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High-resolutionstq"cmagnetizationmeasurementshavebeenperfbrmedonhigh-qualitysingle
crystalsofUPt3attemperaturesdownto50mKandinfieldsupto40kOe,withanattention

beingpaidontheparamagneticresponseofthesuperconductingmixedstate・ At50mK, a
smallbutdistinctanisotropydevelopsintheequilibriummagnetizationMeqbelowtheupper
criticaliieldHc2whichcannotbeexplainedbytheeffectivemassanisotropynorbytheordinaJ､y

paramagneticeffectofaspin-singletpairing. Inparticular, thediscontinuityindMbq/dHatHb2
stronglydependsonfielddirectionatlowtemperature,beingvanishinglysmallfbrHparallel
tothehexagonalbasalplanewherethenormalstatespinsusceptibilityislargest・Theresults
stronglysuggestanodd-paritypairingwithanappreciableanisotropyinthepair-spincorrelation.
ThefeaturesofthemagnetizationacrosstheB-Cphasetransition、aswellastheirreversibility
peakinthemagnetizationnearHc2 ("peak-eflEct''),arealsodiscussed.
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thepseudo-spinPauliparamagnetism,9, '7)fieldvariationofMai
nearff2maystronglydependonthepairingsymmetry. Incase

ofaneven-paritypairing, forexample, thespinpolarization

shouldbesuppressedbelowIL2forα〃directions. '8, '9)This

wouldleadtoasizablediscontinuityindA,"fat"2especially
fbrHLc. '9)Ifthisanomaly,theparamagneticeffect, isabsent, it
wouldthenbeastrongimplicationoftheodd-paritystates.20)

ThisapproachisindeedcomplementarytotheNMRKnight

shiftexperiment. Itshouldbenoticed,however, thattheabove

NMRresultsmightnotbefullycompatiblewiththeinterpreta-

tionofthecross-over! ') intheanisotropyratioff2･L/ff2//; the
latterassumes/L2// (parallel tothec-axis)tobep"""増"e"‐
cQ")'〃"z"edat lowT.WhiletheNMRexperiment strongly

suggeststhat thepair-spinisfreetorotatetowardsthefield

direction(equal-spinpairingwithweakspin-orbitcoupling),9)
theanisotropycross-overin"2seemstopointtoapresenceof

thestrongspin-orbitcouplingwiththepair-spinconfinedinthe

basalplane. '2)Whetherpair-spinanisotropyisweakorstrong
deeplyconcerns theidentificationofthe internaldegreesof

fi･eedomofthepairingfUnction. Inordertoclarifythispoint､ lt

wouldthusbehighlyworthwhiletoinspectthebulkmagnetiza-

tionofUPt3nearIL2.

Intilispaper,wehaveexaminedMaM(H)ofUPt3bymeansof
high-resolutionDCmagnetization [M("]measurements on

high-qualitysinglecrystals, focusingmainlyOntheparamag-

neticresponseofthehighfieldstate(Cphase).Theresultsin

factprovideacompellingevidenceofanodd-paritystate､witha

smallanisotropyinthespinresponse. Itwasalsoourobjective

toexploretheB-Ctransitionbythemagnetizationmeasure-

mentS、 Inthecourseoftheexperiment,weobservedthat tbe

magnetizationhysteresis exhibits a non-monotonous field

variation, takingapronouncedpeakjustbelow"2.Thiskindof
phenomenon, the&Gpeakeffect'',hasrecentlybeendrawingat-

§1． Introduction

SuperconductivityinUPt3hasbeenattractingmuchinterest

becausearealizationofunconventional orderparameters is

evident fromitscomplexfield-temperature(HET)phasedia-

gramwiththreedifferentvortexstates(A,BandCphases).'-7)
Thephasetransitionsbetweenthesephaseshavebeenstudiedby

variousmethodssuchas thespecificheat,2'7)magnetocaloric
effect,6)magnetostriction､5)andacousticmeasurements.3,4)Itis
nowrecognizedthatallthesephaseboundariesmeetatatetrac-

riticalpoint, irrespectiveofthedirectionofanappliedfield.

