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FluxMotionStudiesbyMeansofTemperature
MeasurementinMagnetizing
ProcessesforHTSCBulks

HiroyukiFujishiro,TetsuoOka,KazuyaYokoyama,MasahikoKaneyam a,andKoshichiNoto

AbsLract-ThetemperattlrerisesAT(i)ofcryo-cooledSm-
BaCuObu)ksuperconductorhavebeenmeasuredafterapplying
tllePulsemagnetiC溝eldfromBex - 3･01to5･42Tforyarious
initialstagetemperatures(Ts- 40K ～ 70K).ForeachTs

andBe又,theobservedsystematicchangeofATandthetrapped
magneticfieldBT Ca-Ibeexplainedintermsofthediagramof
themaximtlmtemperaturemeasuredatthebulkcentersurface
(TOmax)vs･BT･Themaximum temperatureriseATm｡X
decreaseswithincreasingTstlndertheidenticalBex.

171da Teyms-HigtlTcbtllksllPerCOnductors,PIT)nJJlgandviS-
coustoss,pulsefieldmagnetizing,temperaturemeaSurement･

F

I.INTRODUCTION

ORthepracticalapplicationsorthemelt-processedRE-

BaCuOsuperconductors(RE:rareearthions),thepulse

fleldmagnetizing(PFM)havebeenintensivelyinvestigatedand

developedaswellasthestaticfield-cooledmagnetizing(FCM)
【1】Jtisnecessarytorealizeawiderspacewithhighermag-

netic丘eldfortheapplicationssuchasamagneticseparation.

Forthispurpose,newproposalsusinglarge-sizebulkcrystals
(e_g.,～100mm¢)[2]Ortheassemblyoftheseveralsmalトsize

bulks[3】havebeenmade･Incaseofmagnetizing血esebulks,
itisexpensiveandisnotfunctionaltouseasuperconducting

magnetwithalargebore,inwhichthesebulksaretobein-

serted･ThePFMhasapromlSlngpotentialtosolvethesedi氏-

cultiesbecauseoftherelativelycompactandinexpensivesetup.

However,thetrappedmagneticfield(BT)inbulksbyPFM is

currentlylowerthanthatbyFCM (BT(FC))belowtheliquid
nitrogentemperaturel4].Themaincausehasbeenattributed

tothetemperaturerise△Tduetothedynam icalmotionofthe

magneticfLuxesagainstthevortexplnningforceFpandthevisI
cousforceFvLHowever,therehavebeenfewsystematicexperi-
mentalstudiestorelate△TwiththeBTValue.Weinvestigated
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thetimeevolutionandspatialdistributionof△T(i)onthesur-
faceofthecryo-cooledYBaCuOl5]andSmBaCuOl6]bulk

superconductorsafterapplyingthepulsenelds,wheretheini-

tialstagetemperature7Tswasmaintainedin38K.Ithasbeen

foundthatheatismainlygeneratedintheperipheralregionOf

thebulkdiskanddifRISeStowardthecentralregion.Themag-

neticnuxeshavebeenconfirmedtomovemoreeasilythrough

thegrow血sectorregions(GSR'S)thanalongthegrow sector

boundaries(GSB'S).Theseresultswereconsistentwiththedis-
tributionofBT.

Inthispaper,Weinvestigatethetimeandpositiondependence

of△T(i)atvarious Ts(40K～70K)afterapplyingthepulse
magneticBeldfromBe又-3･01to5.42Tforthecryo-Cooled

SmBaCuObulksuperconductor･SincebothFpandFvvalues
dependonTsandBe又,the△T(i)measurementsareexpected

tooffertheimportantcluestoenhanceBT.

II,ExpERIMENTALPROCEDURE

Ahighlyc-axisorientedSmBaCuObulksuperconductorof

diskshapewith46mmindiam eterand15mm inthickness

wasfabricatedbyDowaMiningCo"Ltd,whichconsistedof

4growthsectors(GSR1-GSR4)[6].Thebulkwascomposed

ofSmBa2Cu30y(Sm123)andSm2BaCuO5(Sm211)withthe

molarratioofSm123:Sm211- 1･0:0･3,15･Owt%Ag20
powderand0_5wt%Ptpowder.Thebulkwasuniformlyim-

pregnatedbyepoxyresininvacuumandtheepoxyresinlayer

onbothupperandbottomsidesofthebulkdiskwasremovedin

ordertomeasuretheprecisetemperatureonthebulksurface

andtoreducethethemalcontactresistanceagalnStthecold

stage･Fig,1showsthepositionsofthetemperaturemeasure-

mentsonthebulk,whichwastightlystuckonthecoldstage

ofaGiffordMcMahon(GM)cycleheliumrefrigerator(AlSIN,
GR103).TheinitialstagetemperatureTswaschangedfrom

