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Intel,metalliccompoundCePdAl,whichcrystallizesinthehexagonalZrNiAl-typestructure, is
adense-Kondocompoundwithamagnetictransitiontemperaturenw=2.9K.Thetemperature
dependenceofthemagnetization,magneticsusceptibilityandelectricalresistivityhavebeen
measuredbyusingsinglecrystallinesamplespreparedbytheCzochralskimethod・ Theeasy
directionofmagnetizationisparallel tothec-axis・ ThemetamagneticleatufeisobServedby
applyingthemagneticexternal fieldparalleltothec-axisbelow恥．TheenergyschemeofCe
ionsistentativelydeducedbyanalyzingthetemperaturedependenceofmagneticsusceptibility
takingintoaccountofboththecrystallineelectricfieldandanisotropicexchangefield.
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saturatedtowards1.211Bat lOT.Magneticstructurehas

beenstudiedbyneutronpowder-diffractioneXperiments

using polycrystalline sample, fromwhich an
incommensuratestrucmre5)hasbeeninfEITed.

Thecrystalstructure6)ofCePdAlisthehexagonal
ZrNiAl-type,whighisanorderedFe2P-typederivative.The
spacegroupisP62m(No.189)with3fsiteoccupiedbyCe
atoms,laand2dsitesbymatomsand3gsitebyAlatoms.
Thiscrystalstructureisobservedasahigh-temperature

phasebytheinvestigationbySchankaal.2)Theyhad
shownthat(1)afteranannealingattemperamresbetween
700｡Cand｡900C,theX-raydiffractionpatternindicatesa

structuralphasetransitionorchemicaldecompositionand
(2)anannealingproCessatlOOO｡CleavestheoriginalX-

raypattemalmostunchanged・AspointedoutbySchanker
"J.,theas-castsamplecontainstypicallyaboutl0%ofa
foreignphaseandithasbeendifficulttopreparegood-
qualitycrystalsofCePdAl.Sincetheclystallinemagnetic
anisotropyiseXpectedtobelargeduetotheheXagonal
syⅢⅡnetry,agrowthofsinglecIystalshasbeendesiI℃d.
Inthispaper,wereportthatthesingle-crystalCePdAl
havebeensuccessfullygrown, andwepresent the
anisotropicpropertiesoftheelectrical resistivityand
magneticsusceptibilityofCeMAl.TheanisotropicmagleUc
susceptibilitywillbeanalyzednumericallytakinginto
accountofthecrystal-fieldeffectandtheexchange
interaction.I-astlythechemicalpressureeffectbyreplacing
PdatomstoNiatomswillbepresented.

§1.Introduction

IntennetalliccompoundCePdAlwasibundtobeanew
antiferromagneticallyorderedheavy-fermioncompound
(7N=2.7K)byKitaZawaeml.l)TheeleCtricalresistiVityas
afUnctionoftemperamrewasfbundtoshowcharacteristic
behaviorsofthemagneticdense-Kondocompounds;the

mmmumaround20K,-lnTdependence,abroadmaximum
at4K,andasteepdecreasesbelowTNofabout3K.These

behaviorsaresmearedbyapplyingamagneticiield,andthe
-lnTdependenceneadydisappearsatl4T.
The入-typespecificheatanomaly1,2)appearsat2.7K,
whichwetakeas7N・Theelectromcspecific-heatcoefficient

YOis270mJ/K2．mol,showingafeatureofan加陀7mg山α花
heavy-fEmion.Atailofthe入-typespecificheatofthis

compoundextendstoconsiderablyhighertemperatures.

Thus,themagneticentropySmagpermoleatrNisonly
38%ofRIn2. Ifwedonotcan･voutthesubtractionofthe

ヅ

phononandelectronconmbutions,thetotalentropySat7N

is55%ofRIn2.ThetotalentropySexceedsRln2atabout
8K.ThisreductionofSmaybeduenotonlytoalarge
magneticshort-rangeorderabove7N,butalsototheKondo

effect.Thisisoneoftheinterestingpointsofthiscompound.
Veryrecently, thespecific-heatmeaSurementunder

pressurehasbeencamedoutbyTangaaI・,3)andtheTNis
foundtobegreatlysuppresseddownto1．7Kunder0.9
GPa.Thusitisexpectedthatachemicalpressureeffectby
substimtingPdatomswithNionesisalsosubstantial.