AnimportantissueconcemingtheorderparameterofUPt3

isapossibilityofanodd-parity(pseudo-spintriplet)pairing,
whichhasbeeninferredfromafewexperimentalresults.The

mostcrucialoneis theNMRKnight shiftmeasurements.8,9)
Recentexperimentonhigh-qualitysinglecrystalsrevealedno

changeinthe '95PtKnightshiftbelowTcforanyfielddirec-
tion,9)instrikingcontrasttothecaseofaspin-singletpairing.
Anotherevidencecanbeseeninthetemperaturevariationof

足2. '0)TheabsenceoftheparamagneticlimitforHperpendicu-
lar tothehexagonalc-axis(HLc) is inexplicablebyasinglet

io. ' ' ' '2)Several theoreticalmodelshavebeenpalrlngscenarlo.

proposedsofartoexplaintheunprecedentedsuperconductivity

ofUPt3,' '-'5) thoughnoconsensushasbeenreachedyetonthe
pairingsymmetry.

Infurtherelucidatingthepairing inUPt3, itmaybeof

interest toexaminetheequilibriummagnetizationMeqinthe
superconductingmixedstate. Ingeneral, thereisacontribution

toMeqfromaparamagneticpolarizationofthesystem, inaddi-
tiontothediamagneticorbitalcurrentsaroundthevortices.As

iswellknown,thenormalstateparamagneticsusceptibilityXn

ofUPt3islargeandanisotropic,'6)withtheeasydirectionbeing
"LLc・SinceasubstantialpartofXnisconsideredtocomefrom
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(entioninreferencetoaformationofthenewvortexstatetheo-

reticallypredictedfor spin-singlet superconductors inhigh
fields.2'-28)TheimplicationofthephenomenoninUPt3 isalso
discussed.
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§2．ExperimentalProcedures

TwosinglecrystalsofUPt3,sample3-Sandsample4,were

grownbytheCzochralskipullingmethodinatetra-arcfur-
nace.29)Thestartingmaterialswere99.95%pureUand99.99%

purePt.Atypical ingotwas3-4mmindiameterand60mmin

length・TheingotswereheatedbyaDCcurrentnowwitha

densityof lOOOA/cm2 throughthecrystal rodandkept at
l200｡Cfor6days, inhighvacuumof8×lO-IoTorr.Thecrvs-
talswerethengraduallycooleddowntoroomtemperature,

takingover lOdays.Acleardoublesuperconductingtransition

wasobservedinaspecificheatmeasurement.Theuppercritical

temPeratUre Tc WaS ～520mK． The resistivity ratio

P(300K)/P(T)extrapolatedtoT=0fromaboveTcwasinexcess

of500･ for･bothsamples, indicatingexcellentqualityof the
句

crystals.Thecrystalswereshapedto2.5×2.5×3mm｣ (sample

3-S)andl×l×3mm3(sample4),withthelongaxesorientedto
thecaxis.

Magnetizationcurvesat temperaturesrangingfrom50mK

toaboveTcwereobtainedbyaFaradayforcemagnetometer

installed inadilutionrefrigerator,30) inafieldgradientof
500~8000e/cmproducedbyindependentgradientcoils.The

magneticforceactingonthesamplewasdetectedbyaforce-

sensingparallelplatecapacitor.Oneofitselectrodes,onwhich

thesampleismounted, issuspendedbythinphosphor-bronze

wires,andcanmovenexiblyinthewaythatthegapvariesin

proportiontotheappliedfbrce・Thecapacitancechangeisread

byathree-terminalautobalancecapacitancebridgewhosereso-

lutiOnis～5×10~7pF.Loadresolutionofbetter thanlO-7Nwas
obtained.Byuseofthehigh-sensitivityfbrce-sensingdevice,the

overalldisplacementofthesamplewaslimitedtolessthanlllm;

therewasvirtually"ofluctuationinthemagneticfieldexperi-

encedbythesample.ThispOint isveryimportantinmeasuring

truehystereticmagnetizationofthevortexstates.Eachmeas-

urementwascarriedoutafterzero-fieldcoolingthesample

fromaboverctothedesiredtemperatures.Consideringthenux

linerelaxation, thesweeprateofHwasfixedconstant(50e/sec)

throughoutthemeasurements.
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Fig.l. MagnetizationcurvesofUPt3sample3-Sfor"paral-

lelandperpendicular tothec-axis. .Thearrows indicatedi-

rectionsofthefieldscan.Thinsolidlinesdenotetheequilib-

riummagnetization inthevortexstatedeterminedas the

averageofthefield-increasinganddecreasingdata,whilethe

dottedlinesaretheextrapolatednormalstatemagnetization.

