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MagneticPropertiesofCeNiAl4;aNon-Magnetic,HeavyFermion
l
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ThecrystalstructureofCeNiAl4 isanorthorhombicYNiAl4type.Theelectricalresistivity,
magnetization, thermoelectricpower)magneticsusceptibilityofasinglecrystalCeNiAl4were
measured.CeNiAl4 isanon-magneticdense-Kondocompoundwithanelectronicspecificheat

coeHicient'),=175mJ/mo1.K2andKondotemperatureZk=99K.Theelectricalandmagnetic
propertiesshowthelargeanisotropicbehaviorrenectingthecrystalstructure.Wehavecalculated

themagneticsusceptibilitiestogetinfbrmationofthecrystal-electric-lieldsplitting.
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method of measurements of electrical resistivity,
magnetizationandspecificheat aredescribed inour

previous publications.0Thermoelectric power was
measuredbyapairofAu-Fe/chromel thermo-couple

attached tobothendsof the sample length in the
temperaturerangebetween1.8and300K.

§1.Introduction

Forafewdecadestheissuesofthehighlycorrelated4f
electronsystemshavebeenintensivelyinvestigatedand
huge experimental results have been accumulated.

CeCu61)isoneofthemosttypicalexamplesbelongingto
heavyelectronregimewithanon-magneticgroundstate
andtheelectronicspecific-heatcoeHicientreachesabout

1600mJ/mol･K2 at the lowest temperature.The 4f
electronshavebeendescribed, roughlyspeakingasthe
coherentKondolattice, inwhichthe4felectronshave

beendealtaslocalizedelectron.Incontrast,CeNi2)isone

of the typical examples belonging to the valence

nuctuationregimewithanon-magneticgroundstateand

theY-value is85mJ/mol･K2at lowtemperature.Two
examplesaresituatedonbothextremeof4felectronstate

withanon-magneticgroundstate;4felectronisatomic

ononesideanditinerantonanotherside・Recentlymuch
attentions are fOcused on compounds having an

j"rer"zedja舵Y-valuebetweenlOOandatwhundred

mJ/mol･K2・SuperconductorCeCu2Si23)hastheY-valueof
aboutlOOmJ/mol･K2abovethesuperconductingtransition
temperature.CeNiSn4) issemimetallicandtheY-valueis
about200mJ/mol･K2abovethegap-openingtemperature.
CeNiAl4, onwhichexperimentshavebeenstartedby
Mizushimaaal., isnon-magneticand theY-value is

175mJ/mol･K2． CcNiAl4 became an example of an
伽reFwzedi"eheavy fennioncompoundwith a non-

magneticgroundstate・ Inthispaper,weanalyzedour

dataofmagneticsusceptibilityby thecrystal-electric-
held(CEF)theorytakingintoaccount theKondoeffct.

OnthebasisoftheobtainedCEFlevelsofCe4felectron,

wereviewourexperimentalresultshithertopublishedon
CeNiAl4togetherwithnewdataofthermoelectricpower.

§3．ExperimentalResults

3.1Eﾉec"jcfzIresism'".

FigurelshowstheinTdependenceoftheelectrical

resistivityonthea,bandcaxes. Inour last report,6)
measurementwascarriedout inthe temperaturerange

from2Kto300K. In thisreport, the temperaturewas
extendeddown to0.1Kwith theuseofadilution

refrigeratormr theaandbaxes・Noanomalydue to
magnetictransitionwasseenat leastdownto0.1K, the

lowest temperatureofourmeasurement，Theelectrical

resistivity of all axes increases with decreasing
temperature fromroomtemperature and reaches a
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Fig.1.ThelnTdePendenceoftheelectricalresistivityof
thesingle-crystalGNiA14onthea,bandcaxes.

ThepreparedsampleofCeNiAl4wasconfirmedtohave

theorthorhombicYNiAl4typestructure5)bypowderX
raydiffraction.Detailsofsamplepreparationsand the
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maximumat around l50K，With fUrther decreasing
temperature,theelectricalresistivitysteeplydecreases.

