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Wehavemeasuredtheelectrical resistivity,Hall efIbct,magnetizationandspecificheatto

investigatethenormalandmixedstatepropertiesofCeRu2,CeCo2andYb3Rh4Sn,3・Allthe
compoundsexhibitaso-calledpeakeflect intheDCmagnetizationortheACsusceptibility,

whichhasbeenarguedinrelationtotheinhomogeneoussuperconductingphasepl･oposedby
Fulde-FbrrellandLaJ'kin-Ovchinnikov.Weobservedarelatedanomalyalsointhetransport

propertiesevidencingthestrongerpinningfbrce. FbrCeCo2)wefbundacleardeviationfrom
theordinaryBCSpredictioninthespeci6cheat.
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suggests theYbvalence tobeclose to+2.Themagnetic

susceptibilityshows a sharpincreaseat lowtemperatures,

however, the temperaturedependencecannot be simply

exPlainedbytheCurie-likecontributionfromsomeimpurities

inthesample. Even ifweassumethesusceptibilityat low

temperature(~5×10.6emu/cm3)tobeintrinsic, it islessthanl/5

ofthat inCcRu2. Interestingly, all thesethreccompounds

exhibitapeakeffectwithastrikingresemblance, It isoneof

thepurposeofthispaper tocomparethesuperconductingand

normalstatepropertiesofthesecompounds.

For comparisonwith the theoriesies､8･'0,'5,'6) a kev．，． 8.10,15,16） a kev

parameteris theexistence rangeof thepeakeffect in the

superconductingHLTphasediagam.Mostoftheexperimental

investigationsonthepeakeffectsofarhavebeenrestrictedto

theDCmagnetization,ACsusceptibilityandelasticproperties.

Weshowthattransportmeasurementscanbeusedtoaccurately

evaluate theexistence rangeof thepeakeffect.Wehave

reportedonlyabriefresultontheelectrical resiStivity,Hall

eHect and transverseevenvoltage inthefluxflowstate in

CeRu2.17)
Wealsoshowseveralevidencesofadeviationfrom

theconventionalBCSpredictions inthesuperconducting:ate
ofCCCo,,.u,18)

§1． Introduction

The anomalous peak effect, observed in the

magnetizationnear theuppercriticalfieldHt2 for severalU

andCecompoundssuchasUPd2Al3,UPt3andCeRu2,'-7) has
recentlv attracted much attention in relation to the

inhomogeneoussuperconductingphaseproposedbyFulde-

FerrellandLarkin-Ovchinnikov(FFLO).8･10)

Wehaverecentlyfoundasimilarpeakeffectalsoin

CeCo2u) andYb3Rh4Sn,3'2), whosecharacteristics resemble
those inCeRu2. CeCo2 has a largely enhanced Pauli

paramagnetic susceptibility (= 5.3 to 8.0×10-5 emu/cm3

dependingonhowtoestimate theimpurity contribution)

comparedto theordinarymetalsandtoCeRu､=2.5×10-5

emu/cm3), thoughit isslightlysuppressedcomparedtoYCo2or
LuCo2which isknown tobea typical exchangeenhanced

paramagnet.'3) ForCeCo2, thevalencechangeofCefrom+3
isthoughttoberesponsibleforthesuppressionofthemagnetic

susceptibility; thedensityofstatesdecreasesaccordingtothe
shiftoftheFermi level relativetotheCod-band.'4) The

experimentalvalueofthemagneticsusceptibilityisstill largely

enhancedcompared tothatestimatedfromthespecificheat

coeHicient Y ;i.e., theWilsonratio isapproximatelyfour.

Incontrast, theenhancedmagneticsusceptibilityinCeRu2has
been thought tobedirectly relatedwith theCevalence

Huctuation. Ineithercase, thelargespinsusceptibilityleadsto

thelowerparamagneticlimitingfieldandtheweakerpinning
fOrcestate･'5,'6）

Yb3Rh4Sn,3 is oneof the rareexamplesofYb

compoundsexhibiting superconductivity． Theoverall

behaviorofthetemperaturedependentmagneticsusceptibility

§2． Experiment

SinglecrystalsofCeRu2andCeCo2weregownbyan

illductionzonemeltingmethodinavacuumbetter thanl0･8

Torr・Therawmaterialswere99.99%pureCe,RuandCo.