TheuppercriticalfieldHt2isdefinedasthefieldwherethe

magnetizationhysteresisdisappears・Thepronouncedpeakin

themagnetizationhystereSisappearingjustbelow"2is the

peakeffect､whoseonsetfieldisdefinedasH*.
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FigurelshowstheM(H)curvesofsample3-Sforbothfield

directions,measuredat50mK.Aswillbeestimatedlater, the

lowercriticalfieldHt, ofUPt3isoftheorderof～IOOe.Be-

causeofthesmallvalueof", , theMeissnerregionwasnotwell

resolvedinthemagnetizatiOnprocess,ThestrongirreverSibil-

ityappearingat lowfieldisduetotheordinarynuxpinning

effectinthevortexstate･ThehysteresisrapidlydecreasesasH

increases.Thelinearmagnetizationabove"2isduetothenor-

malstateparamagnetism， fromwhichweobtainXn//=5.8×lO-6
emu/gandXn上=1.1×10-5emu/gat50mK・ It iswellknownthat
XnofUPt3isstronglytemperaturedependent.'6)Forinstance,

Xn･Lfirst increasesonwanninginproportionto～T2andtakesa
broadmaximumataround20K,followedbyaCurie-Weisslaw

athigher temperatures.Withinthetemperaturerangeofour

interest(T≦Tc),however, thethermalvariationissmallandXn
doesnotdiffermuchfromthevaluesgivenabove.

TheM(H)curvesofsample4obtainedat50mKaredis-
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Fig．2. MagnetizationcurvesofUPt3sample4forHparallel

andpelpendiculartothec-axis.
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magnetizationMn(//'･L)=Xn(//'-L)HEvidently, theparamagnetic

contributiontoMeqisquitelargeforbothfielddirections. It is
veryimpOrtant tonoticethatthedifferencebetweenMcq上alld
Mn'isvanishinglysmallnearHt2,whereasin/Weｲﾉ thereisa
smallbutabruptdeviationfromMn//belowHb2(Fig.2).
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AsshowninFigs.land2, theirreversibilityinM(H) in-

creasesagaininanarrowregionjustbelow"2.This implies

thatthenuxpinningisenhancedinthisregion.Thisphenome-

nonisknownasthe｡6peakeffect'',whichisoccasionallyob-

servedintype-IIsuperconductors.3' '32)Theoriginofthepeak
effectis,however,notalwayswellresolvedevenintheconven-

tionalsuperconductors､althoughacertainsortofcross-overin

thenuxpinningmechanismsisconsideredtoberelevant.32)
Recently, similarphenomenahavebeenobservedinsome

heavyelectronsuperconductors,2'-24)anddiscussedinreference
to theFulde-Ferrel-Larkin-Ovchinnikov (FFLO) phase25-28)
whichwastheoreticallypredictedtooccurfor the"i"-,F加g/er

superconductorshavingalargenonnal statespinsusceptibility.

Inthisphase, thepairingtakesplacesoastogainthespinZee-

manenergy,atthecostofthecondensationenergybypartially

destroyingthesingletpairs.Asaresult, thegapfunctionbegins

topossessnodesintherealspace.26)Recent theoreticaltreat-
ment28)showsthatinsuchcasethenuxpinningforcecouldbe
enhanced, sincethenuxlinesbecomesomewhat flexibleand

therebvhavemorechancestomatchtotherandomlydistributed
-

pinningcenters.ThepredictedFFLOphaseshouldbeobserv-

ableonlyat lowtemperaturesandhighfields,wherethepair

breakingbytheZeemanenergybecomesimportant. Itissepa-

ratedfromtheordinaryvortexstatebyafirstorderphase

boundary,whichmeets thea2 1ineat acertain critical

temperatureexpectedtolocateat～0.6Tcforthes-wavesuper-

conductors inthestrongparamagneticlimit.27,28)Across the
transition、 thereshouldbeajumpintheequilibriummagnetiza-

tion､27)ThesepOintsdistinguishtheFFLOphasefromtheordi-
narypeakeffectwhoseoccurrenceisnotalwaysreservedtothe

highfieldregions.32)
Inorder toshowthetemperaturedependenceofthepeak

effect inUPt3,weplot thedifferenceMn-MupinFigs. 4(a)
("LLc)and4(b) ("/c),whereMupdenotes themagnetization
datainthefield-increasingscans.Therecanbeclearlyseenan