40Kto70K.Thetemperatures,TOatthecenterofthebulk

(PO)and,T1-T4atP1-P4inthefourGSR'sweremeasured

bychromel-constantanthermocouples(76mindiameter)ad-

heredtotheupperbulksurfaceuslngGE7031vamish.Pl～P4

weresituatedonthecentrallinesofeachGSR9mmapartkom

PO･Eachtemperaturewasmeasuredabout7times/sjusta洗er

applyingthepulsefield,

Thebulkcrystalwasmagnetizedusingapu一secoildipped

inliquidN2.Therisetimeofthepulsefieldβe又wasabout

～10ms･ThestrengthofBexwasdetemlinedfromthecurrent

nowingthroughthecoil,whichrangedfrom3.01Tto5.42T.

TheHallsensor(F.W Bell,modelBHT-921)wasadheredtothe
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Fig.1.ThepositionsforthetemperatureandtrappedGeldmeasurementson
thesurfaceoftheSmBaCuObulk.PO-P4forthetemperaturemeasurement
ofTO-T4areindicated,ThetrappedfieldsBimmO-Bをmm4arealso
measuredat3mm)ustabovePO-P4byascanningHallsensor･Thetrapped
丘eldBTOnthebulksurfaceismeasuredusingafixedHallsensoratPIT.

positionPH,2.5mmapart丘omPOasshown inFig･1,which
monitored也eβでValue.Thetwo-dimensionaldistributionof

thetrappedmagneticfieldBimmwasmonitoredusinganaxial
typeHallsensor,whichscanned3mmabovethebulksurface

stepwisewithapitchof1.2mm,TheBimmvaluesatPO～P4

(Bimm O- Bimm4)wereextractedfromthedistribution･
ThetrappedfleldBT(FC)byFCMwasalsomeasuredatsev-
eraltemperaturesusingaCryO-COOledsuperconductingmagnet.
DuringFCM,thestaticmagneticfieldof5Twasdecreased
downto0Tin18min.

IIl.RESULTSAND DISCUSSION

Figs.2(a)and2(b)showthetimeevolutionsoftemperatures

TO(i)～T4(i)forPO～ P4atTs-40Kafterapplyingthepulse
員eldof3.01Tand4.64T,respectively.Figs.2(C)and(d)show
TO(i)～T4(i)atTs-50Kafterapplyingthepulse丘eldof

3.01Tand4.64T_TheinsetsofeachfigurepresenttheBimm
valuesatPO～P4.Ⅰtcanbeseenthatthemaximumtemperature

rise△Tmax,thetimeevolutionoftemperature,andtheB阜mm
valtleforeachpositionchangedependingonthe7TsandBex

values.lnFig.2(a)forBex-3･01TatTs-40K,T2(i)and
T3(i)riseupfirstwith△Tmax～8K,followedbyT4(i)and
Tl(i),andTO(i)riseuplatest.T2(i)andT3(i)showachar-
acteristicpeakati-1･8S,buttheothersincreasemoderately

andthenreachamaximumatt-5-10S(ATmax～5K).
Allthetemperaturesretumtotheinitialonesinabout10min-
utes.TherapidandlargeriseofT2andT3withacharacter-

isticpeakmeansthatthepowerfulheatsourceislocatedinthe
veryvicinityofP2andP3.Sincethefluxmotionnecessarily
generatesheatinsidethebulkthroughthepirmlngPowerloss

PpandtheviscousnowpowerlossPv,sucharapidrisesug-
geststheexistenceoftheeasypathfわrthefhxmotiondue

torelativelyweakerplrmingforce･FpofGSR2andGSR3･In
Fig.2(b),T2(i),T3(i)andT4(i)riseupfasterwithaclearpeak

(ATmax～33K),followedbyTl(i),andTO(i)riseuplatest
(△Tmax～ 28K).△TmaxincreaseswithincreasingBe又and
thespatialdistributionofthegeneratedheatdependsonBex.

