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TheoreticalStudyonVortexGlassILiquidTransition
inPinnedSuperconductors
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AbsLT･acl-The yortex glass-liquid transition in

planedsuperconductorsisstudiedtheoreticallyfrom
theviewpointofthermaldepinningorauxlines.Itis

clarinedthatthisdepinningphenomenonisatransi-
tionorthesecondorder,Thisresultisconsistcmtwith

thefactthatthescalingofthecurrent-yoltagecurves

iswellexplainedbythetheoreticalmodeloffluxcreep

andnow･Itisalsofoundthatthedegreeofdisorderor

the允uxlinelatticedecreasesabruptlywithelevating

temperatureabovethetransitiontemperature.This
agreesqualltatiyelywiththeobservationoffluxlines

usingaLorent石microscope.

l INTRODUCTION

Thevortexglass-1Lquldtrams-t10n(hereafterweshall
ca･llG-Ltranslt10n)【1】wasproposedtoexpla)nthedrastlC

changelnthecurrent-voltagecurveLnhlgh-temperature
superconductorslntheVIClnltyOrtheirreverslbllltyline

ltlSassumedinthetheorythatauxllneSarelnaglass

stateforthetemperaturebelowthetransltlOntempera-

ture,Tg,resultlnglnaneqeCtivelypinnedstate･Above
Tg)ontheotherhand,fluxlinesarelnaliquidstateaLnd
the打uxpinnlnglSnOlongerefrectlVe.ThlSChangeLnthe
stateoffluxllneSISexpectedtobeatransltionofthesec-

ondorderThiseXPeCtatlOnWasProvedbythescalingOf

current-VoltagecurvesinthevIClnltyOfTs【2】
Ontheotherhand,therelaxatlOnOfthepersISteTltCur-

rentcarrledbyfluxplnnlnglnthelrreVerSlblereglmelS

we一lexplamedbythe月u又creepmodell3】 ThlSmodel
allsoexplainsthe飢lXdynamlCSlntheresistivestatelnthe

Lowelectr-C抗eldreglme,Whllethefluxcreepstateshifts

totheRuxflowstateinthehlgh electrlCGeldreglmeAs

aresult,thelrreVerSlbilltyllnelSSuccessfullyexplalned
bythe8uxcreep-丘owmodel【4日51 Hence,thlStrla･lto
explalnthedrastlCChangelnthecurrent-voltagecurvt･ln

thevIClnltyOfthelrreVerSlbllltyLinehasbeendone.

NotonlythescallngOfcurrent-voltagecurvesbutalso
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othercharaLCteristicfeaturessuchasthetraJlSit10nten_

perature(Tg),thestatlCCrltlCal index(L,)andthedy-
namlCCriticalIndex(I)arewellexplainedbythistheo-
reticalmodel【6日9】ThatlS,Whenthetemperaturede-
perLdenceofthecrlticalcurrentderLSltyLSexpressedas

Jcα (Tg-T)B'(0.Jc咲(Bg-B)6'wlthBgdenot-
ingthetransit10nGeld),レlSgivenby6'/2･ThlSmeans
thattheImportantCOrrelatIOnlengthwhichdetermlneS

thestateof8uxllneSISthepltlnlngCOrrelatlOnlength,
I-(Car/2打BJc)I/2,whereC'stheelastlCmOdulusof
8u.xlinesandatlStheauxlinespaculg IISdeeplyaSSOC)-

atedwiththedlStributionof且u二Xpinningstrength(91,(10】
ThatLS.Idecrt:asesaccordlngtObroadenln6thedlStrl-

butlOnWldth Theabovespeculationisalsosupported

bythefactthatTgdependsonthefluxplnnlngStrength
slmLla.flytothelrreVerSlbllitytemperature,T,[7日111,[12】
TtleaboveresultssllOWthatthe8uxplnnlnglSthemore
fundamentalmechanlSmtOdetermlnethebehavlOrOffhx

HneSthanthelntrlnSICPropertyOfthemselyes lnother

words,ltlSSPeCulatedtha･ttheglassstatelSrealizedwhen

the爪uxplnnlnglSSuper10rthanthethermalaLCtlVatLOn
of允uxlines lntheabovethedimenslOnalityofsuper-

conductorlSreaectedonthepinningpropertythrough

thefluxbundles121el4日13H14】･Therefore,ltlSexpected
thatthethermaldeplnnlngItselflSthetransLtlOnOfthe
secolldorder.

