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ElectricalresistivityofthreeCeKondocompoundshavingdifferentcharacteristictemperatures
Tk,CeAl3,CelnCu2andCeNihasbeenmeasuredathighpressllreandhighmagneticfield. Itis
fbundthattheelectricalresistivityofthesecompoundsshowsT2-dependenceatlowtemperature
andthecoe伍cientofthetermdecreaseswithincreasingpressure. Themagnetoresistanceof
CelnCu2changesthesignfromnegativetopositiveaspressure increases,whichindicatesa
pressure-inducedcrossoverfromincoherenttocoherentKondoregime.
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accountthevolume(orpressure)dependentGriineisen

parameters.'0)Wepointoutthattheelectroniccrossover
inCKcompoundsathighpressureisaccompaniedbya
changeinthevalueofrathighpressure.

§2. Experimentals

Thespecimensinthepresentworkweresinglecrystals
ofCelnCu2andCeNiandpol/rystalofCeAl3.Thede

tailsofthepreparationweredescribedelsewhere.'1-13)
Thepressuredependenceoflatticeconstantswasmea-
suredbymeansofpowderXFraydi缶actiontechnique.
Hydrostaticpressurewasgeneratedbyusingapiston-
cylinderdevice.Thedetmlsofthehighpressureappa-
ratuswasreportedinourpreviouspublication.'4)

§1. Introduction

TherehaNﾉebeenalotofinvestigabionsabouttheelec-
tronicandmagneticpropertiesofconcentratedKondo
(CK)compoundscontainingCeorUbecausethesecom-
poundsgiveanimportantinfbrmationfbrstudyingthe
roleofstrongelectroncorrelationsinthemetallicsys-

tems.1,2)TheCKcompoundsshowseveralanomalous
properties,suchasahugevalueoflineartermcoefficient
7intheelectronicspeci6cheat,alargeZz-terminthe
electricalresistivityp(T)ablowtemperatures, alogZ~L
terminthep(T)athightemperaturesandsofbrth
ItiswellknownthattheelectronicstatesofCKcom-

poundsarestronglydependentonthechangeinpressure

orvolumeandmagnetic6eldsincetheseareelectroni-

callyunstable.3)Theelectronicstatesofthesystemsare
characterizedbythesGcalledKondotemperatureZk.
Thefactmentionedaboveindicatesthelargechangein

themagnitudeofTkbyanapplicationofpressureor

achangeinmagnetic6eld.Usuallytheheavyfermion
(IIF)systemhavingalowTkoftheorderofseveralde
greeKelvinhasalargeGriineisenparameterrofthe

orderof100.4)TkofHFcompoundsincreasesrapidly
withincreasingpressuretoshowacrossovel･ intoanew
electronicstabe15)whichiscalledtheintermediatevaF
lence(1V)statehaN'ingrelativelysmallr.6)Recentlywe
havereportedsuchpressure-inducedcrossoverfbrsev-

eralCeandUcompounds7'8)andfbundasystematics
fbrthefactorofJJV(O)andthevaluesofr,9)whereJ
isthes-/exchangeinteractionandlV(0) thedensityof
stat=attheFbrmi level・ Inordertogetadeepinsightin
thestudyofelectronicstructureofCKcompounds, itis

worthwhiletoextendourinvestigationathighpressure
tootherCKcompoundshavingdifferentZkvalues.

Inthepresentworkwemadeanattempttomeasure
tﾄeelectricalresistivityofthreeCKcompoundshavirg
diffbrentTk,CeAl3,CelnCu2andCeNiunderhighpres
sureandhighmagnetic6eld. Thevolume(or lattice
constants)ofthethreecompoundswasalsomeasuredat
highpressure.Ther"ultsarediscussedbytakinginto

83. Results
‐

Thetemperaturedependenceoftheelectrical resis
tivityp(T)ofCeAl3atvariouspressuresupto8GPa
andp(T) ofLaAl3atambientpressureareshownin
FiglThep(T)ofLaAl3 issimilartotheordinary
non-magleticmetali itvarieslinearlywithtemperaiure
abovelOOKwithoutanvanomalv.Whereas， atambi-

‐ 画

entpressure, pofCeAl3increases logarithmcallywith
decreasingtemperatureuntil itreachesamaximumat
35Kandhasashouldernear6K.Thisbehaviorisdue

totheKondoscatteringonathermallypopulatedlevel

splittedbycrystallineelectric6eld.'5)Withincreasing
pressure,thepeakandtheshoulderaremergedintoone
peak,whichisshiftedtowardshighertemperatures.The
p(T)at8GPabecomessimilartothatofLaAl3This
rsultisinterpretedasapressureinducedcrossoverin
theelectronicstateofCeAl3fromlow-TkHFstateto

high-Tkintermediatevalence(1V)stateassociatedwith
anincreaseinthehvbridizationbetweenconductionand

v

4/electrons.