ThemagneticsuscepUbility4)obeystheCurie-Weiss
lawwithaneffectivemomentof2.49IABand the

paramagneticCurietemperatureOpofSKabovel50K.At
lower temperatures theinversemagneticsusceptibility
deviatesfromtheCurie-Weisslaw・Adiscontinuousincrease

intheslopeisobservedinthemagnetizationcurvebetween
1．4and5.5Tat1.6Kandthevalueofthemagnetizationis

§2･EXPerimentalProcedure

ThesinglecrystalofCePdAlwasgrownbythe
Czochralskimethodinanargongasatmosphercof5torr

usingatungstencrucibleinaninductionfumace.The
puritiesofthestartingmaterialswere99､9%fbrCeandPd
and99.999%forAl.ThepullingspeedwaslOmm/hour
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withtherotationspeedof5rpm・Partofthesinglecrystal

was pulverizedfor theX-raypowder-diffraction
measurement,whichco㎡irmedthehexagonalZrNiAl-type
strucmrewithanexistenceofafewpercentscontamnation
ofafOreignphase.Annealingofthissamplewasnotdone
forthepresentexperiment.Thecrystaldirectionswere
determinedbytheX-rayback-Lauereflectiontechmque.
Thesamplewithashapeofacubeof2.3mm3iscutibrthe
magnetiZationmeasurementandthesampleswithashaPeof
rectanglesparalleltothea-axisandthec-axisarecutibrthe
elecmcal-resistivitymeasurement.Magneticmeasurement
wascarriedoutusingavibration-samplemagnetometer

(VSM)inthetemperamrerangebetweenl.6and300K
underthemagneticfieldsupto7.5Tappliedbya
superconductingmagnet.Electricalresistivitywasmeasured
byaconventionalfOur-probeDCmethodinthesame
temperatuI℃range.

ThesamplesofpolycrystallineCePdl_xNixAIwere

pl℃paredbyarc-meltinginanargongasatmosphere.TheX-
raypowderdiffractionpattemco㎡innedthatthesamples
crystallizeinthesameZrNiAl-typehexagonalstructurein
theentireregionofNiconcentrationxwithacontamnation
ofafewpercentsofafbreignphase.
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3.IEIec"j"Jres""v"y"CePdAI
Fig.1(a)showsthetemperaturedependenceofthe

electlicalresistivity,paandpc,alongthea-andc-axes,
respectively.Fig. 1(b)showspvs.lnT.Thelinealityofpm
-lnT,thecharacteristicbehaviorofKondocompounds,is
apparentlyobservedbetweenSandl8KfOrboththea-and
C-aXCS・Themaximumaround4Kisspeculatedtobean
onsetoftheKondo-latticeformation.Theresistivity

decreasessteeplybelowTN~3K.Theanisotropyofpis
verylargebutthetemperaturedependencequalitatively
showsthesimilarbehaviorforeachaxis.ThevalueofPc is
about7timeslargerthanthatofpainthewholetemperamre

range.Comparingwiththedataofthepolycrystalline
samplesl),thevalueofpaissmallerbyanapproximate
factorofl/20.Qualitativelyallcurvesofpvs.Tforthe

singlecrystalsalongthea-andc-axesandpolycrystal
sampleSshowthesamebehaviors.HoWeVerthevalueofPat

1.8Kislarge,whichmaybeduetothecracksinthe
samples.

Fig. 1.ThetemperaturedependenceofmeelectricalresistivityP

ofthesinge-crystalCePdAlfbrthea-andc-axes.(a)Pvs.T,

(b)pvs・ lnT.
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3.2M[zg"e"cPrOpe"jesqfCePdAI
Fig. 2shows thetemperaturedependenceofthe
magnencsusceptibility,XaandXcalongthea-andc-axis,

respecUvely.Fig.3showsthemagneticsusceptibilityinan
enlargedscaleinthelowtemperatureregion.TheN6el
temperamre,7N,isabout2.9K,whichisinagreementwith

thepolycrystallinedatal,2,4).ThevalueofXcatTNisabout
14timesgreaterthanthatofXa・TheXcdecreasessharply
belowTNwithdecreasingthetemperature,ontheother
hand,theXabecomesconstant・Itissuggestedfromthese

observations thatamagneticstructureofCePdAl is
antiferromagneticwiththemagneticmomentsaligned
paralleltothecaxis.

