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Abstract

In this thesis, the low field vortex matter phase diagram of the high temperature

superconductor Bi2Sr2CaCu208+a has been investigated. For this purpose, suscept¬

ibility and magnetization measurements have been performed using a custom made

rf superconducting quantum interference device (r/-SQUID) magnetometer. Field

sweep as well as temperature sweep measurements have been carried out in a wide

range of temperatures 10 K < T < 100 K and magnetic fields 0 < H < 800 Oe,

with the ac- and the de-field applied perpendicular to the superconducting CuC>2

layers.

The sensitivity and versatility of our experimental arrangement and the high quality

of the E^S^CaC^Og+ä single crystal (Tc ~ 93 K) allowed us to detect on the

same sample all the phase transitions and crossovers which have been observed until

now on this high temperature superconductor: the upper critical field [1], the field

of first flux penetration [2], the irreversibility transition [3,4], the melting trans¬

ition [5,6], the second peak transition [6,7], the depinning transition [8,9] and the

zero dimensional crossover [10,11].

In addition to these transitions, we found a first experimental indication of a cros¬

sover related to a change in behaviour of the current density in the low field regime

between the first order melting transition and the field of first flux penetration. This

crossover field is almost temperature independent in the regime 20 K < T < 37 K

while for T > 37 K it decreases upon increasing temperature. This observation is

in very good agreement with the dimensional transition from a single vortex pinning

to a vortex bundle pinning regime recently predicted theoretically by Blatter and

coworkers [12-14].

1



2 Abstract

Further, the low field properties (H < 900 Oe) of the anisotropic low tem¬

perature superconductor 2if-NbSe2 (Tc ~ 7.3 K) has been investigated for reduced

temperatures T/Tc > 0.5. Susceptibility and magnetization measurements have

been performed on high quality 2#-NbSe2 samples as a function of temperature

and magnetic field with an r/-SQUID magnetometer. The ac- and the dc-field have

been applied perpendicular to the afr-planes of the single crystals. Further, in order

to gain a better understanding of the low field phase diagram deduced from these

measurements, the time relaxation of the remanent magnetization Mrem has been

investigated with a second custom made magnetometer using a dc-SQUID. These

relaxation measurements cover a time window of five decades 10"1 s < t < 104 s,

so that the current density j could be studied from values
veryclosetojcdowntovaluesconsiderablysmallerthanjc.Forfields250Oe<H<880Oethetemperaturesweepsusceptibilityx(T)andmagnetizationM(T)measurementsshowafeatureslightlybelowtheuppercriticalfieldHc2(T).Thisfeatureisrelatedtoanabruptincreaseofthecriticalcurrentdensityjcknownintheliteratureaspeakeffect[15-18].ForH<250Oe,thispeakeffectisnomoredetectablewithourlowamplitudesusceptibilitydata,whileitisstillclearlyobservedinthemagnetizationmeasurements.Inthefieldregime85Oe<H<250OetheM(T)dataconfirmthelowfieldreentrantbehaviourofthepeakeffectproposedrecently[16-18].However,accordingtoourresultsforH<85Oe,thepeakeffecttemperaturechangesagainitsbehaviourandincreaseswithdecreasingfield.Moreover,ourmeasurementsshowthatthereentranceofthepeakeffectisnotassociatedwiththereentrantvortexliquidphaseassuggestedbydifferentauthors[16,17].Acorrectinterpretationrelatesthepeakeffectphenomenontoanorder-disordertransition,asproposedveryrecentlybyPaltieletal.[18].ThetimerelaxationmeasurementsoftheremanentmagnetizationMreminthepeakeffecttemperatureregimeagreeswellwiththelowfieldvortexmatterphasediagramdeducedfromourmagnetizationmeasurementsM(T)intheneighbourhoodofTc.Inthetemperatureregime0.52<T/Tc<0.82,wherethevortexbehaviourisnomoreaffectedbythepeakeffectphenomenon,thefluxcreepactivationbarrierUasafunctionofjwasfoundtofollowapowerlawbehaviour.Moreover,forthecriticalcurrentdensityweobtainedjc(T=0)~9.103A/cm2ingoodagreementwithresultsofothergroups[15,19,20].



Kurzfassung

In dieser Dissertation wurde das H-T-Phasen-Diagramm des Hochtemperatur-

Supraleiters Bi2Sr2CaCu208+(î bei schwachen Magnetfeldern untersucht. Zu die¬

sem Zweck wurden Suszeptibilitäts- und Magnetisierungs-Messungen mit einem in

unserer Gruppe konstruierten lrf Superconducting Quantum Interference Device'

(r/-SQUID) Magnetometer durchgeführt. Messungen in Abhängigkeit des magneti¬

schen Feldes wie auch der Temperatur wurden in einem breiten Temperatur-Bereich

!0 K £ T £ 100 K und Magnetfeld-Bereich 0 < H < 800 Oe durchgeführt, wo¬

bei das ac- und das dc-Feld senkrecht zu den supraleitenden Cu02-Ebenen angelegt

wurden.

Die Empfindlichkeit und Vielseitigkeit unseres Messsystems wie auch die hohe

Qualität des Bi2Sr2CaCu20s+(c Einkristalles (Tc = 93 K) ermöglichte uns an der

gleichen Probe alle Übergänge, welche bis jetzt in diesem stark geschichteten

Hochtemperatur-Supraleiter beobachtet wurden, nachzuweisen: das obere kritische

Feld [1], das Feld des ersten Flusseindringens [2], den Irreversibilitäts-Übergang [3,4],

den Schmelz-Übergang [5,6], den zweiten Peak-Übergang [6,7], den Entkoppelungs-

Übergang [8,9] und den null-dimensionalen Übergang [10,11].

Zusätzlich zu diesen Übergängen fanden wir einen ersten experimentellen Hinweis

auf einen Übergang, welcher mit einer Änderung des Verhaltens der Stromdich¬

te zwischen dem Feld des ersten Ordnungs-Schmelz-Überganges und dem Feld des

ersten Flusseindringens zusammenhängt. Das Feld dieses Überganges ist nahezu

temperaturunabhängig im Bereich 20K<T<37KwährendesfürT>37KmitzunehmenderTemperaturabnimmt.DieseBeobachtungistinsehrguterÜber¬einstimmungmiteinemdimensionalenÜbergangvoneinemEinzel-Wirbellinie-zu3



4 Kurzfassung

einem Wirbellinie-Bündel-Haftregime, welches vor kurzem in der Gruppe von Blat¬

ter theoretisch vorausgesagt wurde [12-14].

