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Abstract 

Thennal and ll1agnetic properties of CeNiSn have been 11leaSuf('d Oll a high

quality single crystal in rnagnetic fields in order to reveal the intrinsic ground 

state of this COll1pound. The specific heat [or the purified crystal has been found 

to relnarkably depend on the field along the a axis in contrast wi th less [wId de

pendence for dirty salnples. The electronic specific heat divided by temperature 

Cet/T increases around 2 K with increasing field along the a axis, illdica.ting 

that the field enhances the density of states (DOS) around Fenni level EF in 

this telnperature range. On the other hand, Cet/T around 7 K decreases with 

increasing field. To understand the origin of temperature and fif'ld df'pendence 

of CelIT, we introduced a DOS 1110del which consists of a. V-shapf'd gap with 

a residual DOS in the Lorentzian peak around Er-. The xp ri1l1cntal result is 

well reproduced by asslllning the Zcelnan splitting of the DOS without chaI1ging 

the shape of the gap by Inagnetic field. This result indicates that. the gap ahove 

2 K is hardly affected by applying field a.t least up to 14 T. 

The CellT below 2 K stays nearly constant in zero field. With further de

creasing ten1perature, Cet/T slightly increases below 0 .. 5 K, which suggests that 

there is a peak structure at the bot t0111 of the pseudo-gap around Ep . However , 

the large reduction of CellT in the field has been found, suggesting that a rigi 1 

band picture is no Inore realistic below 1 K. The field dependence indicates that 

the peak inside the pseudo-gap is collapsed by external field. In this study, w:> 

concluded that CeNiSn is classified a.s a new-type h~ondo Inetal instead of a 

Kondo insulator. 
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Intrc)d uction 

1.1 C~e-based compounds 

Since the discovery of "hea.vy fe1'1nion" phenolllclla. [1] in La.nthanide and Ac

tinide cOlnpounds, a considerable nUl11ber of active studies has bc( n lllade on 

these con1pounds. In particular, Cc-bascd cOlnpounds show a variety of unusua.l 

ground states due to the peculiar character of the 41 electron, including a non-

111agnetic heavy-fcrl11ion state, a lllagneti c orderi ng state a.nd a Sl1 per '011 duct i llg 

state [2, 3,4] . 

The electron configuration in a Ce a.tOIn is 

In rnany cases, a Ce ion has a tl'i val{'nt state (Ce:3+) in a COlllpollnd. 'I'he ,~ dl G.<;2 

electrons are to be conduction electrons. The 4 r electron is located iJlside the 

5s5]) shells and well loca.lized at high tel11pcrat u res . Wi th dccl'easi ng L<-"lll pera

ture, a spin-flip scattering (hondo scattering) of conduction electrons becol1lf's 

dOll1inant at each Ce site sirrlilar to the well-established dilut.e-hondo ('[fect. In 

this tel11perature region, electri c rcsisti vi ty p shows logari thm i c tern perat ur de

pendence and lnagnetic susceptibility X exhibits the Curie- W iss tenlperature 

cl penclenCl~ . As tel11perature is further decreased below a characteristic telnper

ature TI\. (hondo tenlperature). the resistivity 111arks a 111axinlUID and a rapiel 

decrease follows. At lower teillperatures p is proportional to T2. The lllagnetic 

,5 
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suscepti bili ty deviaLes froll1 the Curie-Vv'eiss 1a wand Lends Lo 1('\,('] off ellle to the 

realization of the enha.nced Pauli parall1a.gnetislll with r--J I O -: ~ cmu/mol belm-\' 

TI\.. In this telTIperatul'e range, the ratio of electronic specific heat. to L(,111pc1'a 

ture Cet/T re111arkably increases up to a constant valuc of 100 r--J 1000 111J /1(211101 

in contrast with a few 111.] /K 2 Jno] for a USUallIH'ta.l. TIw behavior below 1'1\. orig

inates fro111 the fonnation of a narrow quasiparticle band arouncl l'e1'111i levc 1 EF 

due to the conduction and .r electron (c-I) hybridiza.tion. The quasiparticle 

state is well described as a Fer111i liquid staLf'. As the quasiparti Ie band has 

fiat dispersion, a pea.k is developed in the density of slates (DOS) around EF . 

The peak is called as the Eondo peak or the Abrikosov-Shul fesonallC pea]\. 

The phenOIllena Inentioned above arc referred to as the dense-Eondo err 'ct. The 

large values of Cel/T and \: are ascribed to a large effective lllClSS of qllC\siparti

cles . Therefore, such dense-I<ondo cOIllpounds arE.- frequently called as "heavy 

f rn1ion sysLen1". 

The qua.siparticlcs [onn VCl.nOUS ground st.ales; <:1 llccwy-[ef'll1ioll state, an 

unusual 111agnetic orders, a superconducting staLe and a (psC'udo- ) energy gapped 

state . The energy gap [orn1ation has been snggesLed ill Ce iSn [.r"), (j 7, 8]. 

Ce3Bi4Pt3 [9] and CeRhSb [10] SrnB G [11], YbB 12 [12] and so on. 

1.2 CeNiSn 

CeNiSn cr)'stallizes in an (-Ti iSi type orthorhon1bic structure [1:3, 14] as illus

tra.ted in Fig. 1.1. The lattice paran1eters are a = 7 .. 512(1) A b = 4.G009(!J) A 

and c = 7.1517(1) A a.t rOOlll te111pf'raLure. A Ce atom is surrounded by a pair 

of two distorted hexagonal rings which are linked by Ni and S11 (ltOlns alterna

tively, and the Ce atolTIS fonn a zig-zag chain along the a axis. Although the 

exact Ce-si Le sYlTIlnetry is lllOnoclinic (Cs) the syn1111etry is frequently treated 

as pseudo-trigonal because the distortion of the hexagonal i-Sn ring is slnall. 

1agnetic susceptibility does not follow Lhe Curie-Weiss law bf'low :300 K. A 
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Figure 1.1: Crystal structu J'e of Cc iSn. 
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peak structure was observed around 12 K in the lllagnetic susceptibility along the 

a axis, wh ich is the easy Inagnetiza.tion axis. Before thp present study, th ' P ak 

was believed to reflect developnlent or anbferrOlnagnetic correlation suggest d by 

inelasbc neutron scattering (>xpcrilnents [15]. Beca.use of high Tj\., well-defined 

peak corresponding to crysta.l-field excitation was not found in in 'lastic neutron 

scat tering [16] although a. broad peak was indisb ncLly detected a.t !1. 2 I~ [1 7] . In 



Jnagnetization [IS] and elasti c lllOciul us [19], llWt.cUl1 agneti c bella vior was fOlllld 

ina fleld around lOT along the a a.xis. 

