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Recentexperimentalresultsintheheavy-fermioncompoundCeNi2Ge2arepresented.We

havestudiedthetemperaturedependenceofelectricalresistivity, thermopower,magneticsus-
ceptibilityandhigh-fieldmagnetization・Aquadratictemperaturedependenceintheresistivity
isobservedbelow0．7KThesusceptibilityexhibitsabroadmaximumat28K・Themagnetiza-

tionshowsametamagnetiC-likebehavioratHM～42TasinCeRu2Si2.Theseresultsindicate
thatCeNi2Ge2isanewheavy-fbrmioncompoundshowingametamagnetic-liketransitioninthe
non-magneticground-state.
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remarkablefeatureofCcRu2SizandCeCu6,whichshowsup

roughlybelowtheKondo temperature, 7K. Thepseudo-

metamagnetictransitionfieldsHMare7.7Tand2TfOr

CcRu2Si21) andCcCu66,7), respectively. In thepast decade,

much interest has been fbcused on theirmetamagnetic

properties. Especially inCcRu2Si2, avariety ofphysical

propertiesrelated to themetamagnetic-like transitionhave

beeninvestigated.Theseresultsareshowninarecentreview

paperbyFlouqueteta1.8)Itappearsthat theaspectofeach

propertyiswellclarifiedbyprecisemeasurements. However,

thelinkbetweenthesepropertiesisnotsufficicntlyunderstood

andstill amatterofcontroversy. For example, thedHvA

experimentsindicatingtheitinerant-Iocalizedtransitionoff-

electrons atHM9) apparentlycontradict themagnetization

measurementsindicatingtheabsenccoffirstorder transition

at跡".10,11)Togetacompleteunderstandingofthemechanism

of themetamagnetic transition, comparative studieswith

betweenother heavy-fermionmetamagneticcompoundare

important・ SincemetamagneticCecompoundswith non-

magneticgroundstateare still rare, a search for other

metamagneticcompoundsisneeded.

WehavedirectedourattentiontoCCNizGe2withthe

tetragonalThCr2Si2typestructure.Thiscompoundisanon-

magneticheavy-fermioncompound.TheseriesofCcT2X2(T

=transitionmetalsandX=SiandGe)withtheThCr2Siztype

structureshowavarietyofgroundstates・Themagnetic

behaviorofCeissensitivetotheCe-TandCe-Xspacings.12)

For thehomologswithT=Ru,Ni,Cu,AgandAu,13)

magncticorderingisobservedinthecompoundswhichhave

largeCe-TdiStances(diCe.T>3.25~3.3A).Thevalence-

nuctuationstateisobservedfordce_rwellbelow3.2A.For

the non-magnetic heavy-fermion compounds, CeRu2Siz,

§1．Introduction

In thephysics of the non-magnetic heavy-fermion

systems, it is important tounderstand the ground statc

properties.ThesepropertieshavebeenstudiedinCcRu2Si21,2)

andCcCu63).At roomtemperature,eachCcionin these

compoundshasalocalizedmomentandbehavesasaKondo

impurity. AS indicated by inelastic neutron scattering

measurements,4) antiferromagneticcorrelationsbetween the

localizedmoments develop gradually with decreasing

temperature・Thecorrelationlengthincreascsrapidlybelow

about thecharacteristictemperaturewhichisoftheorderof

theenergygap.However, thecorrelation lengthdoes not

divergebutsaturatestoafinitevalue,whichisduetothe

single-sitenucmationsgivingrisetotheKondoeffect.

Inthegroundstate, theconductionelectronsarecoupled

withthelatticeofthedynamicallycorrelatedfLmoments.A

quasi-particlebandwithalargeeffectivemassis thought to

resultfromtheunknowncouplingbetweenfelectronlattice

andtheconductionelectrons・Thus, thefelectrons inthese

compoundsposscsstwoparticularcharacters．Oneisthatfor

thequaSi-particlebandelectronsnear theFermi-energy, the

otheristhatforthelocalizedelectronsat thedeepflevel. In

otherwords, thefelectronsinthegroundstateposscssboth

theitinerantcharacterofavalencefluctuationregimeandthe

localizedcharacterofaKondoregime･Thisdualnatureofthe

groundstateindicateswhether thesecompoundsare in the

proximityoftheboundarybetweentheseregimes. It isstill

unclear that theitinerant and localizedcharactersofthef

electrons cross over smoothlvor discontinuouslv at the
ヴ ダ

boundary.5)

Themetamagnetic-likebehavior inmagnetizationis a
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CeCu2SizandCeNizGe2,everydce_risnear3.2A・Thisfact

implies that thesecompoundsare in theboundary region

betweenthemagneticandthenon-magneticbehaviors.Thus,

ananalogousnatureofgroundstatesbetweenCcNizGe2and

CcRu2Sizisexpccted.