Ferner wurden die schwachen Feld-Eigenschaften (H < 900 Oe) im Temperatur-

Bereich T/Tc > 0.5 des anisotropen Tieftemperatur-Supraleiters 2#-NbSe2

(Tc ~ 7.3 K) untersucht. Suszeptibilitäts- und Magnetisierungs-Messungen wurden

an 2i/-NbSe2-Proben in Abhängigkeit des magnetischen Feldes und der Temperatur

durchgeführt. Das ac- und dc-Feld wurde senkrecht zu den afr-Ebenen der Einkri¬

stalle angelegt. Umein besseres Verständnis des von diesen Messungen hergeleiteten

Phasen-Diagramms bei schwachen Feldern zu erhalten, wurde zusätzlich die zeitli¬

che Relaxation der remanenten Magnetisierung Mrem mit einem zweiten von unserer

Gruppe konstruierten dc-SQUID-Magnetometer untersucht. Diese Relaxationsmes¬

sungen decken ein Zeitfenster von fünf Dekaden 10_1 s < t < 104 s ab, so dass die

Stromdichte j für Werte sehr nahe bei der kritischen Stromdichte jc bis hinunter zu

Werten erheblich
kleineralsjcuntersuchtwerdenkonnten.DieSuszeptibilität-xCOun<^Magnetisierungs-MessungenM(T)welcheimFeld-Bereich250Oe<H<880Oedurchgeführtwurden,zeigeneinbesonderesVerhal¬tenleichtunterhalbdesoberenkritischenFeldesH&ÇT).DiesesVerhaltenhängtmiteinerabruptenZunahmederkritischenStromdichtejczusammen,welcheinderLiteraturalsPeak-Effektbekanntist[15-18].FürFelderH<250OeistdieserPeak-EffektinunserenSuszeptibilitäts-Messungennichtmehrdetektierbar,wäh¬rendernochklarinunserenMagnetisierungs-Messungenbeobachtbarist.IndemFeld-Bereich85Oe<H<250OebestätigenunsereM(T)MessungendasWieder¬eintretendesPeak-EffektswieeskürzlichbeischwachenFeldernbeobachtetwur¬de[16-18].NachunserenMessungenwechseltjedochdiePeak-Effekt-TemperaturindemFeld-BereichH<85OeihrVerhaltenwiederundnimmtmitabneh¬mendemFeldzu.UnsereMessungenzeigenzusätzlich,dassdasWiedereintretendesPeak-EffektsnichtmitdemWiedereintretenderWirbellinie-Flüssigkeitsphasezusammenhängt,wiedieskürzlichvonverschiedenenAutorenvorgeschlagenwur¬de[16,17].EinekorrektereInterpretationverbindetdasPeak-Effekt-PhänomenmiteinemOrdnung-Unordnung-ÜbergangwievonPaltieletal.[18]kürzlich

empfohlen.



Kurzfassung 5

Die zeitlichen Relaxations-Messungen der remanenten Magnetisierung MTem im

Peak-Effekt-Temperatur-Bereich sind in guter Übereinstimmung mit dem H-T-

Phasen-Diagramm für schwache Felder, welches in der Nähe von Tc aus unseren

Magnetisierungs-Messungen M(T) hergeleitet wurde. In dem Temperatur-Regime

0.52 < T/Tc < 0.82, wo das Verhalten der Wirbellinien nicht mehr vom Peak-

Effekt-Phänomen beeinflusst wird, weist die Aktivierungsbarriere U bezüglich j eine

algebraische Abhängigkeit auf. Zudem erhielten wir für die kritische Stromdichte

jc(T = 0) ~ 9.103 A/cm2 in guter Übereinstimmung mit Werten anderer Grup¬

pen [15,19,20].



1 Introduction

Vortices in superconductors are amazing objects. The prediction of quantized flux

lines (vortices) in type II superconductors and of their arrangement in a regular

lattice was made by Abrikosov [21] in 1957. Since that time many research efforts

have been directed to the study of the properties of vortices and vortex lattices.

Nevertheless, many questions concerning vortex behaviour in real materials still

remain to be answered.

The most simple model of a vortex line in a superconductor is a field "tube"

carrying one quantum $0 = hc/2e of magnetic flux and set up by the shielding

currents. When many vortices are present in the sample, their mutual interaction

lead to the establishment of an energetically favorable arrangement. Calculations

showed that such an arrangement should be a triangular lattice [22]. The first

experimental confirmation of this prediction was made in 1964 by neutron diffrac¬

tion on superconducting Nb [23]. However, it soon became clear that the vortex

arrangement in real samples is affected by the internal material structure and in-

homogeneities, sample geometry, temperature, field strength, etc. and therefore can

be very different from that predicted by Abrikosov's solution. Most peculiar vortex

lattices have been predicted and observed after the discovery of the high temper¬

ature superconductors (HTSC) [24]. Experimental and theoretical investigations of

the vortex properties in the new materials during the last decade revealed a variety of

structural and thermodynamic phase transitions that the vortex lattice can undergo.

A completely new concept of "vortex matter", which is in many ways analogous to

"ordinary matter", arose from these studies. Vortex matter is characterized by a

finite elasticity and deforms in response to intrinsic (pinning) or external (current)

7



8 1. Introduction

forces. When elastic deformation overcomes a certain limit, it deforms plastically

via formation of topological defects in the vortex lattice. If temperature increases

vortices undergo thermal displacements just like atoms in a solid, and above certain

temperatures, the lattice melts into a "liquid" of vortex lines which are almost free

to move. Moreover, in layered materials with highly anisotropic superconducting

properties vortex lines passing through the layers can decouple and evaporate into

a "gas" of vortex pancakes.

In spite of the intense experimental and theoretical work of the last years, the

complicated vortex matter phase diagram of high temperature superconductors is

far from being completely elucidated. The exact nature of the vortex structure in

the several different vortex phases is actually not fully known and there is no general

consensus about some type of transitions between the different vortex regions. The

main focus of our work is to investigate the low field H-T phase diagram of a high

temperature superconductor using an ultra sensitive non commercial r/-SQUID-

magnetometer and a high quality E^S^CaCuaOs+i single crystal. Bi2Sr2CaCu208+<5

is the paramount example of HTSCshowing the relevant characteristics associated

with the properties of high temperature superconductors: high anisotropy, elevated

critical temperature, and weak pinning. For the investigations of the low field vor¬

tex behaviour, susceptibility and magnetization measurements have been performed

with the ac- and the dc-field applied perpendicular to the airplanes of the single

crystal. The sensitivity
ofourexperimentalarrangementallowsustoreproduceallknownphasetransitionsandcrossoversonasinglesampleandcomparethemwiththerespectivetheoreticalmodels.Moreover,wehavefoundsomeindicationforanewtransitioninthefieldregimebetweenthemeltingtransitionandthefieldoffirstfluxpenetration.ThistransitionisingoodagreementwiththecrossoverfromasinglevortexpinningregimetoavortexbundlepinningregimerecentlypredictedbyBlatterandcoworkers[12-14].Inhightemperaturesuperconductorsthecombinationofhighoperatingtem¬peratures,shortsuperconductingcoherencelengthandhighanisotropyenormouslyenhancestheroleofthermalfluctuationsofthefluxlines.ThemostimportanteffectofthesethermalfluctuationsisthemeltingofthevortexlatticeobservedattemperatureswellbelowtheuppercriticalfieldHc2(T).TheresultingvortexliquidphasehasbeenfoundtooccupyasignificantupperpartoftheH-Tphasediagram.
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A particularly interesting theoretical prediction in anisotropic and layered super¬

conductors is also the existence of a narrow vortex liquid phase just above the lower

critical field Hci(T), first proposed by Nelson [25] and further elaborated in numer¬

ous other theoretical studies [26,27]. However, high temperature superconductors

are not ideal candidates for the detection of this low field melting line, since the

width of the narrow vortex liquid phase in these materials is predicted to be a few

Oersted [26]. Better candidates are the weak pinning, short penetration length sys¬

tems, such as the anisotropic low temperature superconductor 2i?-NbSe2, where the

width of the low field vortex liquid phase is estimated to be of about twelve Oersted.