Thermal properties of CeNiSu show the power law telnpE rature depcnclenc 

which originates froln the a,nisoLropic gap, in contrast with exponential behav

ior for cubic Kondo Insulators YbB 1:2 [20] a,nd Ce:d3i 'jPt:3 [21]. Accor ling Lo 

the nuclear 1nagnetic resonance (NMR) llleaSUreJllellts [6, 22], 119S 11 spill - latti .(' 

relaxation rate IITI decreases wi th T and is proport i011 al to T:3 a L low tCll1 per

atures . A "V-shaped" gap is proposed frolll the 7':3 dependence of 1/1'1' The 

lnagnetic contribution of 4/ electron to specific heat ern [7] at low temperatures 

enhance emiT witb a 111axilllUlll around 7 K as telllperaturc is lowereel. Below 

7 K, emiT decreases rapidly and show T-linear dependence at low telnpcratures. 

This T-linear dependence of emiT supports the V-shaped gap lJ10del. ishigori 

et al. estinlated TK = 51 K for Ce i8n and clailned that the gap width is scaled 

by TI\.. Specific hea.t below 1 K [23] suggests the presence of a residual DOS 

at the bottOln of the ga,p a,nel inlp1ies tbe gap is strollgly suppressed whcIl a 

111agnetic field higber tha.n T is a.pplied a.long thc ([ axis. 

Th 111cchanis111 of the energy gap for111atio11 has beell tileoret i cally d isctlssed 

frOln a various view poi11ts [24, 25, 26, 27, 28]. Ikeda and Tvliyakc [28] have 

argued the physical properties of CeNiSn by tbe Fenni liquid theory of heavy 

fern1ions on the basis of the periodic Anderson Inodel with a. conditioll [or the 

band insula.tor. Th \ wave l1l1111ber I,; dependence of the lty b riel i zatioll m aLrix 

elenlent was taken into account. In the case of the crystal electric field (CCF) 

ground state of IJ = 5/2, J= = T-:3/2) which is expected in a t.rigollal sYLlllllCtry, 

the hybridization 111atrix elenlent va.nishes along the a axis. As a result. th(' gap 

does not open in the a direction ill the k spa.ce and a finite DOS intrinsically 

re111ains at a bot t0111 of the gap. 

Recently, aka1110to el al. [29, 30 31] succeeded in purification of single

crystalline sa111ples of Ce liSn and experilnentally shown that the electronic 



properties are very sensitive to salnplc qua.lity. In early works [.')], electrical 

resistivity of CeNiSn rapidly incrcased below 6 I( like a senliconcluctor with de

creasing telnperatllre. The increase in resistivity was believed to be til \ 'vidence 

of the gap fonnation. Therefore CeNiSn was called a "Kondo insula torl' or a 

"Kondo selniconductor". For purifiC'd sanlp]es, however, the sClnicond II ·tor- li k ~ 

tenlperature variation changes to a 111etallic one, and the case is substantially 

different frolu other cubic cOlnpounds YbB 12 and Ce:3Bi4Pt:3 for \Vhi 'h tlw in

creasing ratio of resisti vi ty a t low tell) perat urC's becOlll s la.rger by pll ri fica.boll 

[32, 33]. The semiconductor-like conductioll previously observed in Ce iSn is 

presluuably due to carri r localization by inlpurities and/or inlperfectioll. Aft r 

purification, two impurity-pea.ks in specific heat vanished and T-illdf>pend nt 

value of C /T below 1 E decreased [rOln 57 to 40 111.] /1(211101. Ikeda and Nliyake 

[28] showed theoretically that the shape of the ga.pped DOS around Ep is easily 

changed by inlpurity. In fact, the illlpllrities tnight veil the intrinsic property in 

early smuples. Thus, the salnple quality is of essential importal1ce for t h(' study 

of this lnaterial. 

A nUluber of in vestiga tions have been performed on CeNiSl1 . IIowever, tlte 

electronic ground state and the nlCchanis111 of the ga.p fOflllatiotl r<-'Jnaius to L ' 

clarified . In this study, we 111 asured specif1c heat and Inagnetocaloric ('ffeet 

from 0.1 to 25 K in lllagnetic field up to /Joil = 14 T. Magnetic susceptibility 

lneasurenlent was perfonned froln 2 to 600 K at 1 T . By usillg a high-quality 

single crystal, we observed a significant field effect in specific heat whellll1aglleLie 

field was applied parallel to the a a.xis in contrast with nearly f1eld-inclepcndent 

result for I-I II band c. The results of specjfic heat and Ina.gnetic susceptibility 

were analyzed by a V-sha.ped gapped DOS lnodel with residual DOS. FrOlll the 

obtained specific heat below 1 K the electronic sta,te a t the bottOlD of the gap 

is discussed in ten11S of a new electronic state due to a. Inany-bocly effect. 



ExpE~rirnental 

2.1 S ;ample preparation 

Single crystals of Ce iSn used in tllis study were grown by a Czochralski tech

nique using a radio-frequency furnace with a hot tungsten crucible in a purifi d 

Ar atn10sphere. The crystals were purified by the technique of solid stat elec

trotransport with currE-nt density of 600 A/C111 2 in a vaCllunl of 1 x lO-9 Torr 

for 16 days. The surface of the crystal was carefully polished because il11l urities 

on the surface results badly. 

The impurity concentration of Ce:20:), CeNi 2S11:2 and C('2 i:1SJt2 in the crys

tals has been confirn1ed less than 0.1 % by a llleL-1110graphic examination and 

electron-probe lnicroanalysis [29, :31]. Electrical rc sistivi ty p of the crystals shows 

111etallic cond uction for all axes at low tern perat urC's. In COl11 parisol1 wi th Ull pu

rified sa.rnple, our sarnple exhibits the slnallest p at 1.:3 K along each (J. band (' 

axis, indicating high quali ty. 

2.2 Measurements 

Molar specific heat C at a constant pressure was llleasurecl [roll1 2 to 2,5 1\ in 

lnagnetic field up to 14 T using an adia.batic ca.lorinleter with a lllechanicaJ heat 

switch, as shown in Fig . 2.1. The calorilneter was constructed in this study and 

was put into the variable tenlpcrat ure insert (VTI) of a cryosta t wi th a 16 T 

10 
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Figu 1.'e 2.1: An ad iabat.ic calori meter designed [or com binaLion wi tit a 
16 T superconducting magnet. 

1 1 

superconducLing soleno1d (Oxford 1nstrulnents). ThcnnOlneters and a heater 

were attached to a th1n copper plaLe. The en plate is referred Lo as addenda. 

The sample (1 t'.J 2 g) was pla.ced on the addenda with grease (Apiezon Products 



Lilnited, N grease) of 20 Il1g for better th 'rIlli:11 contact. The resistance of til(' 

thenn0111eter was Ineasured by an AC resistance bridge (RV-Elcklrolliikka 0)'. 