0 50 100 150 200 250 300

T(K)

Fig.2.Thetemperaturedependenceofthemagneticsusceptibility

ofthesingle-crystalCePdAl inthemagneticfieldsparallel
tothea-andc-axis.

Fig．4showsthetemperaturedependenceoftheinverse
magneticsusceptibility,1/X,whichobeystheCurie-Weiss

lawbetweenl50and300KTheeffectiveBohrmagneton,
"",andtheparamagneticCurietemperamre,0p,are2.71
IJBand-181Kforthea-axis,and2.691人Band+30Kfor
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Fig．5．MagnetiZationcurvesofthesingle-crystalCePdAlat 1.6

and4.2Kinthefieldsparalleltothea-andc-axis.
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4 anisotropicexchangeinteraction.
Fig.5showsthemagnetiZationcurvesat1.6and42K
inthemagneticfieldsupto7.5Talongthea-andc-axes,
respectively・Themetamagneticbehaviorhasbeenobserved
at1.6Kinthemagneticfieldsparallel tothec-axis.The
slopeofthismetamagnetictransitionbetween3and4Tis
0.42IAB/T.AssumingthatthedemagnetizationfactorNis
－4兀/3inthecgsunit,theslopeofthefirst-ordertransition
mustbel6IAB/T.However,theexperimentalslopeofthe

metamagnetictransitionisextremelysmallcomparingtothe
slopeduetothedemagnenzanonfield.Thusitisfbundthat

thetransinonisnotoliginatedfromthespin-ilipasnolmally
observedinasimpleantiferromagneticcompound.This
metamagneticbehaviorissupposedtobeduetoasequential
changeofcomplexmagneticstructuresalthoughthe
magneticstrucmresundermagneticfieldsarenotknownat
presenttime・Themagnetizationalongthec-axistendstobe
saturatedtowalds1.5IABinhigherfields.Theratioofthe
magnetizationalongthec-anda-axesisl4at1.6Kinthe

fieldof7.5T.Thestrongmagneticanisotropymakesthis
compoundCePdAltobeanIsing-typeanti企面omagnet.

Fig.3.Thetemperaturedependenceofthemagneticsusceptibility

of the single-crystalCePdAl. (enlargedone in low

temperatu1℃s)
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Fig.6(a)showsthepvs.Tofthepolycrystalline
samplesofCePdl_xNixAl.Fig.6(b)showsthepvs. lnr
TheresistivityofpolycrystallineCePdAlis2timesand20

timeslargerthanthosefbrthec-anda-axesofthesingle-
crystalCePdAl, respectively.But thebehaviors of

temperaturedependencearequalitativelythesameaseach
other.Highresistivityforthepolycrystallinesamplesis

probablycausedbycracks,asmentionedbyKitazawaer

fzI.1)Inthesampleofx=0.2the-InTdependenceremains
andthebroadmaximumcanbeseenaroundl3K.Butthe

-lnTdependencedisappearscompletelyinthesamplesofx
largerthan0.4asfarasthedataarelimitedbelow300K.
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T(K)

Fig.4．Thetemperaturedependenceoftheinversemagnetic

susceptibilityofthesingle-clystalCePdAl inthemagnetic

fieldsparallel tothea-andc-axis・Thinlinesare the
calculatedones・Seetext.

thec-axis,respectively. ltisconsideredthatsuchextreme

largevalueofthenegativeepforthea-axisrenectsthe
Kondoeffect.The .yalueofOpestimatedfor the
polycrystallinesample4)waspositivb.Moreoverp"differs
fromthevalueofthefreeceriumions.Thetemperature
dependenceofthisanisotropicl/Xwillbeanalyzedlater
takingintoaccount㎡thecrystal-electric-fieldeffもctandthe
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Fig. 7.Magneticmomentsoccupiedinthe threedifferent

magneticsublattices.Thearraysonthemagneticmoments
denotethemomentdirectionswhentheexternal fieldis

appliedparalleltothea-axis.
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Fig.6.Thetemperaturedependenceoftheelectricalresistivityp

ofpolycrystallineCem1_xNixAl. (a)pvs.T, (b)pvs. lnT.
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§4.AnalysisandDiscussion