The anisotropic superconductor niobium diselenide 2if-NbSe2 has attracted a

great deal of attention largely because many of its properties lie in between those

of conventional superconductors and the cuprates. In the last few years several res¬

ults at low magnetic fields on 2i/-NbSe2 single crystals have been presented [16,28]

showing an anomalous peak in the critical current density jc known as 'peak ef¬

fect' (PE) slightly below the upper critical field Hc2(T). Moreover, formagneticfields50Oe<H<150OeaweakreentrantbehaviourofthePEphenomenonhasbeenobservedrecently[16,17],Relyingontheassumptionthatthepeakeffectcanbeassociatedwiththemeltingofthevortexlattice[29,30],thisreentrantbehaviourhasbeeninterpretedasafirstexperimentalindicationofthepredictedvortexliquidphaseatlowmagneticfields[16,17].However,formagneticfieldsH<50OethePEwasnomoredetectable[16,17].ThegoalofourworkhasbeentoinvestigatethepeakeffectwiththeemphasisonfieldsH<50OeinordertodeterminethereentrantbehaviourandtherelationbetweenthePEphenomenonandmeltingofthefluxlinelatticeinthefieldregimeveryclosetoHci(T).Forthispurpose,susceptibilityandmagnetizationmeasurementswithourcustommader/-SQUID-magnetometerhavebeenperformedonhighquality2i/-NbSe2singlecrystals.Inordertogainabetterunderstandingofthelowfieldphasediagramdeducedfromthesemeasurements,thetimerelaxationoftheremanentmagnetizationMreminthereducedtemperatureregime0.5<T/Tc<1hasbeenfurtherinvestigatedwithanoncommercialtfc-SQUID-magnetometer.Ourinvestigationsconfirmthelowfieldreentrantbehaviourofthepeakeffecttemperature[16,17]inthefieldregime85Oe<H<250Oe.However,accordingtoourresults,forfieldsH<85Oethebehaviourofthepeakeffecttemperaturechanges,increasingupondecreasingfield.
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Moreover, our measurements show that the reentrance of the peak effect is not re¬

lated to the reentrant vortex liquid phase. A better explanation is given associating

the peak effect phenomenon to a order-disorder transition as proposed recently [18].

The thesis is organized as follows:

- The aim of Chapter 2 is to introduce the general theoretical concepts and tools

used to describe vortices subject to thermal fluctuations and to quenched disorder

in layered type II superconductors. The main transitions in the phase diagram and

in the pinning diagram are theoretically discussed.

- Chapter 3 describes the experimental arrangement and the measuring proced¬

ure used for the investigations. Furthermore, it gives a brief description of the

E^S^CaC^Os-f^ compound, the 2iï-NbSe2 compound and the measured speci¬

mens.

- Chapter 4 present susceptibility and magnetization measurements performed on

a Bi2Sr2CaCu20s+(s single crystal for magnetic fields applied perpendicular to the

superconducting Cu02 layers. The low-field magnetic diagram obtained from the

measurements is compared with reports from literature and discussed within the¬

oretical models described in Chapter 2. A new crossover between the first order

melting transition field and the field of first flux penetration is proposed.

- Chapter 5 reports about susceptibility, magnetization and time relaxation meas¬

urements on a 2iï-NbSe2 single crystal for magnetic fields applied parallel to the

crystal c-axis. The measurements are compared with recently published results and

a qualitative phase diagram of the low-field high-temperature vortex state in 2H-

NbSe2 is proposed.



2 Vortex Properties in Layered Type II

Superconductors

2.1 Introduction

Superconductivity is phenomenologically well described by the Ginzburg-

Landau (GL) theory which is based on a free-energy functional describing super¬

conductivity in terms of a complex order parameter ^(r) coupled to the electro¬

magnetic vector potential A. The order parameter can be interpreted as the mac¬

roscopic wave function of the condensate of Cooper pairs and takes the simple form

* = | $ | exp(i<f>) for s-wave superconductors which we will assume in this chapter.

The London theory can be seen as a special case where *(r)= const, all over the

sample. The GL functional contains two relevant length scales: The magnetic pen¬

etration length A which is the typical scale over which the vector potential A varies,

and the coherence length £ which represents the correlation length of the Cooper

pairs and gives the scale for variations of the order parameter ^. The mean-field

treatment of the GL free energy leads to the common classification in two types of

superconductors, depending on the ratio k —A/£ (Ginzburg-Landau parameter).

If k < l/\/2, the superconductor is called type I and the phase diagram contains

only two phases: At magnetic fields H < HC(T) and temperatures T < Tc the

sample is in the superconducting Meissner-Ochsenfeld state where the magnetic field

iscompletelyexpelled,i.e.,themagneticinductionB=VAA=0insidetheprobe(perfectdiamagnetism).InthissuperconductingphasealltheelectronsarepairedintoCooperpairs,resultingin|$(r)|=const,andzeroelectricresistivity.InthenormalphaseH>HC{T)thediamagneticpropertyislost;theorderparameter11



12 2. Vortex Properties in Layered Type II Superconductors

ty(r) = 0 everywhere and the resistivity is finite.

If on the other hand k > \f\/2 the superconductor is called type II. In addition

to the Meissner-Ochsenfeld phase (B = 0) below the so called lower critical field

Hci{T), and the normal phase (B = H) above the upper critical field Hc2(T), one

has the vortex phase (0 < B < H) at intermediate fields HCÏ(T) < H < Hc2(T).

This mixed phase, also called Shubnikov phase, is characterized by the fact that

the magnetic field penetrates the sample in the form of flux tubes called vortices,

each carrying a flux quantum <3>„ = hc/2e ~ 2
.

10-7 Gem2. These vortices consist

of a normal-conducting core region of extent Ç, encircled by superconducting cur¬

rents. Vortices repeal each other due to the electromagnetic interaction, which have

a range A and arrange themselves into a triangular lattice named after Abrikosov

who predicted this phenomenon in 1957.

Due to the large extension of the mixed phase in the high Tc superconductors

(Hci ~ 10-2 T, HC2 ~ 102 T) and the fact, that vortices canbecomparedtoin¬teractingelasticstrings,thebehaviourofvorticesinthemixedphasehasbeenthesubjectofextendedexperimentalandtheoreticalresearchinthelastdecade.Fur¬ther,investigationsofthevortexstateareimportantfortechnologicalapplicationssinceanappliedelectricalcurrentcausesthevorticestomoveandthisinturnleadstodissipation,i.e.,anonzeroresistivity.Tobeoftechnologicaluse,themotionofvorticesmustbeprevented.Thisispracticallyachievedbymaterialdefects,which"pin"thefluxlinesandgiverisetoacriticalcurrentdensity"jfc"belowwhichtrans¬portcurrentsflowpracticallywithoutdissipation.Neverthelesstheresistivityisnotcompletelyvanishing,duetothefactthatthevorticescanmoveoutofpinningcentersduetothermalactivation.HoweveritturnsoutthatthebarriersUcforthiscreepmotionarelargeforj<jC}reducingtheresistivityexponentially.Under¬standingthepinningproblemisthusofgreatimportancewithregardtopracticalapplications.Althoughthephenomenologyofthevortexsystemhasbeenextensivelyinvestigated,atthistimethereisstillnogeneralconsensusaboutthestructureofthemixedphaseintheB-Tdiagram.ThisB-Tdiagramisusuallysummarizedintwodifferenttypes:Thefirstoneisthephasediagramwhichshowsthevariousthermodynamicphasesofvortexmatteratthermalequilibrium.Theseconddescribesthepinningproper¬tiesofthedisorderedvortexlatticeandisaccordinglycalledpinningdiagram.The
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various regimes in this diagram specify the nature of collectively pinned domains

in the vortex matter, which are relevant in the determination of the critical current

density jc and the activation barrier Uc for vortex creep.