0.14

3.2Mfzg"e"cs"scep"bi"〃α"dmag"ajzα"o"s

Figure2shows the temperaturedependenceofthe

reciprocal susceptibilities of a, b and c axes・ The

temperaturedependenceofall threeaxesabovelOOK

obeys theCurie-Weiss lawwithaneftctivemagnetic
momentUeH=2.53UB,whichisclosetothefreeCe3+ion

value.TheextrapolationoftheCurie-Weissfittinggives

thethreedifferentparamagneticCurietemperatures;ea=

-57K,0b=-174KandOc=-364K.Anaveragevalueofthree

paramagneticCurietemperaturesis-198K.Wecansay

withfaircertaintythat this largenegativeparamagnetic

Curietemperature isduetoKondoeffect, because the

magnetictransitionwasnotobservedinthemeasurement

oftheelectrical resistivityandmagneticsusceptibility.
TheKondotemperatureZkwasroughlyestimatedtobe
99KusingtherelationZk=,|"fbrasingle-impurity
problem.7)
Figure3showsthemagnetizationprocessonthea,b

andcaxesupto7､6Tat 1.8KThemagnetizationsat
maximumneldonallaxesaresmallerthanthetheoretical

valuewhichwas calculatedhomcrystal-electric-field

calculation. Magnetization reduction cannot be

understoodbycrystal-electric-fieldefWectonly. Itmaybe

explainedbyastrongmixingefiectand/orbytheKondo
eHect.
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Fig.3.Magnetizationprocessofthesingle-crystal"NiAl4
at1.8Kintheneldsparalleltoa,bandcaxes.
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3.3"ec"iche!zr

Figure4showstheZZdependenceofthespecificheat
dividedbytemperaturea皿Ananomalyat2､4Kislikely
tocomefromZNofantiferromagnetic"Al2,becausea
twsmalllinesdueto"Al2werefbundinthediffraction

pattemby anX-ray diffractometer having a high
resolution・TheselinesduetoCeAl2werenotdetectedin

ourlastreport,6)whereadiffractometerhavingastandard
resolutionhasbeenused・Besidestheratiooftheentropy
fOranomalytoRIn2isonly3%.Thusweneglectedit.

TheYvaluewasestimatedasl75mJ/mol･P,bythelinear
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Fig.4.SpecificheatdividedbyTvs.Tzof"NiAl4.
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extrapolationtotheabsolutezerotemperature・ T11isY

valueisnotaslargeasoneofCeCu6(1600mJ/mol･塵F）
which iswell knownas heavy fennioncompound.

However, it is not as small as those ofCeSn3

(53mJ/mol･K2y)orCeNi(85mJ/mol･")whichareknown
asvalencenuctuationcompoundswithhighTk・ Itseems

reasonable to suppose that"NiA14belongs to the

categoryof intermediatebetweenheavy fermionand
valencenuctuationregime.

Figure5shows the temperaturedependenceof the

entropy&Theentropyat20Kreachesonly3,5J/mol･K
whichis60%ofRln2・Thus,onecansaythatKramers!

doublethaspartlydisappearedinthistemperaturerange.
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Fig.2． The temperaturedependenceof themagnetic

susceptibilityofthesingle-crystal"NiAl4 in the

magneticheldsparalleltoa,bandcaxes.