Inordertogetthetemperaturedependent4/magnetic

contributionpmag(T), thep(T)ofLaAl3isassumedto
bepressureindependentphononpartofCeAl3andsul>
tractedfromthep(T)dataofCeAl3atvariouspressures

Figure2illustratesthellmag(T)asafUnctionoflogr
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Fig． 3. ThepressIlredependenceofthetemperatureTmaxat

whichPmaghasamaximum.
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sure・ SinceT}nax isroughlypropo'･tional totheZk,'6)
thepressuredependenceofZkmaybeinferredfromthe
result inFig.3.Ontheotherhandthelogarithmicde

pendenceofthepmagontemperatureisobservedinthe
widerangeabovetheT1nax.Thenegativeslopebecomes
steeperathigherpressurereHectingthestrongKondo
scatteringwithlargeenhancementofTkathighprs
sul･es･

Inordertoexamnethe"-dependenceinthepmag(T)
at lowtemperature,pmagisplottedasafimctionofT2
fbrCeAl3 inFi9. 4uptol7KfbrP=1.5GPaandto

80KfbrP>3GPa・AboveO.8GPatheT2-dependenceis
clearlyobservedinthetemperaturerangeofthepresent
workasshownbystraight line・ Aspressureincreases,

LaAL
J
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Fig. 1. Theelectricalresistivityp(T)ofCeAl3underhighpreg

sureasafunctionoftemperaturep(T)ofLaAl3atambient

pressureisalsoshownfblLcompanson.
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Fig． 2. Themagneticpaltofelectricalresistivity,pmag,asafiluc-
tionoflogZ~'atvariouspressures.
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ThemaximumtemperatureZ1naxinthepmag(T)isshown
inFig.3.ThnaJ< isfbundtoincreasewithincreasingpres
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theslopedecreasesandthetemperaturerangeshowing
T2-dependencebecomeswider.ThecoefficientAofrc-
termisshowninFig. 5asafUnctionofprmsure.The
valueofAisreducedto3ordersofmagnitudesmaller
thanthatatambientpressure,whichwasreportedpre
viouslytobe35"Qcm/K2.'7)Therapiddecreaseinthe
magnitudeofAisexplajnedbytheenhancementofZkby
applyingpressure,whichisconsistentwiththeincrease

inTMnax, becausethecoefficientAis inverselypropoF
tiOnaltoTfl6)
Thesvstematicsmentionedabovearealsofbundin

otherCKcompounds. Figure6showsthetemperature
dependentpofthecubicHFcompoundCelnCu2､7)The
p(T)ofCelnCu2hasawellknownpeakaround26K

whichmovesupwithpressure.

Figure7showspressuredependenceofZ1nax fbl･
CelnCu2 togetherwiththedataofthemeasurement

athighertemperatureuptol,000K.'0)Itappearsthat
TInaxincreasesexponentiallywithpressure.

TheT2-dependenceofthepmagsubtractedbythe
1'esidualresistivitypoatlowtemperature,pmag－β0, is
showninFig. 8fbrCelnCu2. It isnotedthatthecD

herencyinKondolatticeofCelnCu2ispartiallybroken,
owingtothedisorderbetweenCeandln-siteinHeusler-

typecrystalstructure,whichgivesrisetoalargevalue
ofPo.TherefbrethevalueofthecoefficientAofT2-term

isreducedto2orderssmallerthanthatofCeAl3inspite
ofcomparablevalueofthespecificheatcoefficient7.'7)
Figure9showsthepressuredependenceofthevalueof
AfbrCelnCu2.Thelargedecreaseisalsoobservedin
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02 Fig． 11. PressuredependenceofAofCeNi

sure.'9)Thebehavioragainstpressureisqualitativelythe
sameasthatinlow-TkHFcompoundsmentionedabove
butthepressurer"ponseislessprominentthanthatof
CeAl3.