InthlSPapertheG-LtransltionlSlnVeStlgateduslnga

sta.tlStlCaltheoryo川uxplnnlng.ThedlSOrderofthenux

llnelattlCe)Salsoargued Although thelnhomogeneous

distrlbutLOnOfplnnlngStrengthlSnotCOnSlderedforslm-

plicitylnthetheory,1tSe打ectonthecurrent-voltagecurve
lsdiscussedlater

II THEORY

Although ltLSknownthattheLarkln10vchlnnlkovthel

ory(151descrlbesthepmnlngphenomenagenerally,lt
conta】nsquantltatlVeproblems Ontheotherhand,the

coherentpotentlalapproxlmationtheoryl16】,whlChlSa
klndofstatlStlCaltheory.exphlnSquantltatlVelywellthe

llnearSummat10nOfelementaryplnnlngforcesforStrong

pinningcenterssuchastlOrmalprecIPltateS lnadditionl
thlStheoryissultableforastaLtisticalaverageHence,thlS

theorylSusedlnthlspaper

ltlSaLSSumedlnthistheo-ythatlong-rangeorderdoes
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notexistlnthepractlCa18uxllne)attlCeThlStSaqulte
ImportantPOlntbyLarklnandOvchLnnlkov However,

suchlong-rangeorderwasassumedlntheLabuschtheory

t17]andthisassumptionresultedlnadlSagreementln
thethresholdleveloftheplnnlngStrength(18].Wewatch
one爪uxlinelocatedat2:WhlChInteractsWLthaplnnlng

center_The允uxllnelatticelSdistortedlocallyaround

thlSPlnnlngCenter,WhlleltlSlnaddlt10ndistortedon

amuchlongerscaleoftheorderorcorrelat10nlength
Thelattersem1-maCrOSCOPl｡dlstortlOnconesfrom the
nuxpinnlngInteractionsbysurroundlngplnTllngCenters
ItlSImportanttOnotethattheselnteraCtlOnSbreakthe

long-rangeorderlnthefluxllnelattice.ElastlCreStOrlng
forcesworkcorrespondlngtOthesedlStOrtlOnS Forslm-

pllClty,Wea5SumethatthedlStOrtlOnissmallenough that
linearSummationsholdfoz.thedistortionandtheelastic

force.Then,lfwevirtually"switchoだ"theplnnlngln-
teraJ:一iononthewatchedauxllne,ltWOuldmovetosome

posltlOn,2'ItwaspredlCtedbytheLabuschtheorythat
thelong-ra･ngeorderwasattalnedbythisvirtual trea･t-
ment.However,thlSISnotCorrecta.ndbrlngSaboutthe

seriousproblemontheplnnlngthreshold
ltmaybeallowedtoassumethat,ifwevlrtua･llyswltCh
ofrallotherplnnlnglnteraCtlOnS,thelong-rangeorderap-
pearsintheRuxllnelattlCeTheposltlOnOHhewatched
RuxllnelnthlSCaselSrepresentedby△ Then,the
slmPllnedone-dlmerLSIOna.Iforcebalanceequationonthe

watchedfluxllnelSformallydescribedas(167

kI(△一〇)+∫(〇)=0, (1)

wherethe6rstandsecondtermsaretheelasticforceand

theplnningforceonthefhxllne,reSPeCtJVely.Inthe

abovektistheeLrectlVeSPrlZlgcom,tantforthedlSPlace-
mentofthe允uxllnefromtheequlllbr)umposltlOTl,A,tO
I ThlSSltuatlOnlSschematicallylllustratedlnFIE 1
Asaresult,theeHectlVeSPrlngCOnStantlSglVenby