3．4ZWermoeﾉec"icpowe7

Figure 6 shows the temperature dependence of
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Fig.5.Thetemperaturedependenceofentropyofsingle-
crystal"NiAl4.
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Fig.7 The thermoelectric power divided by the

temperatureS/Tas a fUnctionof the electronic

specificheat coefficient Y fbr someof theheavy

fermioncompounds and the intermediatevalence

compounds from ref(13). The values of the

temperatures listed intherightmargindenotethe

temperatures atwhich the values of"Twere

calculated・Thevalueof"NiAl4 isadded in the

presentstudy.
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Ingeneral, thehamiltonianunderamagneticneld"is

expressedas０
０
３
２
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ミ
シ
己
の "=""F+"zemcn

where""isCEFhamiltonian, andHz…皿 isZeeman

term.Here,CEFhamiltonianisexpressedas
10
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Fig.6.Thetemperaturedependenceofthethermoelectric
powerofsingle-crystalCeNiAl4ona,bandcaxes.

InthecaseofCe3+,fUnction(1)hasexpansion

f鎧="c:+gc:+gacZ2+"c:+B"+珂湾2+B:q+β計q4

where"areCEFcoefficientsandC:' are irreducible

spherical tensors.14)The reciprocal susceptibility is
expressedas

thennoelectricpowersofa,bandcaxes・T11eyshowthe
broadpeaksataround50K,withtheirmaximumvalues
of30~40IJVK.Overallbehaviorsaresimilartothoseof

GNilo), CePd311) andCcSn312). 'Ihe thermoelectric

power divided by temperature"Tfbr several Ce
compoundscorrelatescloselywiththeelectronicspecific
heatcoefficient jfl3)InthecaseofGNiAl4,thevalueof
"TatlOKwasobtainedtobeabout2.Weaddedthe

valueof"NiA14inthefigure7,"Tvs.%workedby
Sakurai.13)Thus, itbecomesevident that"NiAl4takea

positionbetweenthevalencenuctuationcompoundsand

theheavyfermioncompounds.
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Xm-' isthereciprocalsusceptibilityand入isaparameter
ofthemolecularheldand/ortheKondoeHect・Wentted

thereciprocalsusceptibilityof(2)toexperimentalvalues
markedbyblackcirclesinfigure8.Figure8showsthe
resultsmarkedbythinlinesthatwerecalculatedwiththe
parametersofsetlandset2inTableI．AMsecondand
fbrthorderparameterswereusedinthecaseofsetl,but

theuncertaintyof"isla唱e・TherefOrewetook"=0and
thebestvaluesofparameterswereobtainedinset2.As
shownintheTableI,wecansaythat theparametersof
set2arebetterthanthoseofsetl,becauseeacherrorof

parameterofset2issmallerthanthoseofsetl. Inboth
casesofset landset2, theenergylevel41and42,

splittingsfromgroundstatetothe5rstexitedstateandto
thesecondexcitedstateoftheCEF,wereestimatedtobe

§4.AnalysisandDiscussion

4.ICFysml-elecrricfe岨韓ｾcr

Thelevelschemeofcrystalelectricneldwasestimated

byanalyzingthetemperaturedependenceofreciprocal
susceptibility.Operatormethodwasusedmranalyzin9.
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腕

Tablel.4f aretheCEFcoefficient.41and42arelhefirstandsecond

excitedstateinCEF.入isthemolecularneldparameter. NumberS
inblanketareuncertainties.
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temperaturedependenceofspin-disorder ofCe-based
intennetallic compounds using the third-order
perturbationtheory・ElectricalreSiStivityseemstohavea
maximumatatemperaturecorrespondingto,butsmaller
thantheCEFsplitting・Ontheotherhand, accordingto
MaekawaaaI.,thetemperaturedependenceofelectdcal
resistivityhasabroadpeakattemperaturewhichismuch
lowerthantheCEFsplitting. InthecaseoftheCcNiA14,

electrical resistivity increaseswith decreasing the
temperaturefromroomtemperatureandthenshowsa

maximumaroundl50K.TYlispeaktemperatureisnearly
equal to41=166K, andismuchsmallerthan42=584K,

thevaluesobtainedfromthecalculationofsusceptibility.
According to both theories, the peak of electrical
resistivityisunderstoodasanindicationoftheKondo

stateundertheCEFsplittingwiththetemperatureofthe
maximumrenectingtheCEFsplittmg.
ThedrasticdecreaseofPmrtemperaturebelowl50K

maybeunderstoodasasignofcoherentKondolattice.

