided by temperatQge/T at FIG. 2. Low-field part ofC,,/T plotted as a function of.

selected magnetic fields up 5 T along thea axis. The inset shows
temperature dependence®f,/T on a linear scale. The solid lines
are guides for the eye. slightly increases below- 0.5 K, indicating an enhanced
DOS aroundEg. With increasing fieldCg,/T below 0.5 K
rapidly decreases and shows a minimum around 2 T. The
amount of decrease is more than 30% around 0.15 K at 2 T.
After marking the minimumgC,,/T increases with the mag-
netic field. A similar field effect on specific heat has been
found in a preliminary work? Such a sensitivity of specific

Reat to the magnetic field was not observed in low-quality

Il. EXPERIMENT

A single crystal of CeNiSn used in this work was grown
by the Czochralski technique using a radio-frequency fur
nace with a hot tungsten crucible in a purified Ar atmo-
sphere. The sample was purified by a SSE method with cu

rent density of 600 A/cthin a vacuum of x10°° Torr for ample$in field between 0 ah4 T below 0.8 K. The inset
16 days._The _syrface of the crystal was carefully p_ohshg f Fig. 1 showsCg,/T below 0.8 K on a linear scale. For
because impurities on the surfgce rt_asults badly. The impurity, _ ; T, C.,/T decreases linearly with temperature below
concentration of G, and C‘?Nis.”z In the crystal has been. 0.6 K. The solid lines in the inset of Fig. 1 are guides for the
confirmed under the detection limit of the metallographmeye. Except for a very narrow temperature region, we do not

examination a”g' EPMA and that of g\ﬁ?’srb_ has reduced see the I dependence o€, /T, which is frequently dis-
less than 0.19%82 Details of sample preparation and charac-Cussed as a non-Fermi liquid

terization are described elsewhér@he purified sample Temperature dependence®f,/T between 0 ath 1 T are

shows metallic conduction with the smallest residual . . : .
o . ST lotted in Fig. 2. The clear field dependence is observed
resistivity’ that we have ever obtained, indicating that thep 9 P

sample used in this work is of best quality. Molar specific

heat was measured from 0.182 K in magnetic field up to I I I | |
5 T using an adiabatic calorimeter suspended from the mix- 70 |- CeNiSn —
ing chamber of a®He-*He dilution refrigerator via a super- . .- LOK
conducting heat switch made of Pb. —~ H// a axis 0.9K
o) 60 — ’, T 0.8K]
IIl. RESULTS AND DISCUSSION £ R e T e A 0IK
) ) ) - M "r-“.’__v’_: ............ e _"_.-"" -”‘..-"' L 0.6K
The electronic contribution to specific he&af, was evalu- S50 B e, penaenr e T L 0.5K
ated by subtracting both the nuclear contribution and the E e T e ‘- _ 04K
phonon contribution from the experimental data. The nuclear ™~ - T 0.3K
contribution Cy is expected from the nuclear spin of b\ , T
6INi,11%sn s, and'*%Sn. We estimatedC,, as specific < -7 02K
heat of Schottky-type. The amount Gf; is about 7% of the
total specific heat at 0.15 K in the field of 5 T. The phonon —
contributionC,, was estimated a€,,= SBT3 by fitting the | | | | |
specific heat of LaNiSn in the absence of fieldGe= yT 0 1 2 3 4 5
+ BT at low temperatures. The values we used are
=11.4 mJ/K¥ mol and 8=0.49 mJ/K¥ mol (Ref. 3 and uH (T)
their field dependence was neglected. Figure 1 shows the 0
temperature dependence®@f, /T at selected magnetic fields  FIG. 3. Magnetic-field dependence®f,/T at various tempera-

along the a axis. With decreasing temperatur€g /T  tures.
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below 0.5 K in contrast with no appreciable field dependenc&aussian-type have been found below 0.3 K at 0.2 and 0.77
above 0.5 K. As the field increases at a fixed temperatur&, respectively. At the field of 0.2 T where the magnetore-
below 0.2 K,C,/T increases and shows a maximum aroundsistance shows the minimur@,, /T shows the maximum in
0.2 T. With further increasing fieldC,/T steeply decreases its field dependence. Around 0.77 T, the decreasing rate in
down to the value at the field of 1 T. The maximum aroundC,,/T becomes a maximum. This close correspondence be-
0.2 T is possibly due to a fine structure of the DOS. tween magnetoresistance a@g /T in field is attributable to

