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MagneticpropertiesofCePdAlhavebeeninvestigatedby27AINMRandmagneticsuscepti-
bilitymeasurements.AlargeanisotropyofsusceptibilitysuggeststhatCePdAlisanlsing-like
system.Theantiferromagnetictransitionat2.7Khasbeenobservedbymagneticsusceptibility
measurementsandNMRspin-echospectraandspiP-latticerelaxationrateTr]・ Incontrastwith
asimilarheavyfermioncompoundCePd2Al3,Tr'showsthedevelopmentbfshortrangemag-
neticcorrelationsfarabovetheantiferromagnetictransitiontemperature.Theincommensurate
magneticstructurewasobservedbythespin-echospectra. Toexplainthedifferencebetween
CePdAlandCePd2Al3,apossibilityoftwo-dimensionalcharacterinCePdAl isdiscussed.
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(111) isestimatedtobe270mJ/molK2whichisalittle

smallerthanthatof(123) 10). ThissmallerYsuggests that
Kondotemperature(TK) is larger8). Theentropyat the
magnetictransitiontemperature(TN) is0.38RIn2,whichisthe

similarvaluetoO,4Rln2of(123). Recently, specificheat

measurementofCePdAlinhighpressurewas reportedll)

ThismeasurementshowsthatCePdAl isclosetothemagnetic

andnonmagneticboundaryaswellas(123).

However,somedifferentbehaviorSbetween(lll)and(123)

havebeenreported・ ThespecificheatanomalyatTNhasa

largetailathighertemperaturesidein(111) ,whichsuggests

strongshort rangecorrelationsfromratherhightemperatures,

Neutronscatteringmeasurements showthat themagnetic

structureof(lll)isquitedifferentfromthatof(123)Each

propagationvectorof(111)and(123)isk=[1/2,0,0.35] and

k=[0,0,1/2],respectivelyl2)

Toclarifythestrongshortrangecorrelationsandthemagnetic

structureofCePdAI,magneticsusceptibilitymeasurementsand

NMRmeasurementswereperfbnned.

§1.Introduction

Recently, anantiferromagneticheavyfermioncompound

CePd2Al3hasbeen investigatedextensivelytocomparewith

thenewheavyfennionsuperconductingcompoundsUPd2Al3

andUNi2Al3 1)-6). Thesethreecompoundshavethesame
crystal structure (hexagonal PrNi2A13-type)． However,

CePd2Al3doesnotshowsuperconductivity・ Theelectronic

specificheatcoefficient(Y)ofCePd2Al3wasestimatedtobe

380mJ/molK21)． This largeYistypicalpropertyofheavy

fenniOncOmpOundS. ThemOst importantpoint is that the

CePd2Al3isclosetothemagneticandnonmagneticboundary.

Thissituationcancausealargesampledependence.

Becauseofthelargeanisotropy,aseparatetreatmentofthe

twointeractions, thefdhybridization(Jd_f) inthec-plal'eand

theRKKY-typeexchangeinteractions(Jz)betweentheplanes

wereproposedasfollows3). ThefLdhybddizationinthec-
planeisratherstrongbecauseinc-planePdatomsarevery

closetoCeatoms・WhileJzwhichismediatedbyisolatedAl

atoms is rathersmall・ ThereducedCe4fmomentsare

magneticallycorrelatedinc-planeandJzbetweencorrelated

planes leads the systemto three-dimensional long-range

magneticorder. Thismodelcouldexplainboththesample

dependenceandthepressuredependenceofN6el temperature
身、

／ノ

CePdAlwasreportedasanewantiferromagneticallyordered

heavyfermioncompound8)9).Thetemperaturedependenceof

itsresistivityshowsthetypicalKondoeffect.

ThecrystalstructureofCePdAl isahexagonalZrNiAl type.