ThestarlingcompositionwasselectedasCeTr1.7(Tr=Ru,Co)
afterconsiderationof thealloyphasediagam. Thesweep

speedforzonemeltingwaslmm/hr.Theobtainedingots,

about lOmmindiameterand20mmin length, haveseveral

largegainswithC15-Lavesphasestructure,fromwhichsingle

crystal sampleswerecarefullyspark-cut. Yb3Rh4Sn,3single
*FacultyofEngineering,ToyamaPrelbCtul･alUniversity,Kosugi,

Toyama939-03.

209



HideyukiSATo,etaj210

crystals havebeen fabricated by the tin-nuxmethod as
originallyreportedbyRemeikaet al.'9) Thepurityofthe
startingelementsis99.9%forYb,99.99%forRhand99.999%
fOr Sn. Theobtained singlecrystals haveaPr3Rh4Sn,3

structure'9) (typelcubicstructurewitha latticeconstantof
◎

9.681A).

Theelectrical resistivityandHall resistivitywere

measuredby theconventionalDCfour-probemethodusing

Keithleyl82nanovoltmeters. Thespecificheatwasmeasured

bymeansofaquasi-adiabaticmethoddownto0.1Kusinga
dilution refrigerator. Themagnetization and themagnetic

susceptibilityweremeasuredbyaQuantumDesignSQUID

magnetometer infieldsofupto53kOe.TheAC-susceptibility

wasmeasuredupto80kOeanddowntoO.24Kusingadilution

refrigerator.
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§3． Resultsanddiscussion

Figurelshowsexamplesofthefielddependencesof

themagnetizationforCcRu2andYb3Rh4Sn,3.Thereclearly

observedapeakeffectbelowfJa2forbothcompounds, anda
cIosesimilaritybetween thehysteresiscurves for the two

compoundsisapparent.Abovethelowercriticalfield(Ht,), the
magnetizationfirstincreaseswithincreasingfielduptoafield

H*whereitdropssharplyandshowsaminimum(amaximum

fordecreasingfield)belowtheuppercriticalfieldHt2at lower

temperatures. InthiSpaper,Ht2 isdefinedasthefieldwhere

themagnetizationstartstodeviatefromthelineardependence

inthenormal state.Below"*, thereisafinitefieldrangeof

reversiblemagnetizationreflectingthesmallpinningforce.

ForCcCo,,theACsusceptibilitymeasurementshave

beenmadeinsteadoftheDCmagnetizationasshowninFi9.2,

sinceitsTc islower thantheworkablerangeoftheSQUID
magnetometer. Thereexistsaclearanomalybothinthereal

andtheimaginarypartsoftheACsusceptibility.Thesimilar
anomalVobservedinCeRuっhasbeenfbundtocorrelatedirectly

←

with"*forthepeakeffect.

Figure3showsthetypicalH-rphasediagamsforthe

threecompoundsdeterminedbythemagnetizationandtheAC

susceptibilitymeasurements; theuppercriticalfieldHb2andthe

criticalfieldH*wherethepeakeHectappearsfortheascending

field sweep． The phasc diagams have a common

characteristicirrespectiveof thedifferencein theabsolute

valuesofrcandazz;i､e.,notethesimilaritywiththepredicted

phasediagamfor theFFLOphase.'0) Ifpressedtosaythe
difference, however, the〃t2vs. Tplot forCeCo2 is rather

lineardowntothelowesttemperaturecomparedtotheothers.

Inaddition,"* isalwayscloser toHt2over theinvestigated

temperaturerange.Ataglance, thereexistsatricriticalpoint

nearT!=～6KforYb3Rh4Sn,3and～5,3KforCeRu2,which

definestheupperlimitoftheexistencerangeofthepeakeffect.