を-去+去, (2)

correlatedvolumeFlg1Schenat)clllustratlOn
OrthedefoT-matlOnOranuxILnelaulCeRestorlngforcesdue

tolocalandsemlmaCrOSCOplCdelormatLOnSarerepresenteduslngSPringconstants,たfandI(,respectlVeLy wherekf-

G-I(o)lSthespringCOnStantforalocaldefor-matlOn

Ofthe点uxllnelattlCederlVedbyLabusch【17】andK IS

aSpringCOnStaJltforasemL-maCrOSCOplCdlSPlace一men

teffluxlinesrepresentingthereactionfromsurround-1ng
PlnnlngCentersKisproportlOnaltotheLabuschpa-rame

ter,αL,WhlChlSusedasaparameterrepresentlngthestren

gthofthecoherentplnnLngpOtentlaIInusualsituatIOT

ISkflSmuchlargerthanK,andhence,kt･sdom-LnantlydeterminedbyK SlnCethet

hresholdlevelJ pt,isproport10naltokt,.tlSapPrOXlma･

tClyproport10naltotheelementa･rypLnnlngforce,Jp,

throughαL Inthecreep-freecaseJptLSalwayssmaller
than/pandthethresholdproblemdoesnotar.se【161

ToconsldertheeffleCtOfthermalactIVat10n,WeShould
treattheLangevlnequationconslderinghopplngauxmo

-tlOnSunderthe
thermalactLVation.However,sincethisisnoteas

y,WeWllluseanelegantmethodemployedbyYamafuJlel
aL(19】thattheeffectorthermalaetlVatlOncanbeapprox

lmatelyIntroducedbymaklngtheplnnlngpotentlalshall

owltra.relyhappensthat,JustatthelnStanCeWhenthewatched8uxlinelSthermallya･gitated,Surrounding
pinnedauxllneSareagitatedsimulta･neously･ThlSmeans

thatthewatchedauxllneeXperlenCeStheinteractionsfromsurroundingplnSrepresentedbyK wheneveritat-

temptstohop.Thus,fptlSnotin且uencedbythethemalactlVatlOn Asa･result,theeLfectlVeelementaryplnnln
gforceJp,decreasesmuchfasterthanfpLwithlnCrea

Slngtemperature ThenuxplnnlngbecomesinefkctlVeatallat

thetraLnSltlOntemperature,Ts Hence,ltCainbeex-pected
that/,lSreducedtoI,talT=Tg Thus,itlSreasona

bletoassumeas/,-/,t∝Tg-T (3)lrLthevIC
lnltyOfTg lnfactthescallngOfcurrent-Voltagecur

vespredictedbythevortexglass111quldtransltionthe-ory
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o; xF.g3Stat.st･caldlStr･buL10nO川ux1.R
esforJp<IptTheslopeorthecha)nedLinelntheupperf

･gureglVeSたiaS f(r)-禁(T十号);一号 <‥ 一号 ,一等 -苦 く 〇 < 箸, (4

)l.::"I-ミ:.. '',r - -::Thethresholdvalue,/pt,lSdeterminedbythecondltion, 26】ImaLXI∂J(ェ)/∂Xl-kI,andwe

haveん-竿 (5)ItlSCOnSlderedthatthelocalposltlO
nOf且uxlineslnthevirtualauxllnelatticewlththelon

g-rangeorder,whlChlSObtainedbyswitchlngOfrallth
eplnnlngforces,hasnocorrelaLtionwiththepositiono

frandomlydlStributedpin-ningcezlterS Hence,.fweta
keastatIStlCalaverage,theprobabllltytOfindsuchaa
uxllne,theposltionofwhlChlSrepresentedbyA,around

aplnnlngCenterisunlformOntheotherhand,ifthep

robabllltytORndaauxllneatm Sdenotedbyp(I),thlSIS
nOlongeruniformduetointeract10nSbetweenpinnlngCen