Themagnetic properties ofCcNi2Gez have been

investigatedbyKnoppαα〃4)byACsusceptibility,specific

heat and inelasticneutronscatteringmeasurements. They

confirmedbyACsusceptibilitymeasurementsthat thereisno

indicationofeitherasuperconductingtransitionoramagnetic

orderingdownto30mK・Thespecificheatcoefficient, 1'=

C/T, amountsto350mJ/molK2.ThisvalueiSofthesame

orderasinCcRu2Si2.2)Theenergywidthofthequasi-elastic

peakdecreaseswithdecreasing temperature andbecomes

nearlyconstantbelow30K.Theexistenceofalargeresidual

widthimpliesthatstrongsingle-sitenuctuations, duetothe

Kondoeffect, existsdown to the lowest tcmperature.The

magneticphasediagramofthepseudotemarysystemCe(Ni,_

xCux)2Ge2havebeeninvestigatedbyLoidlet al.15)With

increasingCuconcentration,heavy-fermionbandmagnctism

with incommensurateorderingvector appears betweenx=

0.75 and 0.2. This behavior is similar to theweak

antiferromagnetic order as observed inCe(RuﾙxRhx)2Si2

system.16)

The physical properties ofCcNi2Gc2 under high

magneticfieldshavebeeninvcstigatedbyseveralgroupsso

far.Magnetoresistancemeasurementswereearlyperformed

uptol4TbyKletowskiaa/.17)Recently, themagnetization

wasmeasuredupto35TbyLoidlαα1.15)andupto40Tby

Matsuhiraer cM18) In these results, there is no anomaly

precursoryofametamagnetictransitionin theabovefield

ranges. Itseemedworthtoinvestigatethemagneticproperties

inahigherfieldregion.

WehavegrownlargesinglccrystalsofCCNi2Ge2.We

havestudiedmagnetizationinfieldsupto50Ttosearchfora

metamagnetictransition, inadditiontoelectrical resistivity,

thermopowerandmagneticsusceptibilitymeasurementsby

usingthesccrystals.

Laboratory,oftheResearchCenterforExtremeMaterials,

OsakaUniversitV.
ぜ

§3．ResultsandDiscussio皿s

3－1乃α"平orrprOper"es

Thissub-section isdevoted todetail the temperature

dependenceoftheelectricalresistivityandthethermopowerin

thesinglecrystallinesamplesofCcNi2Ge2. Itwillbeshown

that theoverallbehaviorsofthesetransportcoefficicntsare

similartothoseobservedinthetypicalnon-magneticheavy-

fermioncompoundsCcRuzSi21,8)andCeCu63), indicatingthat

CeNi2Ge2canbealsoclassifiedamong thenon-magnetic

heavy-fermion.

Figure l shows the temperaturedependence of the

electrical resistivityfor the singlecrystalline samples of

CeNi2GezandLaNi2Ge2forthecurrentalongthec-axis(P//)

and theq-axiS (β上). The resistivity iS anisotropic. For

LaNi2Ge2,β坐islargerthanP//belowtheroomtcmperature.

ThesameanisotropymagnitudeisalsoobservedinLaRu2Si219)

andYRu2Si220)whichcrystallizeinthesameThCr2Si2typeof

structure,suggestingcharacteristicanisotropyoftheresistivity

ofthisstructure. InthisLaNizGe2specimen,dHvAoscillations

havebeenobserved.21)Thisfactindicatesthegoodqualityof

thesample.ForCeNi2Ge2, theresistivityofsinglecrystalline

samples havebeen reported by Schneider et a1.22) The

resistivitydatainref.22areconsiderablydifferentfromour

data, cspeciallyforP〃んAlthoughp上 isconsistentwithour

data,β〃is2~3timeslarger thanourdatainwhole・ Inour

measurements,wehaveobservedthatp〃isverysensitiveto

thequalityofthecrystalascomparedtop.J.Forexample,we

haveconfirmedthatp〃increasesinwholebyseveraltimesof

heat-cyclebetween300Kand4.2K.Wesupposethat this is

associatedwithmicro-cracksoccurringinthec-planewhichis

acleavageplane.Hence,webelieve that the temperature

dependenceoftheresistivityshowninFig． 1isintrinsic.