AVS-46) with an operating frequency of :30 lIz. ;\ ca10ri111ct('1' w(\S design'cl 

to measure specific heat of a. Sl11(1.ll single crystal in high 1naglleLic ficlcl. A 

Rutheniu111-0xide (RU02) chip resistor (ALPS 10 Idl 1/10 'vV) and a sl11a11 

platinu1l1 resistor (Tallla Electronic Corporation, SDTIOIA 100 D) were used 

as a ther1110111eter for the te111perature range betwecn 1.5 and 60 1\ ill lnagnetic 

field up to 14 T because of tiny and si1np1c InagncLoresistance ill addition to 

snlall heat capacity. Two strain gauges (Kyowa. Electric Instrulllents, KFG-2-

350-Cl-23 350 D) with s111a.11 heat capacity were connected in series and affixed 

to the Cu addenda as a heater because the Dat surfacc is convenient for good 

then11al contact . To prevent vi bra tion of electri cal leads due to the A (' current 

in the Inagnetic field) a pair of plus- and Ininus-lcac1s were twisted together. 

The IneaSUrC111ents were ca.rr ied out in the following way. First, the SCl111p le 

was connected to cooling l11C'di Ulll by thc heat swi teh (l,ncl 'ooled down to lhe 

lowest teInperature. After t.he heat switch was opel1) the sample relllaills ill 

an adiabatic condition. To keep a good adiabat.ic conditioll, t.he tel11peratur J 

of a radiation shield surrounding the salllple were controlled so as to be t11 

saIne as that of the sa111ple , The radiation shield tnnpcrature were controlled 

by a teInperature controller (Oxford Instnunents, ITC-4) [or VTI. Th ' power 

for heating up the sa111 pIe on the addenda was aclj lIsteel so that. ea ch si Jlgle Ilea t 

pulse gives: about 3 % inCrelllent of the salnple telllperature throughout the 

111easurenlcnt. The total heat capacity was cvaluated by eli vidillg the applied 

heat by telnperature di[[erenc between before and af er heating. To obta.in the 

exact heat capacity of sarnp]cs, the heat capacity of the addenda, which was 

independently 111easurecl, was subtracted frOl11 tilf' total heat capacity. 

The mcasurelnents in the telllperature range between 0.1 and 2 1\ were pf'r

forn1ed wit.h an adiabatic ca]orillleter Inounted under the Inixing chanlber of a 



3He-4 He dilution refrigerator. The addenda was c01ll1<'ctc'd to Ul<' 111ixing cha1l1-

bel' through a su perconducti llg heat swi tclL The su percond tlct i ng hea t sw i t eh 

was 111ade of 6N lead [oils with the dilllC'nsions of 1110 x 2 x 0.1 111111. Two RU02 

chips (ALPS, 1 kn 1/10 W) and one RU02 chip (ALPS, 1.7 Id2 1/10 \V) were 

included in the addenda. One RU02 chip o[ 1 kn was used as the beater anel the 

rest chips o[ 1 kn and 4.7 kn as the thenllOll1etcrs. The external Inagnetic field 

up to 5 T was applied by a supcrconelucting ma.gnet. The lllagnel. was Illade 

of Nb-Ti wire and covered with an iron jacket in order to reeluc the 111agn ,tic 

field around the Pb heat switch. In the lnagnetic field, temperature was calcu

la.ted with correction [or the Inagnetoresistance of RU02 chip, which was also 

independently lneasured. 

The Inagnetocaloric effect was 111easured by USIng the sa111e equiPlll 'nt [or 

the specific heat IneaSlHC111ent. 

The ten1perature variation of the sal11ple in a.n a.diabatic coneli tion was 111ea

sured wi th sweeping Inagnet.ic field at a constan t ra te of 0.1 11 T/ l11i 11 for the 

telnperature range above 1 1\. 

A COlnin rcia.l SQUID lllagnetollwter (Quantulll Design Co., lIP [S) was 

used to 111eaSUre the lllagnetic suscep ti bili ty J\lI/ II along tIte (L, b an d (' axC's 

froln 2 to 600 K at 1 T. The rna,gni tude o[ applied ficld was eva.l Ull ted [rom 

the ll1agnetizatlon of pallaeli HIll w hi ch was in deprn denLly cali bra ted in t he same 

field. 



ResuLlts 

3.1 S:pecific heat 

3.1.1 Jlbove 2 K 

Figure 3 .1 shows a ratio of specific heat to tenlpcrature CIT ill selected Inag-

netic fields of 0) 10 and 14 T along the a) band c axes. No peak in CIT 

due to in1purities is observed in this salnple. InlpUl'ity peaks have alw<1Ys been 
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Figure 3.1 : (a) Specific heat 0[' eel iSn plotted as CIT vs T above 2 K 
in the magnetic Gelds of 0, 10 and 14 T a.long the (L axis . 

14 



400 ~--~----~--~----~ 

(b) CeNiSn 
H II b axis 

~ 300 
~ o 
8 

(~ 

~ 200 

~ 
S 100 

.. 
. \' 

.. . 
i 

Q • , . 

.~~~~ . .......... ... 

• OT 
o lOT 
• 14T 

& .. . . 

o ~----~------~------~----~ 
o 5 10 

T(K) 
15 20 

F igure 3 .1: (b) Specific heat of Ce iSn plotted as CIT vs T above 2 K 

in t he magnetic fi elds 0 [' 0, 10 a.nd 14 T a long the b axis. 

400 ~--~----~--~----~ 

(c) CeNiSn 
H II c axis 

~ 300 
~ 

o 
S 

N 

~ 200 
S 
h U 100 

'" 
o ~ • 

'10 • 

. .. 
i : • 

~ ~ . 
. ' 

~"'. 
, .. ~,!., 

_~'Io""~ • 
,::;:r-.-' ••• 

• OT 
o lOT 
• 14T 

o ~----~------~----~----~ 
o 5 10 

T(K) 
15 20 

F ig ure 3 .1: (c) Speci fic heat of Ce iSn p lotted as CIT vs T above 2 K 

in the magnet ic fields of 0 10 and 14 T (Llong the c axis. 

I .~ 



16 

found in CIT at 2.5 and 6 K for dirty scl1nplcs [:W]. This fact is an ('vidence' 

that the salnple used in this study is of good quality with fnv ill1puriLi('s. All 

appreciable field effect was observed even a.bove 2 1\ for 11 II a in contrast witb 

less field dependence for II II band c. We like to emphasize tbat the anisotropy 

of specific heat with respect t.o the field direction is strollgest cunong otber phys-

ical properties; electric resistivi ty, Inagnetization a.lld so on. As III agn ~ti c field 

increases, CIT for H II a considera.bly increa.ses below 11 K but decr('(-1s{-'s in 

the telnperature range between 4 and 14 IC Thus, the entropy release is causeel 

to shi ft to lower temperatures by field. With increasing telnpera.ture , however, 

the field effect becomes weak a.bove 1.5 K, because the phonon contribution to 

specific heat becolnes dorninant. The relnarkablc fie: lei effect is observed only in 

the high-quality single crystal. In a dirty san1ple, no significant fif'ld dependence 

was observed even for l-I II a as shown in Fig. 3.2. i\ peak is found in z<,ro field at 

600 ~------~------~~ 

,,--..... 
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S 400 
N 
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~ 300 

N 200 
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Figu re 3.2: Temperatu re dependence of CIT for a dirty sample at 0 and 

14 T along the a axis . Less field effect is observed in contrast to the 
result for the pure sample . 
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6 K and attributed to the Inagnet ic ordering ill tile impurity phase or C('·20·~. III 

the field of 14 T , the peak is no longer observed beca.use t he 111agnetic ordering 

is suppressed by field. 