tersand8uxlines.ThisstartlSticaldlStnbut10nfor/I<Jp
t,i･e･forT>Tg lSshownlnFlg 3ThedlStrlbutionls
symmetricalandthlSsltuationlSunchangedevenlftheaux

linesaredlSplacedalongthe2:-aXis･Hence,ltresultsinzerop
lnmngforcedenSlty

.ThiscanbederlVedalsofromthestatIStlCalaver-agew
lthrespectto△ UnderthepresentsltllatlOnWherethepln
nlngforcechangesperLOdlCallywlththeperiod,af,thes
ta･tlSticalaverageofanarbitraryfunction,9,1Sgivenb

y (g)-;r gdA (6)Ontheotherhand,thestatlStlCa】dlStrlb

ut10nhasaVa-cantreglOnfor/p>fpL,1･e.

forT<Tg lnthlSreg10nnutlinesareunstabletostay.ThisinstabllltybrlngSaboutthehysteretlCmatureOfthe

plnnlnglossforalargedlS-placementorauxllneSandth



2632

OutlossforasmalldlSplacementinsideplnnlngPOtentlals

Figure4(a)showsthestatはtlCaldlStrlbut,Onofnuxlines
whenthedrivingforcelSnotaPPIIedandthedlStrlbutlOn
LSSymmetrICalWhenthedrlVlngforcelSapplied,thenux

linesaredlSPlaced.Figure4(b)showsthedlStnbut"nln
thecrltlCalstateunderthednvlngforcedlreCtedtothe

posILiveェーaXLS.ThedistrlbutlOnlSnOlongersymmetrical
andanon2ierOPlnnlngforcedensltylSderived:

Fp -Np穂 譜 , (7)

where〃pIStheconcentratlOnOrplnnlngCenters
Hereweshallcalculatethefreeenergy.Thefreeenergy

perplnnlngCenterisdescnbedas

F=U.十U:, (8)

whereU;ほthee打ectlVePlnnlngenergyundertheln一
打uenceofthermalactivatlOnOffluxllneS Itshouldbe

notedthattheelasticenergy,Ue,duetodlStOrtlOnSOfthe
nuxLinelatticeCOntainsapartwhlChcontnbutestothe
Lorentzforce,SincetheLorentzforcecanbeexpressedas

theelaStlCforceusingtheunlaLXIallycompresslOnalmodul

lus(Cll)andthetiltmodulus(C44)ofthefluj(1.nelatt.ce.
Theequil,briumcondltion,∂F/∂x-0,leadstotheforce
balanceequation,(1)

Hence,UeandU;arecalculatedfrom

Ue-;kt((A-I)2)･ (9)

U:--(//(I)dr) (10)

AfterasimplebuttediousCalculationWehave

F - -a /p(/p･3fpL)I /p</pt,

____L Jp(-3JZ+12fpt/p-I,2t)
24J,I I,+/pL

Jp>ん (ll)

Fmm therelat10nShlpOf(3).nthevtcinltyOfthetran-
slt10ntemperature,ltlSSeenthatthedenvatlVeWithre-
specttoTISproportionaltothederlVaiivewlthrespect
to/IwithanlnVerSedsign･ItlSeasytOShowthatthe
GrstderivatlVeOfFwlthrespecttolpiscontlnuOuSaL
/p-fpt(T=Tg)Ontheotherhand,thesecondderlVa-
tlVelS

882nf 12;pt･ fp</pt･

≠

FLg5 DegT-eeOrdlSOrderorfluxlmelaLtlcevstemperature

thetranslt10ntemPeraLture,andltCanbeconcludedtha.I
thermaldeplnnlnglSatra.nSltlOnOfthesecondorder

NextweshallestlmatethedegreeofdlSOrderlntheaux
llnelattlCeSlnCe:r-AlSthedevlationfromthevirtual

lat上)cepollltlnthenuxllnelatticewlththelotlg-range
order,ltSeemstObereasonabletodeRnethedegreeof
dlSOrderby

S-(孟)̀ ((21△)2,
Aftera.sLmPleca.lculatlOnWeObtain

5-呈(A)I;
/,2

3(/,+ /p-)2

/p</pL.