Itwever、wemustnotethatit isnoteasytoconcludewhether

thepeakexistsornotnearTc,sincethemagnitudeofthepeak
effectiSgettingsmallerandsmaller.

For better understandingof the superconducting

properties,wefirstmakeabriefcomparisonofthenormalstate

properties in thesecompounds・ Figure4shows the low

temperaturepartoftheelectricalresistivityasafunctionofT2.
Theresidual resistivityforCeCo2(0.971iQcm) ismorethanan

order ofmagnitude smaller than theothers (~10ILQcm),

suggestingthebetterqualityofthiscompound. Infactfor this

Compound,deHaas-vanAlphenoscillations,withthefrequency

rangefrom6.34×1060e to8.77×1070eand theestimated
cyclotroneffectivemassuptol0．9m｡,havebeensuccessfully
observed.n) For all the compounds, the electrical

resistivitydataarenicelyonalinear linerenecting

aFermi liquidbehavior. Thecoefficient,lin,
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Fig. 1．. FielddependencesoftheDCmagnetizationfor(a)

CCRu2and(b)Yb3Rh4Sn,3.

isestimatedasgivenintablel、whichisfoundtobeofsimilar

magnitudeforall thecompounds.

Figure5 showsC/Tvs. T2 plots forCeCo2 and
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Fig. 3. SuperconductingHTphasedia厚amsfor (a)CCRu2,

(b)Yb3Rh4Sn,3and(c)CcCo2.Hc2 theupper critical field
determinedfromtheMandPmeasurements,"* thelower

critical fieldfor thepeakeffectdeterminedfromtheDC

magnctization,"thelowercriticalfieldfor thepeakeffect
lowercriticalfieldwhereP=0.

Yb3Rh4Sn,3. Thereclearlyobservedajumpreflecting

superconducting transition at a transition temperature

AboveTc, thedataareonalinearline、
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forbothcompounds,fromwhichweestimatedtheSommerfeld

coefficientyasgivenintablel. Inthetable, therePortedY

valueforCcRu2 isalso included. Thespecificheat jump

AqYTc isclose to thepredictedvalueof 1.43 fromthe

conventionalBCStheoryforbothYb3Rh4Sn,3andCeRu2, and
thereobservednosignofunusual supercOnductivity inthese

compounds. Incontrast,forCeCo2,AC/YTcishighlyreduced,
whichwillbeindependentlydiscussedlater.

Figure6showsthetemperaturedependenceof the

Hall coefficientR"for the threecompounds. At room

temperature, f<" foT Ceku2 andCeCo2R〃 for CeRuヮ andCeCoヮR,, for CeRu7 andCeCo, have a similar

magnitudeoflO-'om3/Ctypicalofnormalmetals, thoughthe

sign is different． With decreasing temperature、 there

appearsapositiveanomalousHallefectcontributionforboth

compounds. Themagnitudeoftheanomalouscontributionis

about anorder ofmagnitude larger forCeRu2. For both

compounds, theanomalouspartshowsapeaknear30K. Of

course, at present stage,wecannot ruleout thepossible

contributionfromthetemperaturedependenceofanisotropyin

therelaxationtime. ThemagnitudeofRHforYb3Rh4Sn,3is

slightlysmaller than theCecompounds in the investigated

range,whichsuggestsYb3Rh4Sn,3tobealsonormalmetallic.

Fromtheviewpointofthecarrierconcentration, all thethree

compoundSarenormalmetallic.