irreversibilitypeakatlowtemperatures,whichbecomesweak

withincreasingtemperatureandvamshesnear400mKfOrboth

directions.Theonsetfield"ofthepeakeffect inUPt3isalso
showninFigs.3(a)and3(b),whosebehaviorissomewhatsimi-

lartowhatispredictedfOrtheFFLOphase.27,28)
Nevertheless,theobservedpeakeffectinUPt3cannotbe

simplyrelatedtotheFFLOstatebecauseofthefollowingrea-

sons.First, thereisnoevidenceofthefirst-ordertransitionat

";neitheradiscontinuityinM叫norahysteresisin"hasbeen
observed.Second，althOughthepeakeffect isclearlyseenfOr

HLLc, theparamagneticeffectisapparentlyabsentinMaｺ_LaSWill
■

bediscussedin93.4. 1nfact,wecanshowthatH* inthebasal

planewellexceeds theparamagneticlimitingfieldffthat is

definedforasingletpairingstateasXnHP2/2=Ht2/8兀. Itseems

thattheZeemanenergyisnotpairbreakinginthevortexstate

forthisdirection.Thiswouldcontradictthebasicassumptionof

theFFLOstate.Thesefactsmightindicatethatthepeakeffectin

UPt3is･ofG6conventionaltype''.32)However, thereismuchtobe
donebeforeidentifyingtheoriginofthepeakeffect inUPt3.

Forinstance,weneedtoanswerthequestionwhythepeakeffect

iSobservableonlyintheC-phase.Thesearelefttobeclarified
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Fig. 3. HTphasediagramsofUPt3forHLLc(a)and"/c(b),

obtainedfromthemagnetizationmeasurements.Theonset

fieldofthepeakeffectH*isalsoshown.Theopenandclosed
symbols indicatetheresultsfor sample3-Sand4, respec-

tively.Thedottedlinesarethephaseboundarieswhicharenot

observedinthepresentexperiment.

playedinFig.2.Theresultsarequitesimilartothoseofsample

3-S,exceptfor themagnitudeofthehysteresiswhichlinearly

dependsonthesampledimensionandisthereforesmaller in

sample4. Infact, theM(H)curvesofsample4becomealmost

reversibleataroundHら-17kOe,wellbelowHt2.

Inbothsamplesandforbothfielddirections,weobserved

thattheirreversibilityinM(H) increasesagaininanarrowre-

gionjustbelow"2.2' )Thisisaso-called"peakeffect'',which
willbediscussedini3.2. Itreafter,wedefine"2asthefield

wheretheirreversibilitypeakvanishes.Weshowtheresulting

"2vs.TplotsinFigs, 3(a)and3(b),whichareingoodagree-

mentwiththosepreviouslydeterminedbyotherexperimental
methOds.

Whenthemagnetizationhysteresisissmall, theequilibrium

magnetizatiollMqofthevortexstatecanbewellapproximated
bytheaverageoftheincreasing-anddecreasing-fielddata.3')

TheresultsfOrM叫areshowninFigs・ land2bythinsolidlines.
Similarresultsfor"qareobtainedforbothsamples.AIso
shownbythedottedlinesaretheextrapolatednormalstate
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Fig.4 MagnetizationdifferenceMup-MnofUPt3forHLc(a)
and"/c(b)atvarioustemperatures,whereMupdenotesthe
magnetizationdatain thefield-increasingscan・ The irre-

versibilitypeakcanbeclearlyseennearff2,whoseonsetfield
H*isindicatedbvthearrows.

ロ

II

2510 15

H(kOe)

205

２
。 、 1 ． ‘ ロ l ’ ’ ロ l ’ ’ 。

(c) 50mK

０
１
２
３
４

１
（
函
盲
目
①
④
Ｉ
冒
×
）
エ
ミ
ロ
ワ
・
星
で
Ｉ

ｃ
ｃ

土
〃
″

Ｈ
Ｈ

－
－

inthefuture

↑
3.3MQg"e"Zα"o〃α"oma/y"cm"r/reB-C〃α".si"o"
Fromthecalorimetricmeasurements6,7) itisestablishedthat

theB-Ctransitionisofsecondorder.Wemaythenexpecta

changeintheslopeofMaqacrossthetransition･ InFigs､land2,
theB-CphaseboundaryisexpectedtolocateatHEc=7kOe(_Lc)

and=13kOe(//c).Withintheresolutionoftheseplots,however,

noanomalyisvisibleinMqorMatthesefields.Thechangein
themagnetization， ifany, shouldbeverysmall.