In ll1any studies of Ce-based COlll poun cis, the III agne-tic COll t 1'i bu t iOll ('m or 

4/ electrons to specific heat was llsed to discuss the "I "ctronic properties. To 

calculate Cm, one subtracts the specific heat or the isomorphic nOll ll1aglwtic 

c01npound without 4.f electron frOl11 that of the Ce-based cOlnpound, ror exanl

pIe, C of LaB G fr0111 G of CeB 6 [34]. In this calculation, not on Iy the phonon 

part of G but also conduction-electron part of G is subtracted. This procedure 

is valid in the following two cases. (i) 4/ electrons are strongly locali zed in the 

compound. (1i) G /T of the cOlnpound is quite large in c0111parisoll wi th that of 

a norll1al Inetal. In case of CeNiSn , since the Kondo tCll1perature TI\. is ,5 1 I~ 

[7] and G /T = rv40 ll1J /1(21nol at 0.1 K, the 4f electrons hybridize well wi til 

the conduction electrons in the tClllperature range below 25 I< and it is difTicult 

to neglect the con d nction-electron part. The si m p Ie s 11 btr<lCLioll or t.I w s pecifi c 

heat of La . iSn fron1 that of CcNiSn should not be a good procedure t.o obtaill 

the electronic contribution Gel f1'0111 tbe 4 r and conduction electrons. 

To evaluate the electronic cont1'i bution Gel, WC Llscd the phonoIl cOlltri bu

tion Gph to the specific heat cLaNiSn of isoll1orphic LaNiSn as a. b(\ckgrollncl 

specific heat for the substract.ion. The specific heat of La iS11 was assulllecl 

to consist of the electronic contribution c~a iSIl a.lld the phonon cOlltr ibutioll 

G;;,~ iSn . It is not necessa.ry to take account of the nuclea.r contr ibu tion siuce 

the contribution is negligibly SInal] in the telllpCrature range abov' 2 1\. 'vVc 

en1ployed the linear approxilnation IT with the telnpera.ture-incicpcl1dcnt value 

of I = 1l.4 ll1J/1(211101 for c~a iSn [7]. The electronic contributioll c;;e iSn was 

evaluated by subtracting the phonon contribution (\S C~~NiSn (= cLa ' iSn - IT) 

froll1 the 111casllred specific bea.t [or Ce iSn. For the results in the fi ni te 111ag

netic field, we evaluated C3 p 
l iSn in the sa.Ine wa.y using the zero-field data of 
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La iSn, neglecting the field effect on cLaNiSn . 

1 ' 

In Fig. 3.3, Cel IT of Ce JiSn is plotted as a f ullction of tenl pera t u rc for se-

lected field:s /-la/I = 0,10 and 14 T along the a axis . The increa.se in C'diT frOTn 

20 to 7 K is caused by the enhancclnent of thc DOS due to the growth of th 

Kondo resonance peak at EF and then shows a Jllaxin1UlTI at 7 K. After 111arkillg 

the lTIaxi111Um, CedT rapidly decreases, indicating that the DOS reduces sub

stantially within a narrow energy region around EF . In order to show the effect 

of 111agnetic field 1l10re clea.rly, we plotted a.gain the saIne data as a function of 

the field at several temperatures in Fig. 3.4. At G K, the value' of lr-dT decreases 
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with increasing field. As telllperature is lowered, the field dependE~nce of Cet/I' 

is gradually weakened and the sign of the slope changes around 4 K. Finally, 

at 3.3 K, the Cet/T is an increasing function of fl. Between 6 and 10 T, the 

slope of the Cet/T beC0111eS steep below 4 K. This behavior is less obvious above 

4 K. Around the corresponding field of around 10 T, Inetalnagnetic behavior is 

reported in the study of the 111a.gneLization [IS] and the clastic 1110dulus [19]. 

The value of CellT below 3.5 K tends to level off at the highest field. 



~o 

3.1.2 13elow 2 K 

The specific heat obtained below 2 J\: is plotted aga.inst T in Fig. :3 .. 5. As 

t Inperature is lowered, the slope of CIT ill 2('1'0 field changes around 1 J\ and 

then CIT is reached an ahnost constant value of rv 42 tllJ 11\211lo1. The 2pro

field result is quali tati vely consistent with that in the previous work [:31]. The 

difference in Diagni tude of CIT below 1 K bet ween t 11 is work an cl the pr v ious 

work of 57 InJ IK 21noi [2:3] is probably due to ilnpurity. The rf'lllarka.blp field 

effect is found for II II a. Such a significant change in specific hea.t was not 

observed in the field between 0 and 4 T along the a axis in the dirty sa1l1ple [2:3]. 
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In contrast with the result [or H II a, no clear fle]d effect is [oullcl ill CIT [or 

Ii II c as shown in Fig. 3.6. This strong anisotropy is in good agreen1C'nt with 

the result above 2 K, in which the significant field effect has been observed [or 

H II a in contrast with less field dependence for II II 6 and JJ II c. 

The electroni c contribution G el to specific heat below 2 K should be evaluated 

by subtracting both the nuclear contribution GN and the phonon contribution 

Gph because GN Inay not be negligible at low tC1l1peratures . The C T is expected 

from the nuclear spin of 61 i, 115Sn 117Sn and 119Sn . Table :3.1 shows the 

natural abundance p, the nuclear spin I and the nuclear rnagnetic 1l1011lCnt mr 
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of these isotopes. Since no quadrupole 1110mcnt. exists ill these nuclei. w(' ollly 

Table 3 .1: The isotopic abundance, nuclear spin and nuclear magnclic mOlllcnt of the 

nuclei in CeNiSn 

p (%) 1 1?Ll (}LN) 
()1 

1 1.14 3/2 -0.7 fl86l 
115Sn 0.~34 1/2 -0.91790 
117Sn 7.68 1/2 -0.9999:3 
119Sn 8.,59 1/2 -1.0463 

took a,ccount of the ])lagnetic hyperfine interaction which splits the 111lclear

spin levels . In the lTIagn etic field, the levels of nuclear spin arc split into 4 for 

61 Ni and 2 for other nuclei. The energy separation of the (i - 1 )-tll level of 

the nuclear spin frOlTI the lowest level is estilllated by the Zeelllan energy as 

6i = 1'gN{LN1i = i(rnJ/1)11. Here the gN and ILN are the nuclear g-factor and 

the nuclear Bohr lllagneton, respectively. Using the equat ion, we evaluated eN 
in various fields as a Schottky type of specific hea.t: 

where the bracket denotes a ll1ean quantity Cd as 

(Q) = L Qexp (~) . 

i 1 + L exp (k~1') 
t 

(:3.] ) 

(:3,2) 

The iVA and k8 are the Avogadro nUDlber and the Boltzmann constant, respC'c-

bvely. The alllount of eva.luatcd CN is about 7 % of total specific Ileat ell 0.1.5 I( 

in a magneti c field of ,5 T. 