ThespacegroupisP62mwithsites(3f)occupiedbyCe,(la)

and(2d)byPdand(3g)byAl lO). Themagneticpropemesof
CePdAlarequitesimilartothoseofCePd2Al3 thoughthe

crystal structureis different. BothCePdAl(111) and

CePd2A13(123)exhibitantifenomagneticorderingsatalmost

thesametemperature､2.7Kand2.8Krespectively・ Yvalueof

§2.ExperimentalProcedures

PolycrystallinesamplesofCePdAlwerepreparedbyarc

meltingmethOdwithStartingmaterialsof3N-Ce,3N-Y、3N-Pd

and5N-Al inanargonatmosphere. Thedetailsofthesample

preparationwerereportedinreference l). X-raydiffraction

confinnedthattheobtainedpolycrystalsaresinglephasesof

thehexagonalZrNiAltypestructure・ Thelatticeparametersat

roomtemperaturearea=7.2210andc=4.2334,respectively.

Magneticsusceptibilitymeasurementswereperformedby

SQUIDspectrometerbetween2Kand300Kunderamagnetic
fieldoflkOe.

27AINMRmeasurementswereperfbnnedbythephase-

coherenttypespectrometer.Thepowdersamplesareprepared

bycmshingpolycrystalstoavoidtheskineffect. TheNMR

123
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spectrawereobtainedbyobservingthespin-echointensity

sweepingmagneticfieldataconstantfrequency・ Spin-lattice

relaxationrateTl-1wasmeasuredbyobservingtherecoveIyof

thespin-echointensityafteracombsequenceofrfpulses.

Spin-spinrelaxationrateT2-1wasmeasuredbyobservingthe

spin-echointensitywithincreasinginterval timebetweenfirst

pulseandsecondpulse.
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§3.ExperimentalReSults

FigurelshowsthetemperaturedependenceofanNMRspin-

echospectrumat4.2KusingfreepowderofCePdAl. This

spectrumconsistsoffivepeakswhichareclearlyseparated
fromeachother. Thecharacteristicfeature is that thefive

peaksareequallyseparated. TheseparationisO.489kOe.This

isthetypicalspin-echospectraduetothefirstordereffectof

theelectricquadrupolarinteraction. Furthennoreeachintensity

of(5/2<->3/2), (3/2<->1/2), (1/2<→-l/2), (-1/2<→_3/2)and(-

3/2<-> -5/2) transitions isquiteconsistentwiththeexpected

ratiofroml<mllxIm-l>12,5:8:9:8:5. TherefOreitseemsthat

thereisnoeffectofthesecondorderoftheelectricquadrupolar

interactionandasymmetryparameter(n)inthis spectrum.

However, intemlsoflowsymmetryofAIsites,nisexpected

nottobezero・Thenthespectruminfigurelisexpected,when

c-axisiseasyaxisandthepowderiswell-orientedparallel to

easyaxis. Toconfirmthisspeculation, thepowderswere

orientedparalleltoeasyaxisinamagneticfieldof8Tatroom

temperatureandwerefixedbyPolyethyleneGlycol. Using

thesepowders,NMRmeasurementswereperfbnnedwiththe

magneticfieldappliedinverticaldirectionparalleltotheeasy

axis.TheobtainedSpectrumat4.2Kisshowninfigure2. This

spectrumclearlyshowsthetypical two-dimensionalpowder

pattemwithn≠0.TherefOreweconcludethattheeasyaxisof

CePdAl isc-axisandthepowdercanbewell-orientedparallel

toc-axis. ThissituationallowsustoperfOnneachmagnetic

measurementalongc-axisand inc-planeusingthefixed

powder. Fromnowon,weonlyindexeachmeasurementtoc-

axisandc-plane. Finally, theelectricquadrupolefrequency

(vQ) andn areestimated tobeO.542MHzand0.27,

respectively.

Figure3(a)showsthetemperaturedependenceofmagnetic

susceptibilityofCePdAl.Magneticsusceptibilityshowsalarge

8．2 8．4 8．6 8．8 9．0 9．2 9．4 9．6 9．8

MagneticField(kOe)

Fig.2 27AISpin-echospectraoffixedpowdersamplesof
CePdAlat4.2KusingNMRfrequencyofl0.201MHz.
Magneticfieldisappliedinthedirectionofc-plane.
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Fig.3(a)Temperaturedependenceofmagneticsusceptibilities
inbothdirections,c-axisandc-plane. Appliedmagnetic
fieldislkOe.