Nextpoint tobetestedistheexistencerangeofthe

peakeffect,whichisakeyparameter tobecomparedwiththe

FFLOtheory、 In theDCmagnetizationmeasurements,we

noticethat itisnoteasytojudgethecxistenceofthepeakeHect

nearTc,sincethemagnitudeoftheanomalylargelydecreases

with increasing temperature. Toestimate thechange in
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TableI. Comparisonofthenormal andsuperconducting

propertiesforCeRu2>CCCo2andYb3Rh4Sn,3. '6 20 40 60 80 100

T(K)

6. Temperaturedependenceso
CeRu2 CeCo2 Yb3Rh4Sn,3

Fig.6. TemperaturedependencesoftheHallcocHicientfor

(a)CcRu2, (b)CcCo2and(c)Yb3Rh4Sn,3.
Po(l_lQCm) 14 0．97 13

Tc(K) 6．1 1．4 7．8

Hc2(0) (kOe) 74

2．5

2．6 28

X(0) (10-5emU/Cm3) 5．3－8．0 0．54＊

pinningforcebetween"and〃上2isdirectlycorrelatedwiththe

peakeffectobservedinthemagnetizationmeasurement. The

pinningforcedensity/FforCeRu2estimatedfrom/P=|/c×"|
or/t=|j×斑|,whereﾉcisacriticalcurrentdensityatHI is
~105N/m3betweenH=0.5Tand1.5Tat4.2K， whichismore

than threeorders ofmagnitude smaller than the value

5×108N/m3estimatedat thecenterofthepeakeffectfromthe
magnetization measurements. The result at higher

temperaturesisshowninFi9.8,wheretheexistenceofthepeak

eHect isevident up to5､7K. In theHall resistivity and

transverseevenvoltage,wecanidentifysomeanomalyrelated

withthepeakefectupto5.8K. ThefieldvaluesILatthelow

fieldsideoftheanomalyarcplottedinFig.3,whichshowsthat

thepeakeHectpersistsfarcloser toTcthanwasdetermined

fromthemagnetizationmeasurements・At themoment，we

inferthatthepeakeffectpersistsuptoTc,contrarytothelimit

ofT/Tc=0.55originallypredictedfor theFFLOstate. Ina

preliminarymeasurement,Yb3Rh4Sn,3 exhibitsbasically the

sametendency; thepeakefectpersistsfarclosertoTcthanwas

determinedfromthemagnetization. Theanomaly related

withthepeakeffectwasobservedalsoinCeCo2belowHtz,20)

Y(mJ/mol.K2) 28 36 30

A(103IIQcmK･2) 30 7．3～10 20

I (nm) 100 260 ～10

シ' ､

5(nmノ 6．7 35 ｍ
｜
刎入(nm) 110－140 310－460

～10

0．1

16－21 20K

β 1．2 0.2

pinningforcenearTc,wemeasuredthefielddependenceofthe

electricalresistivityinthefluxHowstate. Figure7showsthe

resultsat4､2KforCeRu2andYb3Rh4Sn,3forselectedvaluesof

measuringcurrent/・ Theresistivityisessentiallyzeroupto

I可ご2 forsmalll. ForlargervaluesofI, theresistivevoltage

showsupatacritical field",dependingonTandcurrent

densityj,wherefluxoidstrappedinthesamplesstart tomove.

Theelectricalresistivityincreasesmonotonouslyupto"above

whichitdropssharplytozeroforall thevaluesofl inthe

present experiment. Near JIgz, it recovers again and

approaches thenormal statevalue. The largelyenhanced

l －－－－「一-一一

V、 ‘”
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resistivity for CeRu2 simultaneouslymeasuredwith the
resistivity shown inFi9.7 (a). The fielddependence is

reminiscentofthatoftheresistivity. Thereobservednosign

changeof theHall resistivity intheflux-flowstateaswas

reportedin theoxidehigh temperaturesuperconductors,21)
thoughthereexistsalargeuncertaintyinthedeterminationof

theHallresistivitynearthepeakeffectregion・ WhentheHall

angle,definedastan(6H)=pH/p,wasplottedagainstHusingthe
datafromFigs.7(a)and8, twocharacteristicfeaturesinthe