where入OZand入lzareconstantsofthemolecularfieldand

XOzmagneticsusceptibilitycalculatedfromCEF.Fromthe

totalmagnetizationAF=(MlZ+Abz+AGZ)/3,theinverse

magneticsusceptibilityl/XZiseasilydenved

4.JC'ysml-elec"jcfeIde"をαα"dexcﾉzα"ga/7eld

parα〃αe応

TheamsotropicsuscepmbilityofCcPdAl isanalyzedby
thefbllowingcIystal-elecmc-fIeld(CEF)Hamiltoman
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whereBkmarethecrystal-fieldparametersandCk"z the
iITeduciblesphericaltensors.7)ThepointsymmetryatCe
atomsoccupyingonthe3fsiteism2m,leadingthepoint
groupC2v・Becauseofthelackofthesix-fOldrotation
symmetryatthesiteofCeatoms,Bk"zwith"z=±2and±4

arenotzero.Independentnon-vamshingBkmare,the1℃fbre,
B20,B2±2,840,84±2andB4±4.Itisnotedthatthexand

yaxesforsymmetlyoperationsarediffもrentfbrthreeCe

atomsatthreediffErent3fsitesasshowninFi9.7,whilethe
zaxisfOrthethreeCeatomsisthesameandparalleltothe
c-axis.Thus,wehavetoconsiderthreemagneticsublattices.
WenextconsidertheexchangeinteractionbetweenCe
atomsinthefi･ameofthemolecular-fieldapproximation.In
thecaseoftheexternalfield"Zparalleltothec-axis, the
magnetization,Miz, AnzandAbzateachthreemagnetic
sublatticesinducedby"Zandthemolecularfieldarewritten

(3)

where入Z=入;+2入ilnthecaseoftheexternalneld
paralleltoonespeciala-axis,Ha,wehavetoconsiderthat
thea-axisisnottheprincipalaxcsfOrtheothermagnetic
momentsatthesecondandthird3fsites,asshowninFig.7.
Consequently,eachmagnetizationMla, A心αand雌αal℃
wnnen
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Tablel.CEFparameters,exchangefieldparameters,andthefirstandsecondexcited

energy･

B40(K)B20(K) B2+2(K) B4+2(K) A2(K)A1(K)B4+4(K) スxスZ

964 674 0 704郵
一
唾
一
郡

0 2740 5.8 5,8

519 405 0 0 0 5.8 97 147 400

1691 409475 416 110 -290 5.8 9758
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whereA=X;,B=%X6+"X;When入Oczisequalto
入la,theinversemagneticsusceptibilityl/Xaisexpressedas

fr-|x;ix;)･澱
(6)

100

0where入α=3入6
1nordertointerpretourexpenmentaldata,fiveBk",｢s
aretreatedasvariableparametersinaleast-squaresfit.Asa
firststep,weassumedthatthetennsofBkmwithf4equal
tozeroandthattheexchangeinteractionwasisotropic;
入Z=入a.Theparameter入zwasfixedto5.5mol/emu, to
whichthevalueofl/XzwaseXtrapolatedtoOK・Theresultis
showninFig.4bysmalldots.Theparametersusedare
listed intheset l ofTablel.Experimentallythe

extl･apolatedvalueofl/XztoOKisapparentlydifferentfrom
thatofl/XatoOK,whichvalueis97mol/emu.Thesevalues
meanthattheexchangeinteractionisamsotropic.Then,we
supposedanisotropicmolecular-fieldparametersandfixed
thevaluesof入zand入aseparatelytotheseextrapolated
values.Theresultofthesecondstepislistedintheset2of
Tablel.FinallyweusedallBk"zasvaliableparametersand

theresultislistedintheset3ofTablel.Thetemperature
dependenceofthecalculatedl/Xbasedontheset3is

showninRg.8bysmalldots・ThefittingtotheeXperimental

pointswasimprovedverywell.Theenergyscheme,
constructedbythethreeKramers!doublets,arecalculated
fromtheCEFHamiltonianusingBk"zpalametersobtained

ineachfittingprocess.Thefirstandthesecondexcited
energy,AlandA2,arelistedinTableIfbreachstep.They

arealmostthesamefortheparametersinthesets2and3.
Hence,wewouldliketoconcludethatAlandAZareabout