The aim of this chapter is to introduce some general theoretical concepts and

tools used to describe vortices subject to thermal fluctuations and to quenched dis¬

order as material defects in layered type II superconductors. In section 2.2 we briefly

present the phenomenological description of continuous anisotropic (e.g. 2ff-NbSe2)

and discrete layered (e.g. Bi2Sr2CaCu208+<s) type II superconductors. Section 2.3

deals with the effects of thermal fluctuations on the vortex lattice and describes the

main transitions in the phase diagram. Section 2.4 treats the effects of quenched

disorder on the vortex lattice and a low field pinning diagram of layered supercon¬

ductors proposed recently by Wagner, Blatter et al. [12-14] is discussed.

2.2 Phenomenological Description of Layered Supercon¬
ductors

In the case of anisotropic layered materials, it appears that the Ginzburg-Landau
theorymustbeadaptedtoincludethelayeredstructureexplicitly.Fornottoolargeanisotropy,adescriptionintermsofacontinuousanisotropicGinzburg-LandauorLondontheoryisapplicable.Ontheotherhand,forverylargeanisotropythediscretenessofthestructurebecomesrelevant,andadescriptionintermsofasetofweaklycoupledsuperconductinglayersismoreappropriate.SuchadescriptionisgivenbythediscreteLawrence-Doniachmodel[31],whichprovidesthebasisforthediscussionofthephysicsoflayeredsuperconductors.Thecriterionusuallyadoptedtogofromacontinuousanisotropictoadis¬cretelayereddescriptionisthesmallnessofthecoherencelength£calongthec-axiswithrespecttothelayerseparationdasexpressedbythedimensionlessratioTe-=2Çç/(P[26].Theratior^.characterizesthecrossoverfrom3Danisotropictoquasi-2Dlayeredbehaviour:Foralargecoherencelength£c,i.e.r^.»1thecontinuousanisotropicdescriptionisalwaysappropriate.Ontheotherhand,forsmalltct«1acrossoverwilltakeplaceatatemperatureT&.=(1—Ta)Tcwhere
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the system behaves in a quasi 2D manner at low temperatures, and exhibits 3D

anisotropic behaviour above T^. In the case of the low temperature superconductor

2#-NbSe2 {Te- ~ 10) and the high temperature superconducting Y-Ba-Cu-0 com¬

pound (To- ~ 5) a continuous anisotropic description is applicable, whereas the more

strongly layered superconductor E^S^CaC^Og+i belongs to the class of materials

with r& ~ 10-3 <C 1 and hence the Lawrence-Doniach model applies.

It should be pointed out that the continuous anisotropic Ginzburg-Landau

or London-based analysis often provides a rather good description of the physics

of layered materials, for example, for the discussion of the elastic properties of the

vortex lattice. Other properties, e.g., the thermodynamic properties of the superfluid
orofthevortexlattice,resemblemorecloselythepropertiesofa2Dsuperconductingfilmthanthoseofa3Dbulkmaterial,andconsequentlyarebetterdescribedbytheLawrence-Doniachmodel.Thequestionofthecontinuousanisotropicdescriptionversusthediscretelayereddescriptionthereforenotonlyhastobedecidedbythesizeofthecoherencelength£cwithrespecttothelayerspacingd,butdependsalsostronglyonthespecificphysicalquestionathand[26].Inthefollowing,theanisotropicGinzburg-LandautheoryandthediscretelayeredLawrence-Doniachmodelintroducedaboveareshortlydescribed.Were¬strictourselftothespecialcasewheretheappliedmagneticfieldHisparalleltothesymmetryaxis(c-axis).2.2.1AnisotropicGinzburg-LandauTheoryThebasicframeforthephenomenologicaldescriptionofsuperconductivityisgivenbytheGinzburg-Landau(GL)free-energyfunctionalwhere*(r)istheorderparameter,Aisthevectorpotential,B=VAAisthemicroscopicmagneticinduction,andHistheappliedexternalfield.TheGLparametera=—a(0)(l—T/Tc)changessignatthetransitiontemperatureTc,
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whereas ß is taken to be constant in temperature. The parameters m* (i = a,b,c),

denote the effective masses along the main axes of the crystal. When applying this

description to layered superconducting materials, the anisotropy of the material has

to be taken into account. For the sake of simplicity and because layered materials

are within high accuracy uniaxial (axis || c) materials, ma == m;, = mat, are chosen

and the mass anisotropy ratio is denoted by

e2 =
^ < 1. (2.2)
mc

The mass anisotropy causes the coherence length £ anisotropy

*<?> =

5STR- (2'3)

where the subscript i identifies a particular principal axis. Since a(T) is isotropic

and proportional to(T—Tc),Çtscaleswithl/y/rntanddivergesas|T—Tc|-1/2.Further,fromtherelation2\Z2tfc(7%(r)At(T)=$0I(2.4)itcanbeobservedthattheanisotropyofthepenetrationdepthA,willbeinversetothatof£,sincethethermodynamicalcriticalfieldHcisisotropic.InapplyingthisruleithastoberememberedthatAjdescribesthescreeningbysupercurrentsflowingalongthei-thaxis,notthescreeningofamagneticfieldalongthei-axis.TheanisotropyoftheGLparametersinvolvesamodificationofthestructureofasinglevortex.Ifamagneticfieldisappliedalongthea-axisofanisotropicsuperconductor,thisvortexwouldhavecircularsymmetry.Inananisotropicsuper¬conductor,thecoreradiusalongtheafc-planedirectionwillbe£at,whereasthecoreradiusinthecdirectionwillbe£c<?CÇab.Ontheotherhand,thefluxpenetrationradiuswillbeAcalongtheabplanedirection,whereasitwillbethesmallervalue\abinthec-direction.Thus,boththecoreandthecurrentstreamlinesconfiningthefluxareflattenedintoellipseswithlongaxesparalleltotheplanes,withaspectratio(mc/mab)1/2.
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A further consequence of the anisotropy of the GL parameters is the fact, that the

critical fields HC\(T) and Hc2(T) in anisotropic superconductors become angular

dependent, whereby

>c ) Ac Çab Hc2\\ab i/ci||

One commonway used to determine the GL anisotropy parameter e of an anisotropic

superconductor is to measure the critical field i/c2 in the direction perpendicular and

parallel to the a6-plane.