Fig.2showsanenlargedviewoftheresistivitybelow
8K.Theresidual reSistivitiesaresubtractedfromthed訓乳．

BelowO.7K,aT2depcndenccoftheresistivityisobserved.

ThisisatypicalfeaturcofFermi-liquidsystems.For typical

§2．EXperimental

ThesinglecrystalsofCeNi2Ge2andLaNi2Ge2were

grownby theCzochralskipullingmethodusinga tetra-arc

fUrnace.Thetypicalsizesofthecrystalsobtainedare4~5mm

indiamctcrand30~40mmin length.Thepullingrate is

usuallylowerthanlOmm/hour. Inordertoimprovequality,

as-grown singlecrystalswerepurifiedby the solid-state

electro-transport(SSE)withaDCcurrentof～1000A/cm2

underapressureof5xlO-10torr for aweek. FromX-ray

diffractionmeasurements,latticeconstantswerefollndforthe

Q-andc-axcs4.150Aand9.842A,respectively.

The electrical resistivity and thermopower were

measuredby theconventiOnal 4-probcandthedifferential

methods, respectively. Themagnetic susceptibilitywas

measuredwithaSQUIDmagnetometerat5000e・Thehigh-

fieldmagnetizationmeasurementswithpulsedmagneticfield

up to50Twereperformedat theHighMagncticField
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Fig． 1. TemperaturedependenceofelectricalresistivityPof

CeNi2Ge2andLaNi2Ge2singlecrystals.
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non-magneticheavyfermioncompounds, aT2dependenceof

theresistivityisempiricallyobservedbelowacharacteristic

temperature,TsQR,whichroughlycorrespondstoTK/100.For

examples,TSQR～0.2K1,8) inCeRu2Si2(TK～23K)andTSQR

~0.03K23) inCcCu6(TK～5K). InCeNi2Ge2,7Kisreported

tobe30K14).ThisisroughlyconsistentwithTsQR～0.7K.

ThecoefficientoftheT2term,'4, isestimatedtobeO.39and

0.19 1JQcm/K2 for thecurrent along thec- and fz-axcs,

respectively.

NextweshowinFig.3(a)the temperaturedependence

ofthemagneticresistivityn",whereβ",=PCcNi2GQ-PLaNi2GQ

and(b)thetemperaturedependenceofthethermopowerSfor

CeNi2Ge2. InFig.3(a), amagneticresiStivityshowsalarge

positivepeakatlOOKwhichareinterpretedasthecombincd

effectbetweenthesingleion-Kondoeffectandthecrystalline

electricfield(CEF),asispredictedbyCornutandCoqblin.24)

Similarbchaviorofthemagneticresistivityareobservedalso

inCeRu2Si219) exccptthatthetemperatureofthepeakis200

KinCeRu2Siz.AtlowertemperatIMc, themagneticresistivity

ofbothCcNizGezandCcRu2Si2showshouldersataroundTK.

TheoverallbehaviorofthethermopowerinCeNi2Ge2is

consistentwiththosereportcdpreviouslyforsinglecrystalline

samples22)andapolycrystallinesamplel5).Thethermopower

hasalargepositivepeakat lOOKandaweakpositivepeak

near20K.TheoriginsofthestructuresinSofheavy-fermion

compoundsarestill amatterofcontroversy・ ForCeRuﾌSi？

singlecrystals,25)twopositivepeaksareobservedinS:abroad

positivepeaknear230Kandsmallpositivepeakroughlynear

TK～23K.Basedontheresultsofthermopowermeasurc-

mentsforLadopedsamplesandundermagneticfields, the

authorsinref.25interpretedthat theoriginsofthesepeaks

are(i)aninterplaybetweenincoherentKondoscatteringand

CEFeffectforthepeakaround230Kand(ii)reminiscentof

theKondoresonanceofeachionforthepeaknear23K. lt

appearsthatsimilarinterpretationsareapplicabletothecases

inCeNi2Ge2.Toconfirmthishypothesis, thedeterminationof
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Fig.3(a)TemPeraturedependenceofthemagneticresistivity

P,w,whereg"=PceNi2GQ-PlaNhGQ. Theinset showthe

anisotropyof themagnetic resistivityPmO"c)/PmO//a)． (b)

Temperaturedependenccofthethermopower.

theCEFlevelsinCcNi2Ge2shouldbeperformed.Thedouble

pcakstruclure inSareobservedalso insinglecrystalsof

CcCu6.26)OneisnearrK～5Kandtheotherisaroundthe

splittingenergyofCEFlevels,～60K.Thesefactssuggestthat

thedoublepeakstructuremightbeacharacteristicbehaviorof

Sinnon-magneticheavy-fermioncompounds.