The phonon contribution was est inlated a.s Cph = {JT:3, beca.use the specific 

heat of La iSn is well reproduced by IT +(JT:3 at low tenlperatures. The aJnount 

of GPIt is less than 1 <;() of total specific heat at 1 1<. The (J = 0.49 nl.J /I\4 mol [7] 

was assulnccl to be field indC'pcnden t. 

The evaluated value of Cpt/T for If II a and c versus T is plotted in Fig. 3.7 

and 3. ) respectively. In zero field, ediT exhibits a. slight increase below 0.5 I( 
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with decreasing telnperature. Except for a vcry na.rrow Lelnpcra.tur range, the 

In T-dependence of Get/T, which is frequently discussed in tenllS of a. non-l~enlli 

liquid [35, 36, 37], has not been seen in this study. This slight but clear increa.se 

of Gel IT should be regarded as an iJllportant infonnation to reveal the electronic 

state inside the gap. We will discuss this issue in the next cha.pter. As the field 

increases, the increase in Get/T below 0.5 K dilllinish rapidly and a.ttains a. 

ll1inill1U111 around 2 T, whereas GcllT above 0.7 1< increases 111onotonically with 

ll1agnetic field. The an10unt of the decrease in GdlT is 1110re tha.n 30 o/r) a.round 

0. 15 K at 2 T . Above 2 T, the Get/T below 0.5 K increases as field incre(:l,ses. 

A sim ilar fie ld dependence is also found in the independent work [38]. The 

GellT above 1 T shows clear T-linear dependence (Fig . ;3 .9) in contra.st to the 
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T -constant beh avior previously reported for clirty ScUll pIes even in the fiel cls up 

to 5 T [23] .. 

Figure :3.10 shows Cet/T against T for low field along the a axis. The field 

effect is obvious below 0.5 1(. As the field increases, Cet/T below 0.3 K increases 

initially and shows a 111axinlUll1 around 0.2 T. The maXilYlUlYl around 0.2 T is 

possibly due to a fine structure of the DOS. With further increasing field , the 

slight upturn below 0.,5 K is suppressed and then the value of Cet/T gradually 

decreases down to the value for 1 T. On the other hand the Cet/T above 0.5 1( 

is hardly affected by the field. The field effect is qualitatively different frOl11 that 
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for above 1 T. The difference suggests t ha t th ' origin of the' field dcpell dCIl ce is 

different between below and above 1 T. 

In Fig. 3.11, we plot a.gain CeilT a.s a function of II to lllake the field effect 

clear . At 0.2 K, the Inagnet.ic field reduces Cet/T steep ly with increasing tlle 
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Figure 3 .11: Magnetic fi eld dependence of C'ct/T of Ce iSn in sele ted 
temperature below 2 K . The dashed curves a.re guides [or the eye. 

field up to 1 T. Above 1 T, the variation of Get/T becOllles gradual with in-

creasing field and then exhibits a InininnJlTI value around 2 T. Above 2 T , CdlT 

increases rnonotonically. 'Vi th elevating ten1perature, the fie ld dependenc bp

cornes slTIooth. Especially, the low field structure is slllcarecl out at 0 .. 5 K. To 

decrease is observed in the filed dependence of Gel IT above 0.7 1\:. In the recent 

result of the longitudinal Inagnetoresistance along the a axis [39], a lllinimull1 



and a. peak of Gaussian-typc have becn foulld below 0.:3 1\ at 0.2 and 0.77 T, 

respecti vely. At 0.2 T w h(,1'e the lllagnetorcsista 11(,(' sllows the 111 i II i l1lll I n. Ct.I/T 

shows the InaxinJUlll. Aroun dO. 77 T, the decreasing ra tc in Cd IT becomes ,1 

111axilnU1l1. The close correspondence between Illagnctol'esistance and Cd IT ill 

field Inay be attributed to a field induced change in the DOS. 

3.2 Magnetocaloric effect 

Figure 3.12 shows the te1l1perat ure variation T (J I) of the SelIn pIe in the aeliaba tic 

condition as a function of the field . The initia.l tenlperature was aroulld :LS I\:. 

The salnple telnperature decreases about 1 K with increa,sing field along the (L 

axis. On the other hand, the telnperature a.re nearly indt'pcnd( nL of If II 6 and 

c. The strong anisotropy between II II a and If II b or c is consisLent wit h that of 

specific heat . An irreversible changc- is seen between increasing and dpcreasing 

field processes. This behavior a,rises Jl)(l,inly f1'0111 the eddy currcnt heating of t!te 

sa.n1ple and addenda. The observed tenlperat ure vC\,riation verSllS ficl d (DTI d Il ) s 

ca.n be analyzed by the thennodyncl.lnic relation of 

where.) is the entropy. The 111casu]'ccl T(fI) gives us a. qualitative informaLion 011 

(fJSI fJ If)T. It should be noted here tll at T (II) in vol ves noL ollly U}(' con Lri bu tion 

of the salnple but also tha.t of addenda. The contribution of' addenda to T(!1) 

can be neglected because only a sillall variation of 1'(!J) was confinnecl for the 

addenda by independent 111eaSUrelllenLs. The decrease of Lhe sClll1p]e ten1]) "ratllre 

fro111 3.5 K, that is (fJT/fJfI)s < 0, indicates that the entropy is nhanced by 

the field along the a axis . The enhancelnent of the entropy is consistent wi th the 

result of the specific heat Il1eaSUrel1lCnt in Inagnetic field \V hich exhihi ts that 

the relea.se of entropy shifts to lower Lelnperat ure below 4 Kin the pn'sence of 

field . 



4.0 CeNiSn 
H II c axis 

~ 
".-.. 3.5 
~ ~ 

'-"" 

h 

3.0 

CeNiSn 

4.0 H II b axis 

".-.. ..--
~ 3.5 ~ 

"'-" 

h 

3.0 

3.5 
CeNiSn 
H II a axis 

3.0 
".-.. 

~ 
'-" 

h 2.5 

2.0 L----___ ---'-____ .L...--___ --l 

o 5 10 15 
J-LoH (T) 

F igu re :3.12: Tem perat u rc va.r ia,t ion T (H ) of Ce iSn in ad ia ba.tic COIl

dit io n plotted aga,inst H . 