2.2.2 Discrete Layered Lawrence-Doniach Model

A convenient model for the analysis of the consequences of a layered structure in

a superconducting material was proposed by Lawrence and Doniach [31]. In their

model, layered superconductors are viewed as a stacked array of two-dimensional

superconductors,
withineachofwhichtheGLorderparametertpn(x,y)isa2-Dfunction,coupledtogetherbyJosephsontunnelingbetweenadjacentlayers.AsintheconventionalGLtheory,theLawrence-Doniach(LD)modelisdefinedintermsofafree-energyexpressionforthestackoflayers.Omittingthevectorpotentialforsimplicity,thefreeenergycanbewrittenas('^ifi^i^w)|4n2(xd$nl2,,dvnl2\.n2N(2-6)2mabInthisexpressionapossibleanisotropyintheabplanehasbeenignored.Notethatifwriting\P„=|*&n\e^n,andassumingthatall|tyn|areequal,thelasttermof(2.6)becomes(h2/2mcd2)|*n|2[1-cos(<f>n-4>n-i)],(2.7)whichmakescleartheequivalenceofthistermtoaJosephsoncouplingenergybetweenadjacentplanes[32].
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^ superconducting
layers

Josephson strings

pancake vortex-

Figure 2.1: The structure of layered superconductors. Conducting layers (drawn

as planes) are separated by nonmetallic buffer layers. The periodicity of the

structure is denoted by d. A vortex is cut into pancake vortices threading every

layer individually.

The LD model predicts, that with the magnetic field H directed perpendicu¬

larly to the layers, the vortex lines divide up into loosely coupled strings of so-called

pancake vortices (see figure 2.1) [33]. A pancake vortex is a two-dimensional shaped

vortex confined into the layer and surrounded by nearly circular currents. These

stacked 2D vortices are coupled together by means of Josephson vortices whose

axes thread through the Josephson junctions between the superconducting layers,

stretching from the center of each pancake vortex to the center of the adjacent vor¬

tices above and below. Thermal agitation can shake the stack, decouple pancake

vortices in adjacent layers, and even cause the stack to break up.
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2.3 Phase Diagram of Layered Type II Superconductors

The phase diagram in a superconductor describes the various thermodynamic phases

of vortex matter at equilibrium. Stimulated by the discovery of the high-!Tc mater¬

ials, a reexamination of this mean-field phase diagram unraveled three main new

phenomena.

First, it was experimentally and theoretically observed that due to enhanced thermal

fluctuations the vortex lattice can melt into a liquid, just like an ordinary solid.

Recently very sensitive calorimetric and magnetic measurements have proved this

transition to be of first order [5,34]. Further, theoretical results show (26], that

the position of the melting line in the B-T diagram depends strongly on the elastic

properties of the vortex lattice and on material parameters, as for example the crit¬

ical temperature Tc. While for low Tc materials the melting line is predicted to lie

close to the upper critical field Hc2(T), for high temperature superconductors the

melting transition lies well below the superconducting to normal state crossover.

Second, pointlike disorder such as pinning-centers, can have an important impact

upon the equilibrium field-temperature phase diagram. It is argued that [35-38] in

the solid vortex phase, pointlike disorder can produce a weakly disordered glassy

state. While, at high temperature and fields the melting of this vortex glassy state

into a liquid phase is nearly insensitive todisorder[39],byincreasingthefieldatlowtemperaturedisorderisabletomakevortexdislocationsproliferate,destroyingtheglassystate[39],Thephaseintowhichtheglassystate"melts"atlowtemperaturesispoorlyunderstoodandasubjectoftheoreticalinvestigations[39-41].Third,thepresenceofsurface[42,43]andgeometricalbarriers[44]inhibitthevortexentryintothesuperconductor,whiletheydonotactsignificantlyagainsttheirexit.Inrelativelycleansystemsthesesurfaceeffectswillbethedominantsourcesoftheexperimentallyobservedirreversibilityline(IL)intheH-Tphasediagram,thatsep¬aratesthereversiblemagnetizationathightemperaturesfromhystereticbehaviouratlowertemperatures.Inthissectiontheinfluenceofthermalfluctuationsonthevortexlatticearetreated.Moreprecisely,insection2.3.1,solutionsforthemeltinglinederivedthe¬oreticallyforthetworegimesHcX«cB<SiHc2andi?cl<B,wheretheelastic
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properties of the vortex lattice and hence its stability with respect to thermal fluctu¬

ations are rather different [45-47], are described. In section 2.3.2 the experimentally

observed "second magnetization peak" in high-Tc materials [6,7,48,49] is discussed.

There is currently no commonly theoretical accepted explanation for this "trans¬

ition". However, two different theoretical approaches are treated, which are in good

qualitative agreement with experimental results and are based on the disordered in¬

duced transition [39 41]. Finally, in section 2.3.3 we discuss the irreversibility line,

the crossover-line in the B-T diagram above which energy barriers that inhibit the

vortex entry into the superconductors disappear.

2.3.1 Melting Line

For the following considerations concerning the theoretical derivation of the melting

line for the two regimes Hc\ «5« Hc2 and B < Hci, we will closely follow the

approach in [26].

2.3.1.1 Hcl < B < Hc2 Regime

In this subsection we will concentrate on the intermediate regime characterized by

the conditions Hci «ß« 0.2Hc2. The first inequality guarantees that the mean

vortex separation a0 is small compared to the London penetration
depthA;hencetheinteractionbetweentheindividualvortexlinesislargeandstronglynonlocal.Thesecondinequalitymakessurethatthevortexcoresdonotoverlap,andthustheLondonapproximationcanbeusedtodeterminetheenergyoftheelasticallydeformedvortexlattice[46].Forhigh-«materials,therelationHc2=2k2Hci/ItlkshowsthattheregimeHci"CB<êC0.2Hc2isverylargeandcoversmostoftheexperimentallyaccess¬iblefieldrange.Unfortunately,evenforthiswelldefinedsituation,noconsistenttheoryofvortexlatticemeltingisknowntoday.Variousapproacheshavebeenusedtotackletheproblemofvortexlatticemelting.Thetwomostprominentmeth¬odsarebasedontheLindemanncriterionandonMonteCarlosimulations.Inthefollowingwewillconcentrateontheanalysisbasedonthefirst

method.



20 2. Vortex Properties in Layered Type II Superconductors

The semiquantitative approach based on the Lindemann Criterion [50] assumes

that a crystalline lattice becomes unstable with respect to thermal fluctuations of

its elements as the mean-squared amplitude of fluctuations (u2)th increases beyond

a fraction cl of the lattice constant a0,

(u2{Tm))th~clal (2.8)

With a Lindemann number cl —0.1 —0.2 depending only weakly on the specific

material, the criterion (2.8) provides a reasonable estimate of the melting temper¬

ature Tm for a large variety of three-dimensional solid-liquid transitions. For the

present discussion of vortex lattice melting, the useoftheLindemanncriterionisparticularlyfruitful,asitallowsustodeterminetheshapeofthemeltinglineTm(B)overabroadrangeofmagneticfieldvaluesbyassumingaconstantvalueofcj,overtheentirerangeHci<CB<C0.2Hc2.Asboththetypeoflatticeandthe(long-range)natureoftheinteractionareunchangedthroughoutthisregime,suchanassumptionseemstobequitereasonable.InordertomakeuseoftheLindemanncriterion(2.8)onehastodeterminethemean-squaredamplitudeoffluctuations{u2(Tm))thforthevortexlattice.ThishasbeencalculatedbyHoughtonetal.[51]andBrandt[52].ForanisotropicmaterialorforthespecialcasewithH||c,onehastosolvethefollowingimplicitequationforthemeltingline[51]y/bjfit/4(V2-1)1\=^cji-U^vT^TVn/i-MO/\/Gï'{'}withbm{t)=Bm{T)/Hc2(T),t=T/TcandGi=1Q-9k4T^/Hc2(0)theGinzburgnumber,whichdeterminesthewidthofthefluctuationregionclosetotheuppercriticalfieldHC2(T).FortemperaturesclosetoTc,themeltinglineisfarbelowtheuppercriticalfield//^(T)andtheimplicitequation(2.9)canbesimplifiedconsiderablytoBm(T)=ßm^M^O)(l~^).(2-10)
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with ßm ~ 5.6. For discrete layered HTSC, as for example the Bi-Sr-Ca-Cu-0

compound, the Ginzburg number is of the order of Gi ~ 1, so that the condition

Bm -C Q.2HC2 and the result (2.10) is valid over a wide regime in temperature

below Tc.