The inset in Fig. 3 (a) shows the temperature

dependenceof theanisotropyof themagnetic resistivity,

P",///P",4. Evans et al. calculated the anisotropy of the

magneticresistivityinnon-cubicmaterialstakingintoaccount

boththecrystal-fieldandKondoeffects.27)Theanisotropyof

themagneticresistivitygenerallypossesscsdifferent values

betwecn that for the resistivity due to single-ionKondo

scattering(T>TK)andthatfortheresidual resistivityinthe

Fermi-liquid rcgion (T<TK).26,27) In CCNi2Ge2, the

anisOtropy is roughly constant (=0.8) between room

temperature and 80K, probably corresponding to the

anisotropyduetotheKondoscattering.NearTK(30K)where

theresistivitycurvesarecrossingeachother, theanisotropy

changesstronglyandisagainconstantbelowabout0.7K.The

constantvaluebelowO.7Kcorrespondstotheanisotropyof

theresidualresiStivityintheFermi-liquidregion.Theoverall

bchavioroftheanisotropyissimilar tothat inCcRu2Si219),
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exceptfor themagnitudeoftheanisotrOpyof the residual

resiStivity.We should note that the residual magnetic

resistivity is quite sensitive to the accuracy of the
measurementsandthesamplequalityforbothCeNizGezand

LaNi2Ge2・Foranaccuratedeterminationoftheanisotropyof
the residual resistivity, more precisemeasurements arc

needed.Theanisotropyof4isestimatedto:』上"//,～0.5.
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Figure4shows the temperaturedependenceof the

magneticsusceptibility,X, for thefieldalongthec- and"-

axeSmeasured at 5000e・ As indicated by thc linear

temperaturedependenceofX-1 (the insetofFig. 4), the

susceptibilitiesforbothdirectionsobeytheCurie-Weisslaw,X

=C/(T+9,betweenlOOKand300KTheeffectivemagnetic

moments and the paramagneticCurie temperatures are

estimatedtobe2､8/4Band58Kforthec-axiS,and2．6ノ4Band

215Kfor thefz-axis.Abroadmaximumis foundaround

Tx77,qx～28Kforthefieldalongthec-axis・Thisbehavioris

similar to that inCcRu2Si2, except thatTx,7wqx is lOKin

CcRu2Si2.Theoriginoftheupturnofthesusceptibilityat the

lowesttemperaturesisnotclear.Thedatainthisregionwas

fittedtoaCurie law, assumingthat thisuptumisduc to

paramagneticimpurities.BysubtractingthisCuriecomponent

wecouldestimatethe intrinsicsusceptibility・ InFig. 4, the

dotted curve shows the corrected susceptibility. In the

correctedsuSceptibility,7x"IQxisfoundaround30K. Hence,

webelievethatrx"z｡xisnotscverelyaffectedbytheuptumat

thelowest temperature・ Theoriginoftheuptumshouldbe

clarifiedby othermeasurements, such asKnight shift
measureInents･

Figure5showsthehigh-fieldmagnetizationofthefree

powderspecimeninfieldsupto50Tat4．2and1.3KTo

secureenoughpenetrationofthepulsedmagneticfield, the

measurementswere performedon powder samples・ The

powder specimenwas preparedwith the. single crystals

purifiedbytheSSEmethod・Ametamagnetic-likebehavioris

observedat veryhigh fields, withaclear peak in the

CeNi7Ge,
企 ～

freepowder

0．0

0 20 40

MagneticField(T)