InFig.2(C)forBex-3.01TatTs-50K,T2(i),T3(i)and
T4(i)riseupfirstwithaclearpeakati- 1･8S,followedby
Tl(i),andthenTO(i)riseuplatest.dTmaxis～8KforT2,T3
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andT4,whichissimilartothatforBex-3.01TatTs-40K

shown inFig.2(a).InFig.2(d),ontheotherhand,T(i)'sfor
Pl～P4riseupsimultaneous1yandsteeplyanddonotshowa
clearpeak.△Tmaxis～22Kandslightlysmallerthanthosefor

Bex-4.64TatTs-40Kshown inFig.2(b).Therapidrise

inT1-T4meanSthatthefhxespenetrateprettyuniformly
throughthesurfacesofthecircumferenceofthe4GSR'S.Inall

thecasesofthenuxpenetration丘omTs-40Kto70K,TO(i)
atthecenterofthebulkriSeuplatest,becausethemainheat

generationalwaystakesplaceintheperipheralregionWherethe
magneticfluxesmovefaster.

ThedistributionofBimmalsochangesdependingonTsand

Bcx.IntheinsetofFig･2(a)forBex-3･01Tat40K,Bimm

islargerforP2(Bimm2-0･8T)andP3(Bimm3-0･7T),
where△Tmaxisalsolarger･However,BimmlandBimm4
arequiteSmalland∠△Tmaxland△TlnaX4aresmallaswell.The

behaviorsofB壬mm andTO(i)～T4(i)suggestthatthesur-
facebamieragainstthefluxpenetrationhasbeendestroyedin
GSR2andGSR3f♭rβe又=言3.01T.On也eotherhand,tilebar-

riersarekeptintactinGSRlandGSR4.IntheinsetofFig.2(ら)

forBe又-4･64Tat40K,BimmisthelargestfortheGSRl
andtheLSmallestfortheGSR3withaV-Shapeddistribution,
makingacontrasttoBe∑-3･01T.Thisresultisconsistentwith

theexistenceofhardpaththroughPlandtheeasypaththrough

P3forthentⅨmotion.InthehigherTs(-50K),thebehaviors

ofBimmchange.IntheinsetofFig･2(C)forBcx-3101T
at50K,Bimm2andBimm3takesimilarvaluestothosefor
Bex-3･01Tat40KHowever,Bimm4increaseskomO.36T
(40K)to0.88T(50K).Thisresultindicatesthatthesurface
barrieragainstthefluxpenetrationisdestroyedat50Kalsoin
GSR4andthatBTandATmaxincrease,resultantly.Intheinset

ofFig.2(d),theBimmvaluesdecreaseatPl,P2,andP4,and
theVIShapedB阜rrm distributionismorebroadenedcompared
withthoseforBcx-4.64Tat40K

Wedefinetherisetimei(600/o)toreach60%ofthemaximum

temperaturerise△Tmax.Figs.3(a)and3(b)showi(60%)asa
functionofTsforBex-3101and4･64T･InFig･3(a),i(60%)
forT2andT3issmalleratT5-40Kbecauseofthedestructio血

ofthesurfacebarrier･i(60%)forT4andTlbecome申ortat
T5- 50Kand60K,respectively,forthesamereason･All
thesurfacebarriersinthecircumferenceregionagainsttheflux

penetrationaredestroyedatTs≧60KforBex-3･01T.These

resultsarecausedbythedecreaseofFpwiththeincreaseinTs･
Thei(60%)valueisdeterminedbythethermaldi抗ISivityα(T)
ofthebulkandthedistancebetweenthemeasurlngpOlntand
theheatsource.α(T)decreas占SwithincreasingT(α-23.0
and8.2mm2/sat40K and70K,respectively)[7].Accordingly,
thedecreaseoff(60%)atP4andPIwithincreasingTsdoesnot
come丘omα(T),butoriginates丘omtheapproachoftheheat
sourcetoP4andPl.InFig.3(b)forBex- 4･64T,士(60%)
forPl～P4isO･9-112sandindependentofTsandtheposition_
Theseresultsareconsistentwiththeuniformnuxintrusionand

heatgeneration.Ontheotherhand,i(60%)atpOshowsalarge
value(2.4-3.5S)andmonotonicallyincreaseswithincreasing
7Ts,whichisattributabletothedecreaseofα(T).

Fig.4shows△TOmaxatPOforeachTsasafunctionof
βe又.TheinsetpresentstheβexdependenceofβTmOnitored
bytheHallsensor丘xedatPHshowninFig.1.(notethatPO
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Fig･2･ThetimeevolutionoftemperaturesTO(t)-T4(i)forPO-P4atT5-40Kafterapplyingthe.pulsefieldof(a)3･01Tand(b)4･64T･respectively･(C)
and(d)showTO(i)-T4(f)atT5-50Kafterapplyingthesamepulse丘eldsas(a)and(ら),respectlVely,TheinsetsoffigurespresenttheB阜mm･valuesat
eachposition.
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Fig･3･Thei(60%)valueatthepositions(PO-P4)asafunctionoftheinitial
stagetemperatureTsfor(a)Bex-3101and(b)4.64T.