For continuous anisotropic HTSCwith typical values of Gi ~ 10-2, as for ex¬

ample the Y-Ba-Cu-0 compound, the result in equation (2.10) is only valid near Tc.

Away from Tc, the melting line moves closer to the H^T) line, and the suppression

of the order parameter due to overlapping vortex cores becomes relevant. Hence,

the full equation (2.9) has to be used for the determination of the melting line. The

main correction
tothesimplepower-lawresultcanbeobtainedbyaccountingforthesuppressionoftheorderparameterviathesubstitutionA=A'=A/(l—&(i))1//2,andthemeltinglineisthengivenby[26]f>MJ1Jm—\4Pm(-,J-cHc2{0)c^WiV-i)T^z2c(2.11)(x-^)(Tc/T-l)>Gi/(ßmci)AlsothebehaviourofthemeltinglineverynearthecriticaltemperatureTccan¬notbeanalyzedcompletelywithoutexploringthepropertiesofthevortexlatticewithinthefluctuationregime.Adiscussionforthe(scaling)behaviourofthemeltinglinewithinthisregimehasbeengivenbyFisheretai[53].Onapproachingthecrit¬icaltemperatureTc,thesuperconductorisexpectedtoentertheregimewherethefluctuationsintheorderparameter$areessentiallythoseofanunchangedsuper-fluidorXYmodel.Withinthisregime,thetwofundamentallengthscales£andÂareexpectedtoscaleaccordingtof~^0(1-T/TC)_2/3andÂ~A0(l-T/Tc)~1/3with£/Ä=(1/27tcl(2G'î)1''2)^/A.Withinthefluctuationdominatedregimethetemperat¬urebehaviourofthemeltinglineisthenexpectedtobeBm(T)oc(1—T/Tc)4^3[53],Whenwecombinethesedifferentconsideration,itdoesnotseemunreasonablethatthemeltingfieldBm(T)whichshouldvaryas(1—T/Tc)4^3verynearTc,thenchangesoverto(1—TjTc)2inthemeanfieldregion,yetalwaysstaysbelowa

curve
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rising as (1 —T/Tc), will not have a unique power law fit, but will give a reasonable

fits to various powers that are intermediate between 1 and 2, depending on the

temperature range and the parameters of the material. This is in good agreement

with various experimental determinations of the melting line in the high temperature

superconductors YBa2Cu307-ä and Bi2Sr2CaCu208+rf. Whereas Farrell et al. [54]

and Beck et al [55] obtained for Bm(T) oc (1 - T/Tc)ß an exponent ß ~ 2, the

measurement of Schilling et al. [56], Safar et al [57] and Zeldov et al. [5] produce

power-law exponents in the range 1.35 - 1.55.

2.3.1.2 B < Hcl Regime

The existence of a vortex liquid phase at very low magnetic inductions B < Hci and

hence the presence of a melting line just above the onset of the mixed state was first

predicted by Nelson in 1988 [25]. The origin of this low field melting transition is

found in the weak interaction between the vortex lines at very low magneticfields.InthissectionwewillgiveashorttheoreticalderivationofthislowfieldmeltingtransitionBm(T).Foramoredetailedtreatmentseeliterature[26,27].ForB<HcitheintervortexspacingincreasesbeyondthepenetrationdepthA,andthevortex-vortexinteractiondecreasesexponentially.Duetothisdependenceoftheinteractionbetweenthevortexlinesinthepresentlowdensityregime,theapplicabilityoftheLindemanncriterionbasedonadensityindependentLindemannnumberclismuchlessobvious.However,theapproachisstillusefulforprovidinganorder-of-magnitudeestimateforthemeltingtransition.Inordertoestimatethemean-squaredamplitudeofthermalfluctuations(u2(Tm))th,theappropriateexpressionfortheelasticmodulivalidinthelowdensityregimeB<Hcihastobeused.Incaseofsubstantialanisotropythelowerbranchofthemeltinglinemainlyderivesfromtheelectromagneticcouplingterminthetiltmoduleandisindependentofmaterialanisotropy.TheexpressionofthelowfieldmeltinglineBlm(T)isthengivenby[58]:BLiT)-^In47TC?e„ALc°'(3^/*T-2(2.12)
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Figure 2.2: Low field melting lines calculated for Bi2Sr2CaCu20s+6 (X = 2000 Â,

e = 1/100 and Tc = 90 K) and 2H-NbSe2 (X = 700 À, e = 1/3

and Tc = 7.3 K) are shown. A temperature dependent penetration depth

X(T) = \0(1 —(T/Tç)2)1/2 and a Lindemann number cl = 0.1 were used in

the calculation.

with e0 = ($0/47rA)2 the basic energy scale of the continuum elastic theory.

Using parameters appropriate for the high temperature superconductors

BSCCOand YBCO, the maximum of the low field melting line is found to be

of the order of a few Gauss (see figure 2.2). Oxide superconductors with their

large values of A are therefore not ideal candidates for the experimental detection

of this low vortex liquid phase. Better candidates are the weak pinning, short pen¬

etration length system such as for example the anisotropic type II superconductor

2H-NbSe2 [16]. An estimate with equation
2.12showsthatfortheparametersof2#-NbSe2(A=700Â,e=1/3andTc=7.3K)withatemperaturedependentpenetrationdepthA(T)=A0(l—{T/Tc)2)1^2andaLindemannnumberCf,=0.1,themaximumamplitudeofthelowfieldbranchofthemeltinglinewillbeabout12Oeatabout1/3Tc(seefigure2.2).



24 2. Vortex Properties in Layered Type II Superconductors

2.3.2 Second Magnetization Peak Line

An intriguing feature of many high temperature superconductors is the experimental

observation of a sudden increase in the critical current density jc when the field is

increased at low temperatures [6,7,48,49]. Unlike first order melting, this phe¬

nomenon is accompanied by an abrupt but continuous change of the magnetization

at a magnetic induction Bsp(H), suggesting a second order phase transition or a

crossover [6,59]. Due to the shape of the magnetization curves when a field is ap¬

plied in the temperature regime where the increase of jc is observable, the transition

at Bsp(H) has been called "second magnetization peak transition". The second mag¬

netization peak line and the melting line in the B-T phase diagram are apparently

found to form one continuous transition line that changes from first to probably

second order at a temperature T^, a so called "multicritical point" [6,49].