Wehaveshownthat themagneticsusceptibilityof
CeNiAl4canbeanalyzedby theCEF theoryofa

localized4felectron・However, theappearanceoflarge
magneticmoment at low temperature rangewas
suppressedbyalargevalueof4duetoKondoeffeCt.

Also,magnetizationat 1.8Kunderamagneticfieldof
7.6Twasmuchsmaller thanthatofexpectedfromthe
CEFtheoryasexplainedalready.(seeTablen)
Wegotaresult that the temperaturedependenceof
thermoelectricpowerof"NiAl4wassimilartothoseof

CeNi,CePd3,andCeSn3, thetypicalvalencenuctuation
compounds・The temperatureofthepositivepeakof
thermoelectric powermr these valence nuctuation

compoundmaybeunderstoodastheKondotemperature
Zk.Thus, ifmNiA14isavalencenuctuationcompound,
thevalueofrkisestimatedtobe50K

Ontheotherhand,Bhattacharjeeαα1.19)consider
thermoelectricpowerofKondocompoundsunderCEF

200
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Fig.8．The temperaturedependenceof the reciprocal
susceptibilityofthesingle-crystalCeNiA14 in the
magneticfieldsparallel toa,bandcaxes・Thinlines

arethecalculatedonesusingtheparametersofsetl
in(a)andset2int).Seetext.

almostsamevalues.Thevaluesof41and42arel66K

and 584K in set 2・ The eigenfunctions andJz
correspondingtoeachstateofsetlandset2isindicated

intablel.Themolecularfield入parameterwasobtained

tobel55mol/emu・ThoseoftheotherKondocompounds

arereportedas, fbrexample,55mol/emufbrCeCu2Si215),
70mol/emufbrCeCu2.16)Ingeneral,onecanunderstand
that largevalueisafeatureofKondocompounds.The

oneof"NiAl4was,however, fbundtobeparticularly
enormous．

‘.2Tk, γα"d4

The-lnTbehaviorofelectrical resistivitvabovel50K

shouldbeduetoKondoe"ct・Here,weconsider two

theories, onebyComutαα1.17) and theother by
Maekawaaaj..18)Comutaal. havecalculated the
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effect andtheyshowed that apeakof thermoelectric

powerappearsattemperaturerangebetweenroughlyd/6

and4B.Here,4isover-allsplitting・Thevalueof4was
obtainedtobe584Kfbr"NiAl4 intheTable Ihom

calculationofsusceptibility. 'I11erefOre,we can also

consider that thepeak temperaturecorresponds toa

temperatureof4".
WenotedbefOrethat"NiAl4belongstothecategory

of intermediatebetweenheavy fermion andvalence

nuctuationregimeonthebasisofthevalueofYofthe
compound・ Corresponding to this notion, our all
measurements,electricalresistivity,thennoelectricpower,

magneticsusceptibilityandmagnetizationcarriedouton
CcNiAl4,haveindeedshownbehaviorswhichareonthe
halfwaybetweenthoseoftheheavyfennioncompounds
andthevalencenuctuationcompounds.

Wecanprobablyexpectmetamagnetictransitionfbr
CeNiAl4aswellasCeCu6andCcRu2Si2・Onthebasisof

theequationg"BH=kB7k20), taking7kas99Kfromthe
value of&, we estimated the critical field of

metamagnetictransitiontobe74T.
Insummary,"NiAl4isanexampleofintermediate

heavyfermioncompoundwithanon-magneticground
state・ Furthermore, it is speculated thatmetamagnetic
transitionoccursataround74T.

Theauthorswould liketothankDr.T.Kuwaiwho

measuredelectricalresistivitybelow2Kusingadilution

refrigeratoroftheGrenobletype.
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