Nextweshowthe6elddependenceofthemagnetore
sistance(MR)ofCelnCu2,△β/p=Ip(H)－β(0)1/P(O),at
4.2K,whichisplottedatvariouspressuresupto2GPain

Fi9. 12.20)Thevalueof△β/PbelowlGPaisnegative,
butthesignchang=between0.5and1.0GPa.Above

1GPa,△β/pincreaseswithincreasingH,Le, theposi-
tiveMRisobserved,buttheeffectofpressureon△β/β
abovelGPaisrelativelysmall.SimilarpressurebehayE

iorofMRathighpr"surewasreportedpreviouslyfbr
UBe13･2')

ForseveralHFcompoundssuchasCeCU6,22)CeA1323)
orCeCu2Si2,24) thesignofMRchangesftomnegative
topositivewithdecreasingtemperaturebelowlK.The
positiveMRisexplainedtoimplythatthesystemen-

terstoslcalledcoherentstate.OnthecontraryiMRof
CelnCu2remainsnegativeandcontinu"toincreasein

magnitudedownto0.4K.20)Thecoherentstatemaybe
brokenbytheexistenceof4fsitedisorderinCelnCu2.

ApossibleinterpretationofthechangeinthesignofMR

athighpressureisacrossoverfromalocalizedfelectron
statetoallitinerantorcoherentone,i.e.,theeffectof

？00
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Fig. 9. PI･essuredependenceofAofCelnCu2

thepr"suredependenceofthemagnitudeofAandcon-
sistentwiththeresultofT1nax(orTk)whichwasshown
inFig.7.

CeNi isatypical lVcompoundhavingalargerkof

aboutlOOK.'8)ConsequentlyT2-termintheelectrical
r"istanceisexpectedtobeobservedinrelativelywide

temperaturerangecomparedwiththelowTkHFcom-
poundssuchasCeAl3orCelnCu2.FigurelOshowsthe

magneticpartofelectricalresistivitypmagofCeNisub
tractedbythevalueofPo, asafimctionofrc. TE-
dependence intheP(T) curveofCeNi isseen inthe
usualexperimentaltemperaturerange:p(T)atambient
pr=sureshowsT2-dependenceupto30K.TheT2-term
coefficientAisshowninFig.11asafUnctionofpres
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disordermaybelesssignificantathighprssure.There
fbrethepresentresultimpliesthatthecoherence,which
liesbelowatleastO.4Katambientpressure, isinduced
at4.2KbyapplyingpressureoflGPa.
Almostthesamer"ultisobtainedfbrCeAl3,whichis

indicatedinFig. 13.TheMRat1.5GPaisalmostzero
andthenit isexpectedtochangetopositiveathigher

pressurethan1.5GPa
ThetemperaturedependenceofMRwascalculated

fbrCebasedheavyfermionsystembyKawakamand

Okiji25)asafUnctionofT/Tkonthebasisoftheperiodic
Andersonmodel.Accordingtotheirresult, thepositive

MRappearsatlowtemperatureT/Tk≦0.2duetothe
gapstructureoftheKondoresonancealittleabovethe

Fbrmi level. Theircalculationsucceededinexplajning

qualitativelymanycharacteristicpropertiesfbrtheMR
ofCeAl3andCeCu6.Atambientpr"surethecoherent

stateisinducedonlybyloweringtemperature. Onthe

otherhand, itisalsoinducedbyhighpr"surebecause

Zkisenhancedlargelybyanapplicationofpr"sureto

givethesmallvalueofT/TMSincetheTkofCelnCu2
atlGPa,asmentionedabove, isseveraltim"aslargeas

thatatambientpressure, thereductionofT/TkatT=
4.2KbyapplyingpressureoflGPamaybesufficientto
induceapositiveMRorcoherentstate.

Aswementionedabove, thepressuresensitivityofthe

Zkhasawidevarietydependingonmaterials.Rlrthers

more, thesethreecompoundsarecrystallizedindiffbrent

structuresandelasticproperti"arediffbrent・ Investiga戸

tionofthecrystal structureathighpressure， thus, is

importanttocomparethepressuredependenceofthe
ZkfbreachmaLerial.