There is currently no commonly accepted theoretical explanation for this second

magnetization peakline.Theassociatedincreaseofthemagnetizationwithmag¬neticfieldhasbeenattributedtosurfacebarriereffects[7],acrossoverfromsurfacebarriertobulkpinning[43],sampleinhomogeneitiesbyoxygendeficientregions[48],dynamiceffectsduetodifferentrelaxationratesinsinglevortexandsmall-bundlepinningregimes[60,61],theexistenceofadimensionalcrossoverfieldfrom3Dtoa2Dregime[62]orfromaIDtoa3Dregime[10],adisorderinduceddecouplingtransition[6,40],andadisorderinducedentanglementtransition[39,41].Asthelasttworepresentthemostacceptedideas,wewillgiveashortdescriptionofthem.HorovitzandGoldin[40]studiedthephasetransitionofafluxlatticeinlayeredsuperconductorswithmagneticfieldperpendiculartothelayersandinthepresenceofstrongdisorder.TheyfindthattheJosephsoncouplingbetweenlayersleadstoastronglypinnedJosephsonGlassphaseatlowtemperaturesandfields.IntheirtheorytheexperimentallyobservedsecondmagnetizationpeaklineisinterpretedasadecouplingtransitionfromthisstronglypinnedJosephsonGlassatlowfieldstoapinnedGlassphaseathighfields.ThisphasetransitionatB=Bqisdeterm¬inedbythedisorderstrengthandisTindependentuptothemulticriticalpointatT0^(ralln(a0/d))/(8nXlb)wherer=$ld/4Tr2\lb,disthespacingbetweenlayers,\abisthemagneticpenetrationlengthparalleltothelayersanda0=^J$o/B0.
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An alternative theoretical approach has been developed by Ertas and Nel¬

son [41]. They applied the Lindemann criterion (equation (2.8)) to a "cage

model" [41] and examined the combined effect of point disorder and thermal fluc¬

tuations on the vortex lattice. They explain the second magnetization peak as a

dislocation induced phase transition from a weakly disordered quasi vortex lattice

{Bragg Glass), to a highly disordered entangled glass (entangled vortex Glass). The

temperature behaviour of this entanglement transition is predicted as follows [41]:

In the low temperature region T <! T* ~ (e2e05)1/'3, thermal fluctuations are smaller

than disorder fluctuations and the entanglement transition field is given by

iW0)^(^)'0V, (2.13)

where £o6 is the in-plane coherence length, e0 = (<!>0/47rÀab)2, Aa6 the in-plane pen¬
etrationdepth,6thedisorderparameter,etheanisotropyparameter,andcLtheLindemannnumber.Withincreasingtemperature,thermalfluctuationsweakenthepinningeffectofpointdisorderandintheregionT*<T<T",whereT'isatemperaturebelowwhichthepinningpotentialandHirr(T)growsrapidly,theentanglementtransitionlineisgivenby/^*\io/3Ben~Ben(0)(—)exp((2c/3)(r/r*)3),(2.14)wherecisaconstantoforderunity.InthehighertemperatureregionT»X",thedisorderinglineturnesintothevortexlatticemeltinglineBm.Thecondition(ufh)czc\a?0correspondstothepurethermalmeltingwithoutdisorderfluctuations,sothevortexmeltinglineBm(T)decreaseswithincreasingtemperature.ThusthestabilityoftheBraggGlassinthehigh-Tregionislimitedbythevortexlatticemeltingline.SimilarqualitativeresultsasobtainedbyErtasandNelson[41]havebeenworkedoutwithadifferenttheoreticalapproachbyGianmarchiandLeDoussal[39],ThesecondmagnetizationpeaklineobservedrecentlybyNishizakietal.[49]isingoodagreementwiththeentanglementtransitionpredictedbythesemodels.Addition¬ally,theonsetoftheincreaseofthecriticalcurrentdensityjcwithincreasingfieldcoincidesapproximatelywiththefieldabovewhichtheintensityofBraggpeaks
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in neutron diffraction experiments suddenly decrease [38]. This gives further ex¬

perimental evidence for the existence of a low-temperature, low-field Bragg glass.

Nevertheless, the measured large magnitude of the increase of the critical current

density jc at the crossover, cannot be explained by any of these theories.

As we mentioned before, above the melting transition Bm(T), the vortex lat¬

tice undergoes a transformation into some liquid phase with reduced vortex pinning.

Above the second peak transition Bsp(T), in contrast, a new phase with enhanced

pinning is obtained. Two different phases at low and high temperatures must there¬

fore exist above the entire phase transition line. One may thus anticipate the ex¬

istence of another vertical phase transition or crossover line that separates the two

high field phases. Wewill return to this subject in section 2.4.3.1, where the pinning

diagram for layered superconductors proposed by Wagner et al. [12 14] is described.

2.3.3 Irreversibility Line

One of the widely studied features in type II superconductors is the experimentally

observed irreversibility line (IL) in the phase
diagram,whichseparatesthereversiblemagnetizationathightemperaturesfromthehystereticbehaviouratlowertemper¬atures.Recentresultsinhightemperaturesuperconductors[3]indicate,thattheirreversibilitylineisaresultofirreversibleshieldingcurrentswhicharerelatedtoBean-Livingstonsurfacebarriers[42,43]andgeometricalbarriers[44].Themaincharacteristicofthesebarriersisthattheyinhibitthevortexentryintothesuper¬conductor,whiletheydonotactsignificantlyagainsttheirexit[63].Intheabsenceofbulkpinning,hysteresisloopsarethereforeobtainedwhichareasymmetricwithrespecttozeromagneticmoment.ThisisincontrasttothesymmetrichysteresisloopsassociatedwiththeBeancriticalstateandbulkpinningofvortices.ThevortexpenetrationthroughBean-Livingstonsurfacebarriersbyathermallyactivatedprocessispredictedtoresultinanexponentialtemperaturedependenceoftheirreversibilityline[64,65].Arecenttheoreticalanalysisofsuchthermalac¬tivationinhighlyanisotropicsuperconductorspredicts[66]__._.Hc2T0(2T\(2.15)
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where Hc2 = (<3>0/27r£2) is the upper critical field and To ~ eod/30 with

eo = ($o/47TÀ)2. This dependence agrees favorably with numerous experimentally

observed behaviour of the irreversibility line for intermediate temperatures [3,67,68].

At high temperatures, geometrical barriers becomes active, and the temperature de¬

pendence of the irreversibility line in perpendicular to the afr-planes applied magnetic

field is predicted to be [44]

Hil{T)^\hc1(i-^, (2.16)

where Hc\ = ($0/47rA2) ln(A/£) is the lower critical field. For high temperatures this

is again in good agreement with experimental results [3].

2.4 Pinning Diagram of Layered Type II Superconductors

The pinning diagram describes the pinning properties of the disordered vortex lattice

in the mixed state and is, contrary to the phase diagram, not an equilibrium feature.