:2 ' 



3.3 l\/lagnetic susceptibility 

Figure 3.1:3 shows the T dependence of lnaguctic susceptibility 1\1/11 along tIJ(' 

a, band c axes in the tenlperature range frOl11 2 to GOO K. The I1lagllC'tic SllS-

cepti bili ty for If II a is chara.cterized by a broa.d peal arou ncl 12 1(. l~ or !l II b 

and c, ternperature dependence of j\1/ II is weak at low telllperaturcs and j\I/ II 

shows a broad maxirnurn around 70 K for the b axis and 150 K [or the c axis. 

As ternperature increases, the strong a.nisotropy tends to be w( a.le The upturns 

below 30 K in jl!f / II along the band c axes r11ay be a.ttributed to lllagn('tic inlpu

ribes . The features of jl!f /!-1 are consistent witb the previous results below :300 K 
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Figure ;3 .1:3 : Tempera.ture variation of magnetic susceptibility ~1/ I1 of 
Ce TiiSn up to 600 I\. 
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[31]. Above 300 K, }11/ j I can be dcscri beel by (l Curi('- \V<,iss t.ype t.c'lll pC1'a t u 1"<' 

variation. Fitting of 111/ II is perfonned for teIllp('rature range between :3,10 and 

560 1< by using the Curie-W('iss fonnula, 

c 
X = T _ 0 + :\0, 

p 

where C and fJ p are the Curie constant and the parcullagnetic Curie tClnperaturc 1 

respecti vely, and XO is a tenlperat ure independent can tri bu tion. The effecti \'(' 

lTI0I11ent f..1 e]] , fJ p and XO obta.ined for II II CL, b a,nel c are shown in Tabl 3.2. 

The value of f..1 e]] = 2.531lB is close to the theoretical value 2.54JtB for the free 

Table 3.2: List of the effective moment 1 tbe paramagnetic Curie temperature and 
T-independent contribution 

Ile] ] (f..1B) fJ p (1<) XO (elnu/ll1ol) 
a aXIS 2.5:3 -42.6 9.50 x 10-5 

b axis 2.87 -172.3 2.73 x 10-5 

c aXIS 3.34 -481.2 - L.05 x LO- 4 

Ce3+ ion with the total angular 1110lnentUlll J = 5/2, suggesting that a localized 

picture of the 4f electron is suitable in this te111peraturc range. IIow('v('r~ tIl(' 

value of f..1 ef ] for band c axes is larger than 2.54pB. In the case of the CEF ground 

state with IJz = ±3/2) , for the trigonal sYlnnlCtry, Illagnetic susceptibility for 

the band c axes is regarded as a Van Vleck contribution rather theW a Curie 

one. Since the structure of Ce JiSn is close to trojgonal and 1±:3/2) st.ate is 

experiI11enta.lly and theoretically expected, the large value o[ /l e]] [or the b anel 

c axes is reasonably explained by the absence of the Curie contri b Ll tion. 



Discussion 

In this chapter, the obtained specific heat is analysed by using a lllOdifiecl DOS 

Inodel with a V-shaped gap and a residual DOS. The effect of the lllagnetic field 

on the pseudo-gap is discussed by the Zeenlan energy. We usC' this 1110del to 

cle1110nstraie the origin of the peak in the Inagneti c suscf'pti bili ty at 12 1(. The 

field clependenc o[ spec ific hea.t below 1 K is describable if Wf' (tSSlIllle that a 

new many-body state is [orl1wcl at the bottOll1 o[ the pseudo-gap . 

4.1 Magnetic field effect on the pseudo-gap 

In order to analyze the T a.nd 11 dependence o[ Gp//T, we ulOdi[y the previous 

DOS 1110del proposed in the reference [6] and [7] . We add a. residual DOS to 

the V-shaped gap as ill ustraLed in Fig. 4.1 (a). Telll perat lift depclldence' o[ the 

DOS shape is neglected in the present lllOdel. Furthcnll0re , we aSSll111e tha1 

the field dependence of Gel is ca.used only by the Zcen1an interaction) EZeemall = 

±gJIJz lf-lBI1 where g) J;; and ji' B a.re the Lande g-[actor, the:; COlllpollcnt of 

total angular InOlnentmn a,nd the Bohr rnagneton, respectively. In the lllagneti 

field, the total DOS lV(E) splits into the partial DOS, N+(E) and N-(E) [or 

the up- and down-spin banels. A schelnatic DOS profile in Inagnetic field is 

sketched in Fig. 4.1(b) where the doLLed and the broken curves indicates the 

l\T+ and lV-, l'especbvely. As the field increases, the lV (E) drawn by the solid 
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Figure 4 .1: Schematic DOS profile with a pseudo-gap. The parametprs 

D, ~" TIT! a.nd iVa are haH-widths of the Lorentzian the V-shaped gap 

and the bottom of the gap, and the magnitude of the res idual DOS , 
respectively. The dotted curve is the DOS for up-spin and the broken 

cu rve is for down-spin, a.nd the so lid curve is the total DOS , N (E). (a) 
In zero field , the DOS of the u p- and down-s pi ns, N+ (E) and N - (E) . 
overlap ea,ch other. (b) I n magnetic field, the DOS of u p- a.nd dow n-spi ns 

shift upward and downward due to the Zeeman in teraction, res pectively, 
and t he total DOS a.rou nd EF increases. 



curve increases at Er . The lV(E) is C'xpressed as follows, 

A (D 12) 
-; (E - Er =t= EZcemanF + (0/2)2 

for IE - Er =t= EZeell1anl 2::: 6. , (4.:2) 

A {( (D I2)) IE - Er =t= EZef"lllanl- HI V } 
-; iVo - 6 2 + (D 12)2 IIV - 6. + i 0 

[or HI ::; IE - Er =t= EZeemanl < 6, (4.:3) 

A 
-iVo 
7r 

for IE - Ep =t= EZeclllanl < llV, (4.4 ) 

where D, t.1,. and VV are the halfwiclths o[the Lorcntzian, the V-shap d ps udo

gap and the bottom of the gap. 2iVo = 2~ iVo denotes the resid1lal DOS . The 

nonnalizat ion factor A is determined to satisfy the conditioll IIV(E)rLE = 1. 