ThebehaviorofMeqbecomesmoreclearbyplottingthe
magnstizationdifferenceMef=Meq-M, inanenlargedscalein
Figs,5(a)andS(b),wheretheresultsat300mKarealsoshown

forcomparison・Thesmallhumpsordipsseeninthecurvesfor

50mKnearff2areprobablyduetothepeakeffect;hysteresis

mightnotbecancelledoutwell there,probablyduetoanon-
lineardistributiOnofthevortexlines.3') It israthernatural to

assumeasmoothvariationofMef,asshownbythedot-dash
lines・At50mK,wecanrecognizeaslightchangeintheslopeof

M｡woatHbc,asindicatedinthefigures.
The discontinuity in the differential susceptibility

A(3Mq0/aH)acrosstheB-Ctransitioncanbeevaluatedfromthe
thennodynamicrelations(Ehrenfestrelations)thatholdforany

secondorderphasetransition:

HBC

↑
HBC卜 l u ， ！ I

2 4 6 8 10 12 14 16

H(kOe)

FigaMagnetizationdifferenceMef=A"eq-M,ofUPt3for
"LLc(a)and"/c(b).Thedot-dashlinesindicatetheexpected

variationofMeqonear"､ぅ.TheB-Ctransitionfieldisshown
bythearrows,WhereaslightchangeoftheslopeinMeqois
observed､ (c):diffErentialsusceptibilityMq0/aHat50mKfor
bothdirections.Asmalljumpisobservedacross theB-C

transition,asindicatedbythedottedlines.
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whereffisthed"どC"O〃mdepe"de"rthermodynamiccritical

field.ExtrapolatingMeqo(//,上) tolowerfields,wecouldobtain
/f(T<<Tc)=2600eforbOthcurves, inagreementwiththevalue

thatcanbeestimatedfromthespecificheatdata.2)Thesefacts

confirmthattheobservedanisotropyin/IfcqOisindeedcorre-
latedwiththatin"2. Itisveryimportanttopointout､hOwever、

thattheparamagneticenergyXnHt22/2significantlyexceedsthe
condensationenergyHt2/8兀byafactorof～10(//c)and～25
(_Lc).Thepiglramagneticpolarizationinthevortexstateisessen-

tiallylargeforbothdirections.

Theupwardcurvature in lAfeqo_LI withvanishinglysmall
changeoftheslopeat"2isspecifictoacleansuperconductor/"

r/1eqb.r2"ceqftheparamagneticeffect.35)Thisimpliesthatthe

orbitalcurrentcontributionispredominant inMef上Bycon-
trast, thedownwardcurvatureoflM叫0//lwithasharpchangeOf
slopeat"2 isthetypicalbehaviorofordinaryparamagnetic
effectl8,36,37); areductionin thespinpolarizationbypairing
enhancesIMcqol belowIL2.Thisstronglysuggeststhat thespin
susceptibilityfor"/cissomewhat reducedintheCphaseof

UPt3.NotethatthesefeaturesinA"cqobecomeweakerwithin-
creasingtemperature,ascanbeseeninFigs.5(a)and5(b).

Anisotropicparamagneticeffect itself isnotunusual_For

instance, inErRh4B4whereferromagneticinteractionsbetween

Er ionscompetewithsuperconductivityofconductionelec-

trons,astrongparamagneticeffect isobservedinthemagneti-

zationfor thespin-easyaxis("/")at lowtemperatures,while

theeffectisweakforthehardaxis("/c).37)Thecrucialpointin

UPt3isthattheparamagneticeffect inMInOisapparentlyabsent
fbrthedirection(HELc)wherethenormalstatespinsusceptibil-

ityis/α穂"r.Thisistheopponiteofwhatisexpectedforaclean

spin-singletsuperconductor・ Inotherwords, thespinpolariza-

tionintheCphasefbrHLcisaslargeasthatinthenormalstate.