０
８
６
４
２
０

１
０
０
０
０
０

●

●

●
。
●
●

０
０
０
０
０
０

念
冒
巨
ミ
ヨ
【
箇
畢
声
君
宕
二
程
色
の
。
②
弓
吻

I I

N

CePdAl

H"c-axis

CePdAI(H"c-axis) 4.2K

11.001MHz

ロ

0 2 4 6 8 10

Temperature(K)

Fig.3(b) Lower temperaturepart of the temperature
dependenceofthemagneticsusceptibilityalongc-axis.
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anisotropy.ThisshowsCePdAl isanlsing-likesystem・ Figure

3(b) shows the lowtemperaturepart of fi9.3(a)． The
susceptibilityshowsabroadmaximunaround4Kandasmall

anomalyoftheslopeat2､7K.Toobservethesmallanomalvat

2.7Kmoreclearly, thederivativeofthesusceptibility(dX/dT)

inbothdirections iscalculated(figure4). Thetemperature

dependenceofdX/dTshowsaclearmaximumat2.7Kinboth

direction,whichsuggeststhatantife汀omagneticorderocurrsat

1 1 1 1

8．0 8．5 9．0 9．5 10．0 10．5 11．0

MagneticField(kOe)

Fig.1 27AISpin-echospectraofpowdersamplesofCePdAlat
4．2KusingNMRfrequencyofll.001MHz.Thepowders
arewell-orientedalongc-axis.
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Fig.4Temperaturedependenceofthetemperaturederivativeof
themagneticsusceptibilityinthedirectiOnofc-axis.
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Fig.7 Temperaturedependenceofspin-latticerelaxationrate
Tl-lmeasuredatthecentrmpeakOf(1/2<→-1/2)transition.
UsedNMRITequencyisl4.96MHz.
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Fig.5Temperaturedepel,denceofKnightshiftalongc-axis.
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Fig.827AISpin-echospectraofpowdersamplesofCePdAlat
varloustemperamres,4.2K,2.5Kand1.5Katafrequencyof
14.96MHz.
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dependenceasmagneticsusceptibility(X). Figure6showsK

vsXplot. KvsXplot isalmost linear inwholetemperature
range. Thetransferredhyperfinecoupling(Ahf)isestimatedto

be2.82kOe/ILB.

Figure7shows thetemperaturedependenceofspin-lattice
relaxationrateTI-l. ThereisasharppeakatTN,whichis

consistentwithsusceptibilitymeasurements.AboveTN,Tl-l

decreaseswithincreasingtemperature.Thissuggeststhestrong

shortrangecorrelations,whichisconsistentwithsusceptibility

measurementsandpreviousspecificheatmeasurementsagain.

BelowTN,Tl-lrapidlydecreaseswithdecreasingtemperature.
Itseemsthatspinwaveexcitationdomlnatesthetemperature

dependenceofTl-lbelowTN.Komngarelationexpectedfrom
the largeYvalueof specificheat is not veryclear in

expenmentaltemperaturerangesofar.

Toinvestigatethemagneticstructureindetail, spin-echo
spectrawereobservedatvarious temperatures (figure8).

AboveTN, spin-echospectraconsistoffivepeakswhichare

equallyseparated. BelowTN,theoverallfeatureofspin-echo

spectraisalmostthesamebutthewidthofeachpeakbecomes

alittlelarger. Themostcharacteristicfeature is that the
intensityofspin-echospectragraduallydecreasesbelowTN・ It

seemsthat theminimumoftheintensityoccursaround2.5K

,whichisnot thesametemperatureasTN. Below2､5K, the

intensityincreasesgraduallywithdecreasingtemperatureand

L

0 2 4 6 8 10

Susceptibi,ity(,0-2emu/m｡,e)

Fig.6KnightshiftvssusceptibilityplotofCePdAlalongc-
axis. Theplotshowsalinearrelationinwholetemperature
range,

2.7K. Thisorderingtemperature isquiteconsistentwith

previousspecificheatmeasurements8). Itisnoticeablethatthe

temperatureofthebroadmaximumis3.7KwhiletheNeel

temperatureis2.7K. Thenthereisabout30%ofdeviation

betweenthebroadmaximumandNeel temperature. This

deviationremindsusofthetwo-dimensionalIsinglatticesl3)

Anywayabroadmaximumofsusceptibilitysuggestsstrong

shortrangeco汀elationsaboveNeeltemperature.