170Kand410K,respeCtively.
Themechanismoftheanisotropicexchangeinteracnon

isnotclearatpresenttime.Theenergyschemededucedby
thepresentexperimentofXwillbecomparedtothe

preliminaryexpelimentallBsultsofspecificheatupto80K
andinelasticneutronscattering. Inthespecificheat

measurementsupto80,theSchottky-likeanomalywas
observedataround45KItmeansthattheenergysplimng

100 150 200 250 300

T(K)

0 50

Fig. 8.Thetemperaturedependenceoftheinversemagnetic

susceptibilityofthesingle-crystalCePdAl inthemagnetic

fieldsparallel tothea-andc-axis.Thinlinesarethe
calculatedones.Seetext.

duetotheCEFeffectbetweenthegroundstateandthefirst
excitedstateisaboutlOOK.Veryrecently,inelastic
neutronscattelingexperimentshavebeenperformedby
usingpolycrystallinesamplesat lOK.10)Onlyone
excitationwasobservedatabout24meV. Itmavbecaused

ご

bvtheCEFeffect・Furtherinfonnationofinelasticneutron
シ

scatteringandspecific-heatmeasurementswillbedesil℃dto
checkourtentativcCEFenergyscheme.

4.2S"bs"""o"e族abyM;CePdI-xMxAI

ByreplacingpartiallythePdatomsbyNiatoms,we
canexpectthechemicalpressureeffectofthissystem
becausetheionicradiusofNiatomislessthanthatofPd

atoms.Itisknown8)thatCeNiAlexhibitsatemperamre-
independentmagneticsusceptibility,indicatingthattheCc
ionisintetraValentstaterlt isalsoknown8) that the

magnetizationisalteredbyhydrogenatiOnsuchthatthe
susceptibilitybecomestemperature-dependentandobeys
theCurieis law・Thehydogenationisequivalent toa
negativepressureeifEcttoexpandthelatticespacing.The
crvstalstructureofCeNiAlisthesameasthatofCePdAl.
‐

Thenitisexpectedthatthecrossoverfromtrivalentm
tetravalentstate㎡Ceionswouldbeobservedf

Fig.9showsthelatticeconstantofthea-andc-axesof
thesolidsolutionofthetwocompoundsagainstthe
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7．25 havebeenmeasuredusingthesinglecrystallinesamplesof
CcPdAl.Strongmagneticanisotropymakesthiscompound
tobeanlsing-typeantiferromagnetwiththemagnetic
momentsparalleltothec-axis・Theanisotropyofthe
magneticsusceptibilityhadbeenanalyzedsufficientlywell
byusingfourCEFand twoanisotropicexchange
parameters(入Z9入a)inthetemperaturemngeabovcabout20
K.ThismeansthatthemomentofCeionsremainsatthe

trivalentstateintheparamagneticstateabove20K・The

energyschemewastentativelydeducedfromtheCEF
parameters・TheKondoeffeCt maybereflectedby
abnormallylarge入a.Themechanismoftheamsotropic
exchangeinteractionisnotclearatpresenttime.
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Fig.9.Thelatticeconstantofa-andc-axesofCePdl_xNixAl
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concentrationofNiatoms,x.Thefilledpointsatx=0arethe

datareferredfromtheliterature6),andthefilledpointsat
x=larelatticeconstantsestimatedontheassumptionthat
thevalenceofCeinCeNiAlwouldbemvalent.9)ThelatUce

constantinRNiAl,whereRdenotesrareearthelement,

reducessmoothlywithchangingRfromLatoSmiftheCe
ioninCeNiAlisinthemvalentstate,Thelinesinthefigul℃，
then,shouldshowtheVegard!slawontheassumptionthat
thetrivalentstateofCedoesnotchangeinCePdl_xNixAl.

Expelimentallythedatapointsdeviatefromthislineinthe

regionofxlargerthan0.4,whichisindicatingthat the"
stateofCeionsinCePdl_xNixAIchangesfrommvalentm

tetlavalentstatewithincreasingtheNiconcentration.Thenit
isfbundthattheCePdl_xNixAIwithxlargerthan0．4

belongs tothevalence-nuctuationregime・Thischange
colTespondstothetendencyofthexdependenceofthe
elecmcalresistivitymentionedin93.3.

§5.Summary

TheelecmcalresisUvityandthemagneticsusceptibility