It isimportanttonotethatthespin-orbitscatteringmechanism

isirrelevant inthiscase. Inthepresenceofstrongspin-orbit

scattering, spinparamagnetismmightberecoveredinthesin-

gletpairingstates.38)Thismechanism,however,wouldbees-
sentiallyisotropicandthereforefails toexplaintheslightbut

appreciableparamagneticeffectfOr"/c. Itshouldalsobeno-

ticedthat thepresentsamplesareinthecleanlimit; themean

freepathofthecarrierscanbeestimatedfrOmtheresidualre-
◎

sistivity(Po//=0.211Qcm) tobeover2000A,muchlonger than

thecoherencelengthof:0~120Aestimatedfromthe"2values.
TemperaturevariationofKievaluatedfromMefissum-

marizedinFig.6,whichfurtherconfirmstheabovearguments.

TheanisotropyratioofKidecreasestoKh･L/脇"grO.8at～450mK,

approachingthevalue～0.6expectedfromthemassanisotropy.

Ingeneral, KhcoincideswithkasT→Tc;wethushaverL~50

andK"~60.FromtheseKvaluesand廷~2600e,weobtainavery

smallvalueofthe lowercritical fieldff,=､/ZHclnK/(2K)
~100e.Remarkably, K2･L(T)continuestoi"cJ'e"eoncooling
withoutanindicationofsaturation.Thisisacmallvthebehavior

ヴ

predictedforacleansuperconductormr/12qbse"cEqfthepar-

amagneticeffect,39'40)whereKhoぐ､/ln(7I/T)asT→0asshown
bythedottedline. Bycontrast, Ka//continuestodecre"eon
cooling; thetypicalbehavior加油eprese"ceqftheparamagnetic

effect'8)wherethepairbreakingbytheZeemanenergybe-
comesimportantatlowtemperaturesandhighfields.Asare-

sult, there isacross-over intheanisotropyratio陥上/K;//at
aroundT~0.77c.Exceptfbrthiscross-over, thesignreversal in

dKh/dTbetweenthetwodirectionsisinagreementwiththere-

sultsinferredfromtherecentspecificheatmeasurements.7)
TheunusualmagneticresponseinthevortexstateofUPt3

apparently renects theanisotropic natureof the pairing.

Here,SistheentropyandAXdenotesthediscontinuityinthe

quantityXacrossthetransition.MakinguseoftheMaxwell

relation3Mu,o/3T=aS/aHweObtain

(2)

AsaS/""always tendstovanishinthelimitT→0, sodoes

△(C77)ascanbeseenfromeq.(la).Nevertheless,A(3Mqo/3H)
couldremainfinite・Thus theB-Ctransitionmightbebetter

studiedbythemagnetizatiOnmeasurements・FrOmthespecific

heatmeasurement, asmall discontinuityoforderA(CVT)=

l~2×104erg/mole･K2hasbeenreportedacrosstheB-Ctransi-
tionatT=150mK.7)NotingdHEc/dT～4×lO30e/Karoundthis

temperature,4)weobtainA(3M"0/3H)～2×10-7emu/g･
Figure5(c) shows thediffetential susceptibilityaMef/3H

forbothdirectionsat50mK,wherewecouldascertainadis-

continuityofthisorderas indicatedbythedottedlines・The

criticalfieldHEcthusobtainedisalsoplottedinFigs.3(a)("LLc)

and3(b)("/c).Unfortunately,however, theanomalyinMaMoat
HEcwassmearedwithincreasingtemperature,andcouldnotbe

traceduptothetetracriticalpoint.Wealsonotethatnoappre-

ciablechangewasobservedinMqJoacrosstheA-Btransition.

3.4Pam碗αg"e"crespo"sem〃Ievo〃exsI“e

Nowweturntotheparamagneticeffectinthemagnetization

process.AsalientfeatureofMa,0inFigs.5(a)and5(b)at50mK
isthemarkedanisotropynear"2.Thereisanorderofmagni-

tudedifferenceintheslopeofMeqo(//,.L)atlf2.Moreover, the
curvaturesofIMeqo(//,.L)laredifferent;downward(upward)for
"/c(HLc). Ingeneral,Ma,0nearHt2canbeeXpressedinterms
ofaGinzburg-Landau(G-L)parameter jihasl8,33）

Mq0=("Ht2)/[4兀βA(2Ki2-l)] (3)

where6Aisanumberoforderunitythatdependsonthevortex

latticeconfiguration.FromtheresultsinFigs.5(a)and5(b),we

obtainhighlyanisotropicvaluesofKiatT=50mK,腫工～140and
燈//~40; i,e､ ,パフ土/JG//=3.5. I-tre､ theKjvaluesw3redetermined

fromtheaveragesIopeofMeqobetween"and"2.Duetothe
upwardcurvatureofMeqo.L, theactualvalueofKぅ土andhence
theanisotropyratiocouldbeevenlal-ger.