(3喜 一6恵 .7)
/p>Jpt

Ifwewrlte△T-T-Tg,(3)leadsto

恵一1--C△r
wlthcdenotlngaCOnStant.Hence,lnthevIClnLty

transltlOnPOlntWhere△TISSufBclentlysmall,
reducedto

S - ;(llCAT)2; AT,0･

(1-CAT)2(4+3C2△T2)
3(2-CAT)2

(13)

(14)

lience,whenlc△Tl≪ 1,wehaveSと(I-2C△T)/3
△T>OandS=(1-C△T)/3for△T<OThisresult

日 生 . -3/p3-9fpt/,2-9/,2t/,+13J,3t) ShownlnFlg 5
12/,t (/p+fpt)3

J,>/,t･ (12) ⅠⅠⅠ･RESULTSANDDISCUSSION

Th,svaluegoestoar/12fptlntheLlmltOffp- I,Lfor Thepresenttheoreticalresultshowsthatthermalde-
/,>I,IThus,thesecondderlVa･tlVelSdlSCOntlnuOuSat plnnlngOfnuxllneSISaSecond-ordertransltlOn Itis

t盛



concluded,therefore,thatthespeculatlOndescrlbedlnI
ISCOrreCt TillsresultalsoexplalnStllerea50mforthe

factthatE-Jcurvescalc111atedusingthefluxcreep-now
modelarescaledslmllarlytoexperlmentS

ThlSagreementShowsthatthelrreVerSibilltylmeand
theGILtransltLOnlineareSlmllarcharacterlStlCSdeter_

mlnedbythemechanlSmOfthermaldeplnnlng Thedlf-
ferencebetweenthem comesonlyfrom thedl仔erenceof

definltlOn ThatlS,thelrreVerSlbLlltytemperaturelSde一

六medinanenglneerlngSensebythetemperatureatwhlCh

thecriticalcurrentdensityObtaineduslngaCertainCn-

ter10nreducestoaglVenthreshold,whlletheもra-nsit10m
temperaturelSde丘nedlnamorephysICalsenseuslngSCal-
lng Thus,1tlSCOnCludedthattheglass-1lquldtra･nsltlOIl
andthethermaldeplnnLngaLreequivalent

ltshouldbcnoted,however,thatwhatdctcrmlnCSthe
stateofauxllneSISnotthelrlntrlnSICnaturebutthe

8uxplnnlng ThlSCanbemostclearlyseenlnthefact
thatthetransltlOntemperatureCanbeobtalnedonlyby
themechanlSmOfthermaldeplnnlng.Thestaticanddy-

namicCrltlCallndlCeSarenotuniversalbutarestrongly
lnauencedbytheAuxpLnnlngPropertyTha.tlS,lfthecor-
relat10nlengthwhlChdetermlneSthestateoffluxllneSIS

theplnnlngCOrrelatlOnlength,J/isspeculatedtobeglVen
by6'/2uslngtheparameter,6',descrlbingthetempera-
tureormagneticfielddependenceofthecrltlCalcurrent

denslty TherelatlOnShlPbetweenz/and6I/2forvar1-
oushlgh-temperatureSuperconductorsISShownlmFlg 6

【8日22】 ThecolnCldenceorthesequantitiesprovesthat
theabovespeculatlOnlSValld

ThedynamicCrLtlCalIndex,I,dependslargelyonthe
distributionofthefluxplnnlngStrength Arecentobseト