isthenearestpositiontoPH).ForeachTs,△TOmaxincreases
andthenshowsasaturationtendencywithincreasingBex･The
△TOmaxvaluesareunexpectedlyalmostidenticalforeachTs
atBe又-3101T,butincreaseswithdecreasingTs,especially
forhigherBex･Theseresultscanbeexplainedbythedecrease

ofFpandbytheincreaseofthespecificheatCathighertem-
perature.IntheinsetofFig.4,atTs-40-60K,BTincreases
forB｡Ⅹ-3･87TincomparisontoBex-3･01T,takesamax-
imum,anddecreaseswithfurtherincreaseofBex.BTat3.01T

increaseswithincreasingTsupto60Kandthendecreases.On
血eotherhand,βTat5.42Tmonotonicallydecreaseswithin-
creasingTs.
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Fig.4.Themaximumtemperaturerise△TOmax atPOforeachTsasa
functionofBe又.TheinsetpresentstheBexdependenceofBT mOnitoredby
theHallsellSOr丘xedatPHshowninFig.1.

Fig･5showsthesum maryofBTVS.TOmaxinthisstudy･For
eachTs,fourdatasetsof(BT,TOmax)areplottedforBex-

3･01,3･84,4.64and5.42T.ThemeasuredtrappedGeldBT(FC)
byFCM correspondingtothetemperatureTOm axisalsopre-
sented.InthecaseofTs- 40K,thetwodatasetsof(BT,
TOmax)aresituatedbelowtheBT(FC)-TOmaxlineforBex≦
3･82T.ForBex≧4.64T,TOmaxtouchesthelineowlngtOthe
largetemperatureriseandthenBTdecreasesfollowlngtheline.
InthecaseofTs-50K,onlythedatasetforBex-3･01Tis

situatedbelowtheBT(FCト TOmaxline,andforBe又≧4･64T,
TOmaxtouchesthelineandtheBTdecreases.Ontheotherhand,
forTs-60and70K,allthedatasetstouchthelinealreadyat
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Fig.5.Thesumm aryofthetrappedGeldBT atPHvs.themaximum
temperatureTOmaxatPO.Foreach'Ts,fourdatasetsof(BT,TOmax)are
plottedforBe又-3.01,3.84,4,64and5.42T.Thetrapped丘eldBT(FC)by
FCMisalsoshown.

βe又-3.01TandβTmOnOtOnicallydecreaseswithincreaslng
Be又.Theseresultsdemonstratethatthenu又trappingabilityby

thePFMteclmiquecanbesystematicallyexplainedaslimited
bytheBT(FC)-TOmaxlinel6].

Insummary,wemeasuredthetemperaturerises△T(i)ofa
cryo-CooledSmBaCuObulksuperconductora洗erapplyingthe
pulsemagneticfields(～10msoftherisetime)komBex-3･01

to5･42TforvaPous initialstagetemperatures(Ts - 40-
70K).ThemaximumtemPeraturerise△Tmax,thetimeevo-
lutionoftemperatureTO(i)～ T4(i),andthetrapped五eld

BimmvalueforeachpositionchangesdependingontheTs

andBe又values.Wh en7Tsincreases,△Tmaxdecreasesduetothe

reductionofthepinningforceFpandthespecificheatasshown
inFig,4.As aresult,themagneticfluxeseasilypenetrateinto
thebulkandcanbetrappedathigher7;evenfわrrelativelylower
Bexvalue;BTincreaseswithincreasingTsforBex-3.01T,
asshown intheinsetofFig.4.However,athigherTs,there

isonlysmalltemperahlremarginbetween7;andthesupercon-
ddctingtransitiontemperatureTc(-93K)andthefluxtrapping
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abilityofthebulknecessarilydecreases.Inthissense,Tsmust
bedecreasedaslowaspossibleinordertoobtainthehigherβT
values.TheBTbehavioratthevariousTsandforvariousBex

canbeclearlyunderstoodonthebasisoftheBT(FC)-TOmax

line,whichcorrespondstothemaximum-trappedfieldofthe
bulk.

Thetemperaturerise△TiscausedbyboththepinnlngPower

lossPpandtheviscousflowpowerlossPv･Wh ichpowerloss
isdominantfor△TinthecaseofeachTsandB｡xisopento

question･Inordertoclarifythisproblemandtoimprovethe
PFMtechniquefortheBTenhancement,itisnecessarytoan-
alyzethedatamorecloselybasedonthegeneratedheatQfor
variousTsandBex.
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