Figurel4shows theresultofXPraydifITactionex-
perimentathighpressureandatroomtemperaturefbr

CeAl3・ThefTactionalchangeoflatticeconstantsqandc

alongwiththeunitcellvolumeV=､/§a2C/2isshownas
afilnctionofpr"sure､26)ThediflTactionpatternathigh
pressurerevealsthattheNi3Sn-typehexagonalstructure
isstableatroomtemperatureatleastuptol7GPa.A

discontinuouschangeinthelatticeconstants, like'γ-α

transitioninCemetal) isnotobservedwithinanexperi-
mentalerror.ThusthecrossoverhomCKtolVstatein
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CeAl3observedintheelectricalresistivityoccursgrad-
uallvwithoutvolumeanomalV. 'Ibestimatethebulk

ぎ し

modulus･weattemptedaleast-squares6tofthedahaof

Vtothefbllowing6rst-orderMurnaghan'sequationof
state:

{(M)"1 {"
Bo

P=

B6

whereBo is thebulkmodulusat ambientpressure)

-6P/alnVIp=0,andB6isitspressurederivative,
6B/6PIp=0=1WeobtainedI'b=1712A3,B｡=
53.6GPaandB6=2.97. ThesolidlinefbrV/%in
Fig. 14showstheresultoffitting. ThevaluesofBo
fbrCelnCu2andCeNiwereobtmnedtobe97GPaand

25GPaatroomtemperature, respectively.'9,27)

§4. DiscllRRion

InordertodiscussthevolumedependenceoftheZk

indetail,weanalyzedthepresentr"ultmentionedin93
asfbllowS.

TheGriineisenparameteroftherkisde6nedas,

61nZk
F三一 （2）

alnV

IfweassumethattheTh,aa<isproportionaltotheZkand
thecoefficientAofTz-termisinvel･selyproportionalto

Tf,ie,Th,axo<TkandAo<1/Zf,wehave,

alnTInax 10111A
r=--=-g4== （3）

a1nV 201nV ･

Equabion(3)canberewrittenasfbllows,、 〃
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｜鶚需l=､淵=-r'｡(M)(4)ln

InFig. 15weplotthelogarithmoftherelativechange

ofthe44againstthatofvolumefOrCeAl3, inwhichthe

pressureis includedasanimplicitvariable. TherelaF

tivechangeofvolume,-1n(I//I'6) isevaluatedbyusing
eq. (1)Theordinateinthisplotindicatestherelative
changeintheTkandhencetheslopecorrespondstothe
r(seeeq(4)).Romtangentattheoriginofthisplot,
thevalueofris"timatedtobe97atambientpr"sure.

AsisseeninFig. 15、 therisdependentonthevolume

changeTheslope(r)becomessmallerasthechange
involumeislarger(higherpr"sure). Sincethesystem
showsacrossoverfromlow-Tktohigh-Tkstateinduced

bypressure, itisexpectedthattherdecreasesathigh
pressure.Thisresultagreeswiththefactthatthevalues
ofrfbrlVmaterialshavinglargeTkaresmallerthan
th"eoflow-rkHFmaterials.

Figl6showsthesameplotasFig. 15fbrtheA(P)
dataofCeNiupto8GPaaswasshowninFig． 11.The

rvalueisestimatedtobeaboutllatambientpr=sure.

ItisnotedthattheAofCeNibehav"againstVinthe

samewayasCeAl3; theslopeinthe-lnlA(P)/A(O)1/2
vs-ln(V/I/6)plotbecomessmallerathighpressure
Thedecreaseintheroccursevenintheinterm"iate

valencecompoundindicatingthemoreitinerantstateat
highpressure.

Nextweshowthecaseinwhichthesameanalysisis
validtothedataofTInax.Fig. 17Ulustrat"therelative

changeoftheTInaxagainstVinlogarithmicscalefbr
CelnCu2・Thoughthepressurerangeintheexperiment
oftheelectricresistance(upto8GPa) isthesameas
CeA13andCeNi, therangeinthe-ln(V/1/6)arelargely
diffbrentbecauseofthedifferenceinthebulkmoduli.

Ifweamusttheoriginofth=eplot, i.e, thevaluesof
Tkandvolumeatambientpressure, it is fbundthat

allobservedpointsfbrthethreeCKmaterialsfallona
''universal>'curve､28)Thisfactsuggeststhatthepr"ent
treatmentfOrthevaluesofAandTInaxisagoodtool
toanalyzequantitativelythepressuredependentp(T)
curveandfUrthershouldbeappliedtotheotherHFand
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IVcompounds. Theextensionofthepresentmethod
tootherKondomaterialsisnowinprogressandwillbe

reportedinthenearfuture.
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