mixedstatearerecognized;1)itdependsonthecurrentdensity,

and2)itisincreasedbelowthepcakfieldregionandliesabove

thelineextrapolatedfromthenormalstate. These facts

cannotbeexplainedbythesimplestHalleffectmodelsgivenby

BardeenandStephan､22)andbyNozieresandVinen.23) Suchan

enahncementofIhll anglebelow"2hasbeenpredictedfor

dirtytypell superconductors inthemicroscopictheoriesby
Maki24)andEbisawa・湾）

Anotherconditionfor thestabilizationoftheFFLO

statewasgivenbyGruenbergandGunther;'0) theparameter

β=､/2Hoc2/a｡shouldbelargerthan1.8,whereHoc2istheorbital
critical fieldatOKand"=AoA/2IAB is theparamagnetically
limiteduppercriticalfield. TheparameterPwasestimatedto

be1.2forCeRu2,whilethatforCCCo2andYb3Rh4Sn,3asgiven

intableノ(only～0.1and~0.2, respectively)doesnotfulfillthe

condition・ The other superconducting parameters, the

Ginzburg-Landau(GL)coherence lengthE, thepenetration

depth入andtheGLparameterKarealsogivenintableノ. The

tableshowsthatYb3Rh4Sn,3 isclearlyfarfromthecleanlimit
condition.

Finally, we discuss anomalous superconducting

characteristicsfoundinthespecificheatofCeCo2.Themost
prominentfeaturefromFi9.5(b)isthesmallspecificheatjump

ACe/YTc～0.85comparedtotheordinaryBCSpredictionof

1.43,whichhasbeenfurther testedonthreedifferentsingle

crystalswithin5%accuracy.'8) Thesmallspecificheatjump
indicatesavariationofthegapparameter inkspace,whichcan

beduetotwopossibilities; i.e､, conventional s-wavepairing

superconductivity with anisotropic Fermi sheets, or

uncOnventional superconductivity.26)Moreover, adeviation

fromtheBCSpredictionhasbeenalsofOundinthetemperature

dependenceofCe atlower temperatures thanTc・FigurelO

0
0 0．5 1 1.5

H(T)

Fig.7. Fielddependencesoftheelectrical resistivityfor(a)

CeRu2, (b)Yb3Rh4Sn,3at4､2Kforselectedvaluesofcurrent
I.
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Fig． 8． Fielddependencesof theelectrical resistivityat

selectedvaluesofmeasuringtemperatureforCeRu2.

thoughthedifferenccinthepinningforcedensitybetweenthe

peakfieldregionandthelowerfieldregionissmaller. Ina

preliminaryworkonahigherqualityCeRu2 samplewitha
residualresistivitVlessthanlUQcm、wealsofbundthesmaller

づ ●

difference in thepinningforcedensitybetween the field

ranges;i.e.,/iisenhancedatlowerfieldsandsuppressedinthe
peakfieldregioncomparedtothepresentsample. Thesefacts

suggestalargeinnuenceofsamplequalityonthepeakeffect.

Figure9shows thefielddependenceof theHall
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§4． Summary

Wefoundthat thefluxflowtransportmeasurements

canbeauseful tool toinvestigatethemixedstatepropertiesin
rare earth superconductors. For the three compounds

exhibiting the peak effect, carrier density, Sommerfeld

coefficientandtheT2coefficientofresistivityaresimilar in

magnitude. While themagneticsusceptibility is largely
different, itgives rise tonoessential effect on thebasic

characteroftheHLTphasediagams. Evenonthesamples

(CeCo2andYb3Rh4Sn,3)withrelativelysmall superconducting
parameter6,basicallythesamepeakeffecthasbeenobserved.

Thesamplequality, estimatedfromtheresidual resistivity,

hasaclear influenceonthepeakeffect throughsomepinning
mechanism.Thesefactsmight givenegativesupportfor the

originalFFLOscenario. Sincethepeakeffectobservedhas

many interesting features such as the recovery of the

irreversibility, novel theorieswhich better explain these
experimentalfactsaredesirable.

Wefoundclearevidencesofadeviationfromthe

ordinaryBCSpredictionintheSuperconductingcharacterof

CeCo2.
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