Figure5showsthetemperaturedependenceofKnightshift

(K)alongc-axis. Knightshiftshowsthesimilartemperature
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Fig.9Temperaturedependenceofspin-spinrelaxationrate
T2-latafrequencyof14.96MHz.
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Fig.11 Projectionontoc-planeofthecrystalstructureof
CePdAl.
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propertiesofCePdAlarereportedtobesimilartoCePd2Al38).
However，ourmeasurementsshowthat thedevelopmentof

shortrangecorrelationsin(111)isdifferentfromthatof(123).

Thedifferenceofcrystalstrucmreofthesetwocompoundsmay

giveusahinttounderstandthephysicalproperties.

FigurellshowsthecrystalstructureofCePdAlprqjectedto

6-plane. ThetypicalfeatureisthelayerstructureofCeatoms
inc-plane,whichisquitedifferentfromthatof(123). The

distancebetweenthenearestneighborCeatomsinthedirection

ofc-axisandc-plane is4.233Aand3.722A,respectively.
Whilethatof(123) is4.216Aand5.471A,respectively・ The
distancebetweenthenearestneighborCeatomsinc-planeof

(lll) is quite small relatively. Therefore the strong

magneticallycorrelatedtwo-dimensionalplaneisexpectedin

CePdAl. NowweSpeculatethatSmalldistanCebetweenCe

atomscancausethestrongc-fmixingandmakethestrong

exchangeinteractionsbetweenCeatomsandleadtoKondo
ｰ

effect. Thiscausesthetwo-dimensionalmagneticbehavioras

observedinmagneticsusceptibilityandTl-l.Theinteresting

pointisthatCeatomsinc-planefbnnKagomelatticewhichis
avariationoftriangularlattice. Thecharactedsticfeatureof

Kagomelatticeisthatthenumberofthenearestneighboratoms
ateachmagneticsitesare4whilethoseoftriangularlatticeare

6. This loosecircumstancefromneighborscauses thelarge

degeneracyandpeculiarphysicalproperties l4)15). The
investigationaboutdynamicalproperties inthis lineseems

quite interestingalthoughthe theoretical approach isnot

enoughfOrthemoment. Fromthesediscussions,CePdAl isthe

firstCecompoundwhichshowsheavyfermionpropertieson

Kagome1attice.
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Fig.10Temperaturedependenceoftheintegratedintensitiesof
spin-echospectra.T2andtemperatureeffectsarecalibrated.

thespectraconsistofsevenpeaks.Thissituationsuggeststhat

themagneticordering isnotverysimple inCePdAl. To

investigatethetemperaturedependenceoftheintensityofspin-

echospectra indetail, spin-spinrelaxationrateT2-lwas

measuredaroundorderingtemperature. Figure9showsthe

temperaturedependenceofT2-l.ThereisasharppeakatTN

again. Thentheintegratedintensityofthespin-echospectraat

eachtemperatureisestimated. Furthennoretemperatureand

spin-spin relaxation rateeffect arecalibratedwhen the

integratedintensitiesareestimated. FigurelOshows the

temperaturedependenceoftheintegratedintensityofspin-echo

spectra. BelowTN, the intensitystarts todecreasewith

decreasingtemperatureandreaches theminimumvalueat

2"5KBelow2.5K、 theintensitygraduallyrecoverswith

decreasingtemperature. Itsuggests thatthereisananother

anomalyaround2.5KexceptTN.

§4.DiScussionS

ギーノS加汀Ra"geCo"elα〃o"s

Magneticsusceptibilityandspin-Iatticerelaxationrate

measurementssuggestthatthereareratherstrongshortrange

correlationsaboveTNinCePdAl. Theseareconsistentwith

previous specificheatmeasurementslO)． Thephysical
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dependenceofCePdAl isrequiredtoconfirmthecomplicated
magneticorderings.