Fig.5 FielddependenceofthemagnetizationMofCeNi2Ge2

freepowder.Theinset showsthedifferentialmagnetization

dMMH

differentialsusceptibilitydMMHascanbeseenintheinsetof

Fi9.5.Thecritical field鋤",definedasthepeakpositionin

dM〃〃, is42,0Tat1.3Kand42.8Tat4．2K.ltisremarkable

thatHMinCeNi2Ge2isquitchigherthanthatinCcRu2Si､鋤〃

=7.7T).Wenotethat themagnitudeofthemagnetization

belOw団"correspondstoanaveragevaluebetweenthe"-and

c-axesmagnetization.Namely,nocrystal reorientationoccurs

inthefields.Althoughthemagneticanisotropy isweakas

indicatedbytheabsenceofcrystalreorientation,webelieve

that thepresentmetamagneticbehavioroccursfor thefield

alongthec-axisasinCCRu2Siz.Thisisbecausethemaximum

oftheparamagneticsusceptibilitywhichiscloselyrelatcdto

thepseudo-metamagnetictransition, isobservedonlyfor the

fieldalongthec-axisforCeNi2Ge2,asinCcRu2Si21)

Inthefbllowingwewishtoshowtherelationbetween

"MandsomecharacteristicenergiesinCeRuzSi2,CeCu6and

CCNi2Ge2.Wewilldiscuss thesignificantparameter in the

heavy-fermionpseudo-metamagnetictransitions.

Figure6(a)showsaplotofHMvs.4s,wheren_,

indicatestheresidualenergywidthofthemagncticpeakinthe

quasi-elasticneutron scattering. Sincen.s relates to the

energy-scaleofthesingle-sitenuctuations,thiscorrespondsto

thesingleion-KondotemperaturerK・ Inthisplot,wehave

obtainedr§筆sforCeNi2Ge2fromref.14il~3_5forCcRuzSi2and

CcCu6fromref､4;HMofCeRu2Si2andCCCu6fromrefs. 1

and6, respectively・Apparently, theproportionalitydoesnot

hOldbetween跡〃andl~S_s.ThisfactindicatesthatthepseudG

metamagnetictransitionfieldmightnotscalebythesingle-ion

Kondotempcrature.

Nextweshowﾉ恥vs. Tx"@@xplot inFig. 6(b), data

pointsforCeo.95Lao.05Ru2Si228)andCCRu2SizatpressuresofO,

1,2, 4and5．8kbar29) arealsoshownforcomparison. lt

appearsthataproportionalitydocsnotholdbetweenHMand

Tx",ax.Thisfactsuggeststhat themorethantwoparameters

aresignificant todetermineHMandrx"IQxfor thesecom-

pounds. It isremarkablethatratheruniversalproportionality

holdsbetween"MandTx"mxforthemetamagnetictransition
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crystalsofCcNi2Gezareneeded.AIsotheinvestigationofthe

originofTx77tgx, isimportant.
100 ■

日
日
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Ⅱ
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■

(a)
CeNi2Ge2a

Summary

We have prepared single crystalline samples of

CcNi2Ge2.Thesesinglecrystallinesampleswerepurifiedby

theSSEmethod.Theyshowtypical featuresoftransportand

magneticpropertiesof non-magneticheavy-fermioncom-

pound,asfOllows.

(1)T2dependenceoftheresistiVityisobservedbelowTsQR~

0.7K.Thisisroughlyconsistentwiththeempiricalrelationin

non-magneticheavy-fermioncompoundS.

(2)Thethermopowershowstwostructures:alargepositive

maximumaroundlOOKandaweakpositivepeaknear20K.

This double peak structure is probably a characteristic

behaviorofSinnon-magneticheavy-fermioncompounds.

(3)Thcmagneticsusceptibilityshowsamaximumnear30K

forthefieldalongtothec-axis.

(4)Ametamagnetic-like behavior is observed in the

magnetization curve at 4．2 and 1.5K. The pseudo-

metamagnetictransitionfieldis42.0Tat1．5KThisisanew

exampleofheavy-fermionmetamagnetism.
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Fig.6(a)Pseudo-metamagnctictransitionfield鋤"verSuSthe

residualwidthof thequasi-elasticscatteringpcakof the

neutrondiffraction. (b)Pseudo-metamagnetictransitionfield

鋤f versus the temperature ofmagnetic susceptibility

maximumTxmgx inCcNi2Gez, Ce0,95Lao・05Ru2Si228) and

CeRu2SizatpressuresofO, 1,2,4and5.6kbar29).Thesolid

lineindicatesthechangeofHM andTxI7mizx inCeRu2Si2by

applyingpressure.Thecrosses (X)showInfvs. 方の0 (in

temperaturcunitofthehorizontal-axis)plotforCeCu6(left)

andCcRu2Si2(right).
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