U sing this model for iV (E), we calculated the specifi c heat 

j. 1XJ . fJf(E T) 
Gel = iVA E . iV(£) . fJ ' dE, 

-00 T 

where f(E, T) is the Fenni-Dirac distribution [unction. The fiLLing of GellT 

is perfornlcd so as to reproduce the experi lnental resu lt. 1< irst, we perfOrlll d 

a fit for the zero field data with the fitting paralneters D, 6., vll and iVa. The 

best fit is obtained with the paralneter D = 40 K, 6. = 25 K , VV = 2.0 1\ 

1Vo = ~iVo = 6.8 x 10-4 
1(-1. The fitted curve rcproduces the experilnental 

Gel IT very well as shown in Fig. 4.2. It should be noted that the sanle val

ues of D, D" vll and iVa for zero field are also well reproduce Gr-tiT even in the 

Inagnetic field up to 14 T with the paralneter 9)1./;1 = 1.10. The good fit ob

tained with a single set of parCl.lneters [or various Inagnetic fields reveals that the 

Kondo-resonance peak in the DOS as well as the V-shaped pseudo-gap for both 
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up- and down-spin is hardly affected by the field at least up to 1-1 T although 

effect o[ Inagnetic fi.eld on the pseudo-gap has b(,C'11 unclear until this st.ud y. In 

other words, a rigid band picture is valid [or the telnperature range above 2 K 

in the fie ld up to 14 T . This conclusion is understood [1'0111 the viewpoint o[ 

energy-scale comparison between the Kondo and Zee111an interaction as TK = 

51 K > EZeeman/ kB ~ 10 I\: at 14 'I' . 

Ikeda and Miyake [28] argued that the CEF state o[ IJ = 5/2, / :: = ±3/2) 

is the basis of the ground state of CeN iSn. The ultrasonic IncasurelllC'nt for 

the isostructural CePtSn [!f0] suggests that the 1.5/2, ±:3j2) tf'rnl is dorninant 

for the obtained ground state. For the CEF state of 15/2, ±3j2) the value of 



gJIJ~1 is expected to be 1.29. This va.lue' is in reasonable agrccment with the 

gJ I J~ I = 1.10 obtainpd in this st ucly. 

The Gel IT is also calculated as a [unction of If with the obta.ined f1 tting 

paralneter. The solid curves in Fig. 4.3 show the calculated Gel IT a.t 3.5, 4, 

5 and 6 K. The calculated curves agree well with the experi lnen tal data above 

4 K . As ternperature decrea.ses and the field increases, however, the agreen1ent 

between the calculated a.nd cxperilllental values are getting worse, accolnpanied 

by the enhancelnent of experinlCntal GellT above 6 T and below :3 .. 5 K. TlIe 
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calcu lated II dependence of CeJ/T for Ce iSn at temperatures of 3 . .5,4, 
5 and 6 K using the parameters, hown in Fig. 4.2. The dashed cu ryes 
are guides for the eye . 



discrepancy probably al'lSCS [rOlll 1,h -" simple and rigid struct.ure of t 11<, DOS 

nlodel, whi ch suggests that (1 Ii 11(' structure exists inside the pseudo-gap a ndl or 

that the pseudo-gap is dynaillically changed at tIl(' higher fields. Hec(,J1t Iy Saso 

[41, 42] theoretically discussed teillperature a.nd fielel dependence of the ps 'udo

gap of CeNiSn. In the theory, the rigid gap picture is valid a.t low field. \Nith 

further i ncrea,sing field, however, the gap colla.pses ely !lalll i ca.lly after the bottom 

edge (E = ±vV) crosses Er . The disagreelnent at high field 11lay COITespon 1 to 

his story. 

4.2 Peak in magnetic susceptibility 

We shall discuss the peak of j\1 111 at 12 E for II II a. At the low tClllperature be-

low 50 K, an itinerant qua.siparticle picture becOlllcs suita.ble because of Tl'. = .51 

1\. In this case, the DOS lllode] 111cntioned above can be applied to tIl(' Inag-

netic susceptibility by aSSllll1ing the Pauli pa,ra.1l1agJlC't.islll. Then w{, Ci:dCIli<lt.('d 

the Inagnetic susceptibility \ crtl below 50 1\ by using th(' DOS with th(' SCl!l1e' 

paran1eters obtained by the fitting of the CfIIT. Since the ('xperillH'lltal vallte 

of Inagnetic susceptibility is evaluated by dividing the lneasured magnetization 

by the applied field, we use the following equation, 

(I1.G) 

The XCCLI is shown by a solid curv in Fig . 4.4. As telliperaturc decreases, tile 

Xcal increases and shows a broad pea.k at 12 1\. TClnpcrature depelld ~IlC(, of \ crd 

qua.litatively well reproduces that of the experll11ental data as long as the field is 

para.llel to t.he a axis. This ritted result indicates that the rapid el( crease in j'd I II 

below 12 K is not due to the developn1ent of an antiferronlagnetic correlation 

but rather due to the decrease of the DOS i . e. Ule' develop1l1ent of thE-' pseudo

gap. The difference in the c\.bsolute value between Xcal and the experin1ental 

data is responsible for aln10st T-inclependent contribution such as the Van Vleck 
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contr·ibution. IIowever, the lllagnitucle of the difference', rv 5 X 10-:3 (,11111/n101 ; 

is 111uch larger than the Va.n Vleck contribution to th lllagnetic susceptibility 

for the conventional llletal. The difference lllay be explained by a Van-Vleck 

susceptibility enhanced by a lnany-body effect. Such an enha.nced susceptibility 

is discussed in the cases of Ce;3Bi 4Pt3 and YbB 12 [4:3]. 



4.3 'I'he electronic state inside the pselldo-gap 

We have argued the va.lidity of the rigid structure of the ps('udo-gap. h '01ll this 

view point" we consider the electronic state inside the pseudo-gap ill connection 

with the specific heat below 1 K in the Inagnetic field. The slight increase of 

CellT is observed below 0.5 K, which suggests that some additional structurp 

exists inside the gap of the DOS around Ep . Therefore, we introduce a p ak 

structure instead of the flat DOS. In order to Silllplify the calculation, the newly 

introduced peak was assu111ed as an isosceles triangle on th ~ residual DOS as 

shown in Fig. 4.5. The equation 4.4 of the DOS is cha.nged into 

AdN - -
-; IIV IE - Ep =f EZe~malll + iVa + diV 

for IE - Ep =f EZeemalll < lV. ( 4.7) 

The pararneter 2dJV is the height of the peak froll1 the residual DOS. The cal-

culatecl CellT for 0 a.nd 2 T is respectively plottEd as a. solid a.nd dashed curves 

D~OS 

E 
Figure 4.5: Additional peak structure at the bottom of the gap . The 
solid and dashed curves represent the peak structllre and the fla.t residual 
DOS, respectively. 
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wi th the experilllenta.l data below 1 1\ in Fig. 4.6. The experi 111('11 tal cia La (\ t zero 

field is well reproduc d with the paralneter dN = 1.6 x 10-4 1(-1 showing the 

validity of the peaked structure existing inside the gap . It should be noted that 

the fitting paran1eters other than dl'/ are the sanl(; as that obtai ned above 2 h~. 

According to the Hall coefficient l1WaSUrelnents a strollg decrease of the carrier 

concentration clue to the gap fonnation has been suggested at low telnp ::oratures 

[39]. The carrier nun1ber concentration drops down to 0.0012 If.u . at 0 . .5 J( with 

an assurnption of one carrier model. Concerning the values of C\, IT and the 

carrier concentration, we can rougbly estinlat.e the Sonllllerreid coefficie1lt I per 
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one carrier at f'..> 104 11101/1\'2 rno1. TlH! large va.lllc of I strongly suggests t.hat t.he 

peaked electronic state at the boltom of th ' gap is cOlllposecl of a rcnorll1alized 

quasiparticle with enhanced e[['ectiv(' Ina.ss due to a lllany-body ('f['ect. 