4-2Mqg"e"cS〃"Cf"re

Thedifferentnatureofmagneticorderingsin(lll)fromthat

of(123)canbeexpectedfromstrongtwo-dimensional short

rangecorrelationsasmentionedbefore. Actuallyneutron

diffractionmeasurementshaveobservedk-vectorofmagnetic

orderinginCePdAlat lowest temperature. Theobtainedk-

vectoris [1/2,0,0.351whilethatof(123)is{0,0,1/2]. Atfirst

wediscussaboutmagneticstructureatlowesttemperature.As

seeninfigure8, spin-echospectraconsistofclearlyresoIved

sevenpeaks・ Thissuggeststhatthemagneticstructureshould

beacommensurateone. This isdiscrepantwiththek-vector

obtainedbyneutrondiffractionmeasurements. Thisisanopen

questionfbrthemoment. However,weshouldnotethatk-

vector [1/2,0,0.35] isveryclosetothecommensurateone

[1/2,0,1/3].Asmentionedbefbre,Ceatomsfo面nKagome

1atticeinc-plane. Thisstrongfrustrationpossiblyaffectsthe

magneticstructure.Moredetailedexperimentsarerequiredto

clanfythemagneticstructureat lowesttemperature.

BelowTN, thedecreaseofintegratedintensityofspin-echo

spectrawasobserveddown to2．5K. Themostprobable

explanation is that there isan incommensuratemagnetic

structurebelowTN. Inincommensuratemagneticphase, the

internalmagneticfieldatAlsiteshasvariousmagnitude･ That

causesspreadoutofspin-echospectra・ Thissituationisquite

consistentwiththedecreaseofintegratedintensitybelowTN.

Furthennorethegradualrecoveryofintensitiesbelow2,5Kwas

observed. Thisshowsthat thesharptransitionlikelock-in
transitionisnot thecase. Itseems that incommensuratek-

vector gradually changes intocommensurateol1ewith

decreasingtemperature.

InthecaseofUPd2Al3, the incommensuratemagnetic

orderingswereobservedbyneutrondiffractionmeasurements

l6)17)． However, theothermeasurementsdidnotobservethese

incommensuratestructuresl8).Thesampledependencemaybe

thereasonofthisdiscrepancy, iftheobservationofthese

incommensuratestructures isnot ascribedtoexperimental

errors. Itshouldbenotedthattheseincommensuratestructures

includingthatofCePdAlareallmodulatedstructures inthe
directionofc←axls・

Inreference3), itwasproposedthatthree-dimensional long-

rangemagneticorderinCePd2A13wasgeneratedby the

exchangeinteractionsbetweenmagneticallycorrelatedplanes.

FurthermorethestrongsampledependenceofTNcanbe

explainedbydeficiencyordisplacementofAlatoms ,which

mediatetheRKKY-typeinteractiOnsbetweentheplanes.Then

wespeculatethatthemodulationinthedirectionofc-axisis

possiblydrivenbytheexchangeinteractionsbetweenplanes.

ThedeficiencyordisplacementofAlatomsmaygeneratethe

largesampledependenceoftheseincommensuratestructures.

Among these compounds, two-dimensionalmagnetic

correlationsinCePdAlseemtobethestrongestbecauseofthe

nearestdistancebetweenCeatomsinc-plane. Thisstrongly

colTelatedCeplanesordermagneticallyduetotheexchange

interactionsbetweenplanessimilarto(123)case.However,the

sampledependenceofCePdAlmaynotbesolarge. Because

theexchangeinteractionsbetweenplanesaremediatedbynot

onlyisolatedAlatomsbutalsoPdatoms incontrastto(123)
cases. TheinvestigationofthesinglecrysIalandthesample

§5.Conclusions

Magneticpropertiesoftheantiferromagneticheavyfermion

compoundCePdAlwereinvestigatedbymagneticsusceptibility

andNMRmeasurements. Bothresultsshowthestrongshort

rangecorrelationswhichareconsistentwithpreviousspecific

heatmeasurements. The two-dimensional magnetic

correlationsonKagome latticearediscussed. TheN6el

temperature(2.7K)obtainedbyallmeasurements,magnetic

susceptibility,TI-1,T2-landpreviousspecificheatarequite

consistent. The incommensuratemagneticstructurewas

observedbytheintegratedintensityofspin-echospectra. The

importanceoftheexchangeinteractionsbetweenmagnetic

correlatedplanes isdiscussedtounderstandthecomplicated

magnetlcstructures.
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