二 __

Flg6 ComparlSOnbetween▲′ande'/2forB卜2223tapes(open
clrCles),B卜2212tapes(solldtrLangles)andY-1238hln氏lms(open
squares)lBl,[22]
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vat･on(12]showedtha･tthelntrOducttonofstrongcolum-
nardefectsIntoY-123thュnmmsbrlngSa｡bouttheen-

hancementofthetransltlOntemperaturenormalizedby
TcandslmultaneouslytheenhancementofI From the
latterfa.ctltCanbeunderstoodthatstrongplnSwitha

sharpdistrlbutlOndetermlnethethermaldep1-lnlng

Thus,thepresentresultlSCOnSIStentWithsuchexper一
mentalresultswhichshowtha.tthescaLlingofcurrent-

voltagecurvesisnotunlVerSalbutdependsontheRux

plnnlngprOperty･

RecentlyltWasfound(23]thatthescalingOfcurrent-

voltagecuryesISquitesensltlVetOtherangeoftheelectrlC
field.Thatis,whentherangeoftheelectrlCfieldislow-

ered,TgandvdecreaseandIIncreasesThlSreSultalso
showsthatthebra.nsltlOnlSnotdeterminedbytheln-
trlnSICpropertyOfauxllneS.ItlSCOnSlderedthaLtSuch

changescomefromthedLRerenceofthedlVerglngma-nner
oftheplnnlngCOrrelatlOnlength,1ethedlだerenceofthe
temperaturedependenceofthecrltlCalcurrentdensity,at
aglVenleveloftheelectrlC6eld

lnthlSPa.PerltlSassumedforslmPllCltythatthepln-

nlngStrengthlSunlform･However,theplnnlngStrength
lSnotuniformandthlSdlStrlbut10ninfluenceslargelythe

scalingparametersasmentionedabove･Inparticularthe
distrlbutl0nlSVeryWideLnPracticalhigh-temperature
superconductors ThatLS,aux丘owdoesnotstd-rtglob-
allybutstartslocallythrough percola.tingPathsofweaLkly

plnnedreg10mSHence,thescallngparametersaredeter一

mmedbythemannerofdevelopmentofpercolatlngPaths
of允uxllneSWlthlnCrea5ingtemperature.Nevertheless,
thepresenttheoretlCalresultthatthethermaldeplnnlng
lSaSeCOnd10rdertranslt10nWINnotChangeessentially
ThatlS,允uxllneSnowlocallylnWeaklypinnedregions

toavolda.nenhancementortheelastlCenergy,WhlChcon-
tributestothereductionlnthetotalenergy

ThepresenttheorylSbasedontheconceptthatthe

phasedlagramOfauxllneSISdeterminedbytheelastlC
energyofauxlimes,thethermalenergya･ndtheplnnlng
energy.Asa.result,YarLOuStranSltionsarccxpla･lnCdto
takeplaceaSarguedim【24】OneortheImportantpredlC-
tLOnSfrom thlStheoretlCalresultlSthatthelrreVerSlblll

ltyllnebelowthemeltlngtranSltlOnObservedforvery

weaklypinnedspecimensShouldalsobeatranslt10nOf
thesecondorder Hence,LtlSexpectedthaJ.thescallng
orcurrent-voltagecurvescanbeobservedlnthlSreglOn

also,although thecrltlCallndlCeSmaybedlfferentfrom
theonesabovethecrltlCalpoint

Thepresenttheoryshowsthatthedegreeordisorderln

thenuxllnelattlCeinFlg 5decreasesslgrLIRcantlyand

theorderrecoverswith.ncreas.ngtemperaturea･boveTg,

whlleltlSlargebelowTsThtsresultseemstobenatural,
slnCethep上nninge拝ectwhlChdlStOrtSthenuxllnelatt)ce
becomeswea′kwlthlnCrea51mgtemperature lnfactthlS

predlCtlOnagreesWellwlththeobservationOffhxllneS

wlthaLorentzmlCrOSCOpe【25】ThatlS,auxllneSdonot
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form aperfectlattlCeandmanydlSlocatlOnSaLreLnCluded

atlow temperatures,butabeautifulnux llnelattlCelS
formednearTB ThlSagreementSuggeststhatthepresent
theoretlCalresultlSreasonable

TV SUMMARY

Thermal deplnnlnglSlnVeStigateduslngthecoherent

potentialapproxlmatlOntheorylnWhlChtheeffectofther-

malactlVa･tlOnlSapproximatelyIntroducedbymaklngthe

plnnlngPotentialshallow Thefollowingresultsareob-

talned
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