In contrast with the successful fitting for zero ficIci, the dashecl calculatioll 

curve for 2 l' deviates ren1arkably frOll1 the experilnental data with 30 o/tJ reduc

tion in Cel/T at 0.2 K, as fa,r as we use the saulC parcunetcr of gJIJ:1 = 1.10 

obtained for the data above 2 K within the rigid partial band pi ·ture. Although 

the theory by Ikeda and Miyake [28] have reproduc( d 1n(1.ny f xperilllellta,l results , 

it has not predicted that the DOS around Er in zero field is enhanced at low 

te111peratures and the peaked structure is drastically reduced by the field. IIen " 

the electronic properties of CeNiSn is likely governed by a. novel 1l1any-body 

effect, which fonns a Kondo resonance peak at 1110derately high tenlperatur s, 

a pseudo-gap at EF as telnperatul'e is lowered a.nd fillally a new quasiparticle 

state with 8111all characteristic energy at the botton1 of the ga.p at very low telll

peratures. The pea.k developed in the D OS below 0.,) r< is possi I)ly an i 11 cI i ca tioll 

for a new-typ 111etallic ground state in CeNiSn if it is intrillsic. 

Since Cel/T increases 1 elow 0.5 I\ in zero lllagnetic ficIci, the cle tronic st.ate 

should have a characteristic tell1perat ure T* ::; l 1\, w hi ell COlT('spon cis to the 

Zeenlan energy EZeenlan/kB [or 1 T. It is quite reasollable that the new electronic 

state is dynan1ically collapsed by the Inagnetic field of rv 1 T'. Thus , the drastic 

reduction in CedT can be interpreted by the suppression of the new electronic 

state by the field. The incr 'ase of ed/T above 2 l' is reasonably explailled by the 

overlap of the regions above ElL and below E, in our DOS lllodel (Pig. 4.l) clue to 

the Zeen1an effect. Because the a.dditional peak structure in the DOS vanishes 

above 0 .. 5 K, the initial decrease of Cd/T is not found in field dependence abov 

1 K . The T-linear dependence of CedT above 1 T suggests that the DOS is 

proportional to I EF - E I above 1 T. 

In the above discussion the new peak in the DOS has been treated as a new 
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intrinsic state of Ce iSn. \V<, sllOlIlclexcunine a possibility of all ext.rinsic origill 

far the enhancelllCnt of C('I/T at low tCl11peratUl'es. Olle of the 1110st possiblf' 

candidates as thc extrinsic origin is tha.t an impllrity band is responsible for 

the T and I{ dependence of Crl/T. ITowever, the upturn of (\I/T below 0.,) 1\ 

at zero field becOlnes clea.rer with purifying sa.nlples. This tClldellcy suggest s 

that the upturn is unlikely to resulL f1'0111 ilnpurities. The significClnt field effect 

bclow 4 T has been observed for the high-quality san1ple ill t.his stlldy. 0 

appreciable field effect wa.s seen for low qua.lity scl.1l1ples in Illagnetic field along 

the a axis [23]. The ilnpuri ty effect is expected to veil the field dependence of 

specific hea,t since the quasiparticle band is blurred out by the impurities. As 

111entianed a,bave, Cet/T exhibits the strong anisotropy in respect to tlw direction 

of 111agnetic field. Isotropic or less anisotropic behavior against lllagnc tic field 

is expected for ilnpurities because the ra.ndOlnness introduced by the ilnpurity 

Inakes the Fern1i surface isotropic. Th refore, it is difficult to ('xplain t he strong 

anisotropy if one aSSU111C the ilnpurity contribution. Thus, we believe that our 

findings a.rc [r0111 intrinsi c properties of the elect 1'011 ic grou ncl sta te of ( \(' N iSn. 



Con<:l usion 

TVIeasurenlents o[ thern1al and lllagnetic properties [or a 11 igh-q II a.li ty si llgle

crystall ine Ce iSn in Inagnetic field allows us to investigate the intrinsic eltc

troni c ground sta.te. Speci n cheat. III e(lSUrell1C'1l Ls h ewe b( ('11 per f orl1wd from 0.1 

to 25 K in Inagnetic held up to 1/1 T. A H'lllarkable field efrect is observed 

along the a a.xis in contrast with lit.tle fi.eld dependence for 11 II b a.nd c. This 

anisotropy in specific heat is larger than tha.t ill llwgnctizatioll. 

The field dependence o[ the speciflc heaL above 2 K is well ('xplailled by a 

V-shaped gap in the Lorentzian DOS with a residual DOS assuming the rigid 

band strucLure. Tbe field e[['ct is introduced only as the ZeC']))c\11 split.t.illg of 

the partial D OS for both u p- and down-spin 1 ands. We cone 1 tI de [ro111 L he 

result that the overa.ll DOS as well a.s the pseudo-gap is hardly arrected by the 

field in the telnperature ra.nge above 2 K in magnetic field up to J ~ I T. The 

value gJIJ:; I = 1.10 obtained by fitting is close to the values o[ 1.29 ('x]>( cled 

for the CEF IJ = 5/2, J:; = ±:3/2) state, which supports the experinlCnta.l ctnd 

theoretica.l argl1l11ent for the ground state of this cOlnpouncl. 

The ma.gnetic susceptibili Ly ha.s been Ineasured [1'0111 2 to GOO 1\ at the field 

of 1 T. Fitting the data to the Curie-Weiss [onllu]a yields the effecti ve lllOlnent 

f1 e f f = 2.53p8 and the panullagnetic Curie teillperature OJ) = -42.6 K. The 

value of f1 e f f = 2.5:31l8 is clos(' to the value 2.54/l8 for the free Ce3+ ion. The rigid 

band picture can a.t least qualitatively reproduce the tel11perature dependence 
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of the lllagnetic susceptibility helow 50 h~. The cusp ill 1\1/11 is f01lnel to arIse 

frOlll the presence of the pseudo-gapped DOS rather than frOlll tile ('nhanc(,111 'nt 

of an antiferro1l1agnetic correlation. 

Cet/T slightly increases \vith lowering teITlperature below 0.5 K at zero field. 

The increase reveals that a.n acldit ional peak structure C'xists at 8[;' i llsi de tl1f' 

ga.p . The Cel/T enbanced below 0 .. 5 K is reduced in turn by a.bout :30 % as the 

field Increases up to 2 T. The :30 % decrease is hardly explained by the rigid 

ba.nd picture. 

The electronic properties of CeNiSn a.t low tCll1peratures is conclud d to be 

governed by a novel Inany- body effect, w hi cll fOrIlls a pseudo-gap in t lw h~on do 

resonance peak around E p . Below 0.5 1<, the Inany-boclyinteraction realizf's a 

new quasiparticl state at the center of the ga.p . Fr0111 this study we propose 

that Cc iSn is a new type of strongly correlated Inetal although this COIl1pound 

ha.s been so far classified as (l. Kondo insulator. 
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