To show the field dependence more clea@y,/T is re-  a field-induced change in the DOS.
plotted in Fig. 3 as a function of the field at several tempera- To explain the unusual enhancement@y/T below 0.5
tures. At 0.2 K,C,/T suddenly decreases with increasing K in zero field and substantial decreaseCg /T by applying
field up to 1 T. With further increasing field, the decreasingfield, we have tried to fit the data by assuming an additional
rate is reduced an@.,/T attains a minimum value in a field peak inside a V-shaped pseudogap as illustrated in Fig. 4.
around 2 T. In higher fieldC,,/T increases monotonically. The value of|E,—E,| is defined to be the width of the re-
As temperature is elevated, the field dependence becomesgiual DOS in this calculation. The field effect is assumed as
smooth; especially the low field structure is smeared outhe Zeeman splitting of the partial DOS,"(E) andN~(E),
around 0.5 K. In the recent watkon the longitudinal mag- for the up-spin and down-spin band without a change of the
netoresistance along threeaxis, a minimum and a peak of DOS shape. The total DOSI(E), is calculated as

N(E)=N*(E)+N~(E), 1)

N*(E) A (b2 for |E—ErT Ezeemah=A 2
_A e ~A,
T (E—E¢F Ezeemad® + (D/2)? P zeema

A D2) \|E-EFE —W
N*(E)="— O_Azi(D;Z)z | FW_ZZE““J" +No{  for W<|E—ErT Ezeomal <A, 3)
) A dN B S B
N*(E) =~ — 17 |[E~ErT Ezeemah*No+ AN for |E~EF Ezeemab<W, @)

whereD, A, andW are the half-widths of the main Lorent- =2(a/7)N, is the residual DOS anddN=2(A/7)dN is the
zian DOS, the V-shaped pseudogap, and the bottom of thgeight of the additional peak at the bottom of the pseudogap.
gap, respectively. A normalization factéris determined so  The magnitude of the Zeeman splitting is given Bseman

as to satisfy a conditiofiN(E)dE=1. The parameter®, = *+g,|J,JugH for N"(E) andN*(E). Here,g;, J,, and
‘ ‘ D=40K 60 T T T T T T T 1
D A=25K .
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FIG. 4. Schematic DOS with an additional peak structure inside 20 é é 4'1 3'5 é % é é
a V-shaped gap. The top figure is the overall DOS. The closeup 0.1 1
illustration of the gap bottom is given in the bottom of the figure. ) T ( K )
The parameter®, A, andW are the half-width of the main DOS,
the V-shaped gap, and the bottom of the gap, respectivdly.atd FIG. 5. The fitting by our DOS model. Solid and broken curves

2dN are the magnitude of the residual DOS and the height of theepresentC,, /T calculated for 0 and 2 T, respectively, by using the
additional peak. DOS model shown in Fig. 4.
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g are the Landey factor, thez component of total angular

momentum, and the Bohr magneton, respectively. Using the 120 T T T T T 77
DOS, specific heat is calculated as CeNiSn
100 — B // c-axis e
— .
IS} N
- of(E,T) g 80 .
Ce|:NAJ70€EN(E) ﬁT dE, (5) N% :U‘P
2 OF &
whereN, is the Avogadro number anfdE, T) is the Fermi- : 40 . e 0T |
Dirac distribution function. In this calculation, we have al- < o IT
ways kept the parametep|J,| equal to 1.10, which we de- o u g{,
termined with the specific-heat data abo® K reported in 20 — f ar |
the previous papét The fitted results are shown by solid A 5T
and broken curves in Fig. 5. The zero-field data is well re- 0 é é zlt :I_' ('5 H; 1 5
produced with the parameter®=40 K, A=25 K, W 0.1 "1