Inaconventionalsuperconductor,Kicouldbedirectionde-

pendentrenectingtheeffectivemassanisotropy.Althougha

theoretical treatmentofthemassanisotropyinK2seemstobe

lacking,wemayassumethattheanisotropyratiocanbescaled

bythatoftheG-LparameterKFortheuniaxialsymmetry, the

anisotropy ratio of Kcan be approximated as KL/K"=

(fX2L/ff2")T→Tc． 34)Fromthe"2dataforUPt3'0),weobtain
KL/K"~0.6; theanisotropyisoppositetowhatisobserved.Evi-

dently, themassanisotropydoesnotexplaintheanisotropyinKi

at lowT.ThelowtemperatureanisotropyinMuioisnotlikelyto
becausedbytheanisotropicorbitalcurrents; itisratherofspin

■ ゅ

orl21n．
ｰ

ItshouldbenoticedthattheanisotropyinMcqoreversesat
lowfieldascanbeseenforthecurvesat50mKinFigs.5(a)and

5(b);Mef,Lbecomes larger thanMcqo"belowH~6kOaAI-
thoughthephysical implicationofthiscross-over isnotappar-

ent, itisconsistentwiththethennodynamicconstraint

#"崎I/,L)d"艮2/8兀＝一 (4)
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whichindicatesAXs// intheCphasetobeatmostafewpercent
ofXn//.Thisamountofchangemightnotbedetectedinthe
Knight shiftmeasurements9)withintheresolutionoftheex-
periment.Thepresentmagnetizationexperimentsalsoreveal

thestr・onglyparamagneticnatureofthevortexstateofUPt3,

whichwouldbeaclueinunderstandingtheuncOnventiOnal su-

perconductivityinthissystem.

200

150

"100

§4. SUmmary

Wehaveperformedhigh-resolutionDCmagnetization

measurementsonhigh-qualitysinglecrystalsofUPt3at low

temperaturesdownto50mK.Theresultsaresummarizedas
fOllows:

(i) AsmallchangeofsIopeoftheequilibriummagnetization

Meq(H)isobservedacrosstheB-Ctransitionatlowtem-
peratures、 inagreementwiththerecentlyreportedspecific

heatjumpatthesamefield

(ii) NearH:2,a@$peakeffect'' isobservedinthemagnetization

processat lowtemperaturesbelow400mK(~0.87c)This

wouldnotbeanindicationofaphasetransitiontoanew

vortexstatesuchastheFFLOphase, sincenoanomalyis

observedinMa,(H).
(iii)Noparamagnetic effect is observed inMeq for the

paramagneticallyeasydirectionHLc, implyingthat the

largenormal-statespin-susceptibilityfor thisdirectionis

preservedinthevortexphase・For"/c,ontheotherhand,

asignificantchangeoftheslopeofMqisobservedatff2,
whichcouldbeinterpretedasaslightsuppressionofthe

spinpolarizationinthisdirection.Theseresultsareinac-

cordwiththeanisotropycross-overof"2, andstrongly

indicateatripletpairingwithaweakbutappreciableani-

sotropyin thepair-spinorientation.Theanisotropy is,

however,notverystrong,andweconsiderourresultsare

compatiblewiththerecentNMRKnightshiftexperiment

whichreportsnochangeintheKnightshiftbelowTcfor
bothdirections.

L50

I

0

0 100 200 300 400 500

T(mK)

Fig.6. TemperaturevariationoftheG-LparameterKifor

H上c(closedcircles)and"/c(opencircles),obtainedfrom

themagnetizatiOnmeasurements.Thedottedlineindicatesthe

variationexpectedforacleansuperconductorwithoutpar-

amagneticeffeCt,
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Fig.7 MeJdividedbythenormal-statemagnetizationfor
"/cat50mKTheplotapproximatelyshowsachangeinthe

spinsusceptibilityintheC-phase,whichisatmostafewper-
centofthenormalstatevalue.
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