=2.0 K, Ng=(A/m)Ny=6.8x10"* K™%, and dN=1.6

X104 K1, where Ny=2.5x10"% K. Therefore, we

have revealed that the DOS of CeNiSn below 0.5 K has the

peaked structure inside the pseudogap. FIG. 6. Temperature dependence ©f,/T for Hllc, which
From the Hall-coefficient measurement, a strong decreas&ows weak-field dependence.

of the carrier concentration due to the gap formation has

been suggested at low temperatur&She carrier concentra-

tion decreases down to 0.0012 /f.u. at 0.5 K if one analyzegional peak structure in the DOS vanishes above 0.5 K. The

the data assuming a one carrier model. Concerning the vaF.jinear dependence of,/T abowe 1 T suggests that the

ues ofC, /T and the carrier concentration, we can roughlypos js proportional tdE— E| above 1 T.

estimate the Sommerfeld coefficient per one carrier of |, the above discussion, the new peak in the DOS was

~10" mJ/K?mol. This argument strongly suggests that theassymed as a new intrinsic state of CeNiSn. We must exam-

electronic state in the bottom of the pseudogap consists of 3o yossibilities that the peak arises from any extrinsic ori-

renormalized quasiparticle with enhanced effective mass du&in. One of the most likely cases is that an impurity band is
to a many-body effect.

In contrast with the successful fitting for zero field, the rﬁsponsmle f?éth?__ragd:_l degeSn(lj(ence dtml;l_'.ldHot\)/vever,
broken curve calculated f@ T deviates remarkably from the the uptur_n Ol e /T bEIOW L. at Zero e ecomes
experimental data with 30% reduction @,/T at 0.2 K, so clearer with purifying the grystal, .s-uggest!ng that the low-
long as the same parameterajJ,|=1.10 is used and the tempgraturg_enhancement in specq‘lc heat is unlikely to result
Zeeman splitting of the rigid partial bands is assumed. Thdrom impurities. The remarkable field effect was observed
theory by Ikeda and Miyak®&which well reproduces previ- belov 4 T for the h|gh-quaI|ty. crystal in this work. No fleld_
ous experimental resulf$4® predicted that neither the dependence was observed in specific heat for low-quality
DOS aroundEy is enhanced at low temperatures nor theSamples: The impurities might blur the quasiparticle band so
DOS is drastically suppressed by the field. Hence, the ele@s to veil the field dependence of specific heat. We also
tronic property of CeNiSn is likely governed by a many- measured the specific heat felfc. The results for several
body effect, which first forms a Kondo resonance peak, theffields are plotted in Fig. 6. In contrast with the caseHdla,

a pseudogap &, and finally a new quasiparticle state with no significant reduction i€, /T was observed from 0.13 to
small characteristic energy at the bottom of the gap as ten2 K even at 5 T. This strongly anisotropic field dependence
perature is lowered. The peak formed in DOS below 0.5 K, ifagrees well with the behavior ab®2 K in which the sig-

it is intrinsic, is possibly an indication for a new-type metal- nificant field effect is found only foH||a not for H||b or

lic ground state in CeNiSn. H|c. If the low-temperature upturn i€, /T arises from

Considering the energy scale of the new ground state, thgnpurities, isotropic field dependence is expected because
electronic state should have a characteristic temperdttire - the randomness introduced by the impurities make the Fermi
=1 KsinceCq /T increases below 0.5 K at zero field. The syrface more isotropic. Thus, it is difficult to explain the
characteristic temperatufié ~1 K corresponds to the Zee- girongly anisotropic field dependence ©f,/T by impuri-

man energyEzeemar Ke=9s|Jo| usH/kg for 1 T. It is quite  ties. We believe that our findings are an intrinsic property of
reasonable that the new electronic state ardgis dynami-  ceNish.

cally destroyed by the magnetic field ef1 T. Thus, the
initial decrease irC. /T can be interpreted as the suppres-
sion of the new electronic state by field. The increase in
C/T abowe 2 T isreasonably explained by the overlap of
the regions abové&,, and belowE, in our DOS modelFig. We have observed for high-quality single-crystalline
4) due to the Zeeman splitting. The initial decreas€in/T  CeNiSn the unusual upturn &, /T below 0.5 K as well as
has not been found abevl K probably because the addi- the strong suppression of low-temperature specific heat in

T (K)

IV. CONCLUSION
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