The various regimes in this diagram specify the geometry of collectively pinned

domains in the vortex matter, which are relevant in the determination of the critical

current density jc and the activation barriers Uc for vortex creep. In this section we

will closely
followthetheoreticalapproachbyWagneretal.[12-14],whogeneralizedthecalculationsforthepinningdiagramtolayeredsuperconductorswithalldegreesofanisotropyandintermediatedisorderstrength.Beforeithasonlybeenderivedforsuperconductorswithsmallanisotropy[26,36,69,70].Theoutlineofthischapterisasfollows:Insection2.4.1,differenttypesofpinningarediscussedandthedisorderedpinningpotentialUpinisintroduced.Insection2.4.2theconceptofweakcollectivepinningandtheassociatedcollectivepinninglengthsRcandLcarepresented.Andfinally,insection2.4.3,theB-Tpinningdiagramscalculatedin[13]forstronglylayeredandweakanisotropicsuperconductorsaremapped

out.
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2.4.1 Pinning

Quenched defects in superconducting materials produce a static disorder environ¬

ment which pins the vortices. These defects are either intrinsic such as oxygen

vacancies, impurities, twin or grain boundaries, or artificially induced columnar de¬

fects as for instance heavy-ion irradiation tracks. In this chapter only the intrinsic

pinning due to pointlike defects perturbing the superconductor on a scale smaller

than the coherence length £ is discussed, since the samples investigated in this thesis

are characterized by this type of pinning.

Within the GL theory, two possible ways of quenched disorder can be thought

of: First, defects weaken the superconducting state by reducing the critical temper¬

ature locally (#Tc-pinning). Second, defects reduce the mean free path I of electrons

through scattering; this enters the GL free energy in the form of random fluctu¬

ations of the effective electron massesma{,andmc(Spinning).BothsituationscanbedescribedbymeansofadisorderedpotentialUpin(r).InthecaseofalargedensityofuncorrelatedweakpointdefectsthisrandompotentialcanbeassumedtobeGaussiandistributedwithzeromeanandshort-rangecorrelations,(C/pi„(r)>=0,(2.17)(tWiOtWrO)=7<53(r-V).(2.18)Theparameter7measuresthedisorderstrengthandissupposedtobesmall.Fur¬ther,thisparameterdependsontemperatureandvanishesforT—Te;forSTC-pinning,7isa(1-T/Tcf,whilefor«-pinning7°c(1-T/Tc)4[26].Atfinitetemperaturesthedisorderpotentialissmearedbythermalfluctuations(u2(T))thinthedisplacementandpinningisconsequentlyweakened.Forthiscase,usingthedynamicapproach,Feigel'manandVinokur[69]showedthatthepinningenergyiseffectivelyreducedbythefactor£/r(T),wherer(T)=yf£?+{u2(T))thistheeffectiveaveragedistancebetweentwominimaintheenergylandscape.
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2.4.2 Weak Collective Pinning Theory

Larkin [71] showed that in less than four space dimensions (D < 4) weak short-range

correlated quenched disorder always destroys the translational long range order of

the vortex lattice and breaks the system up into elastically independent and collect¬

ively pinned domains called vortex bundles of volume Vc = R\LC. The transverse

collective pinning radius Rc and the longitudinal collective pinning length Lc define

the boundaries of these domains with almost perfect order and are relevant for the

determination of the critical current and the activation barriers forvortexcreep.Inthefollowing,theargumentleadingtoLarkin'sconclusioninthelimitofzerotemperatureisgiven.ConsideraregionofperfectlatticewithstiffvorticesofvolumeV=R2L.Theaveragepinningenergy{Epin(R,L))ofthisregioniszerobecauseofequation(2.17).Nevertheless,thefluctuationsofthepinningenergydonotvanish,andtheaveragepinningenergy(Epin(R,L))isgivenby[13](E2pin(R,L))=fd3rd3r'{Epin(r,0)Epin(r\0))=^R2L,(2.19)JvaoThus,aregionofstraightvorticesofvolumeV=R?Lcantypicallygainthepinningenergy£pin(R,L)=J(E^in{R,L)),implyingthatthepinningforceFpinactingonthisregionalsoscaleswith\/V.Ontheotherhand,theLorentzforcethatariseswhenapplyingacurrentincreaseslinearlywithvolume.Hence,inthepresenceofanexternalcurrent,aregionofstiffvorticesisnotpinnedandthecriticalcurrentdensityjcvanishes.Inreality,thevorticeshaveafiniteelasticityandcanaccommod¬atetothedisorderpotential.Adisplacementbeyondthecorrelationlengthofthefluctuationsinthepinningenergywhichisabout£cutsoffthesublineargrowthof£pin(R,L)atthelengthsRcandLc.EachoftheseregionsofvolumeVc=R%LC(vor¬texbundles)ispinnedcollectivelyandindependently.ThecollectivepinninglengthsRcandLcaredeterminedbyminimizingthetotalenergywithrespecttoRandL,wherethetotalenergyisthesumofthetypicalshearenergy£SheaT~£§§{£,IRc)2Vc,thetiltenergyStüt~C4A(^/LC)2VCandthepinningenergy£Pin(Rc,Lc)-WithinthemethodofdimensionalestimatesthecriticalcurrentdensityjcisobtainedbyequatingthepinningforceandtheLorentzforcewhichisproportionaltotheappliedcurrent.
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2.4.3 Pinning Regimes of the Vortex Lattice

In the previous section, the so called 3D vortex bundle pinning regime has been de¬

scribed, where the three relevant energy scales match, Sshear ~ Stut —Spin- However,

at low inductions the elastic shear modulus vanishes rapidly and the shear energy

becomes smaller than the other two energies, Sshear < Suit —Spin- -As a consequence,

Rc drops below the lattice spacing a0 and the collectively pinned objects are now

vortex line segments of length Lc. This regime is accordingly called ID single vortex

pinning regime. In the case of continuous anisotropic superconductors we thus have

two different pinning regions: a vortex bundle regime at high and a single vortex

regime at low inductions.

In discrete layered superconductors one must further take into account the

discrete structure of the material in the c-direction. In section 2.2.2 it was argued

that with the magnetic field perpendicular to the superconducting layers the vortex

lines can break up into weakly coupled pancake vortices. This opens the possibility

for two (strong) pinning
regimesinadditiontotheIDand3D(weak)pinningregimes:Atlowfields,theabsenceofinteractionbetweenthepancakevorticesallowsfortheirfreeaccommodationtothepinningpotential,thusleadingtostrongpinningofindividualpancakevortices.ThisregimeisnamedODsingle-pancake-vortexpinningregimeandischaracterizedbySshear,Stut<SPinorintermsofcollectivepinninglengthRc=a0,Lc=d.Withincreasingmagneticfieldtheshearenergyincreasesandastatewherethepancakevorticesofonelayerarepinnedcollectively,butindependentlyofthoseofotherlayers£tut<Sshear~Spin,i-e.,Rc>a0,Lc=disexpected.Thisregime2Disaccordinglycalledpancake-vortex-bundleregime.Theboundariesandpropertiesofthesefourpinningregimeshavebeenthe¬oreticallyinvestigatedforsuperconductinglayeredmaterialsforthecasewherethemagneticinductionisperpendiculartotheplanesbyWagneretai.[12-14].Us¬ingcollectivepinningtheoryandintroducingthenewconceptofvariablerangethermalsmoothingofthepinningpotential,theymapoutthepinningdiagramandfindtheregimesofsingle-pancake-vortex(OD),single-vortex(ID),pancake-vortex-bundle(2D)andvortex-bundle(3D)pinningintheB-Tdiagramasafunction

of
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the strength of the Josephson coupling between the layers and the strength of the

disorder potential. In the following sections we will present their results for discrete

layered superconductors and for continuous anisotropic superconductors.

It is important to mention that the results of [12-14] are restricted to the regime

where one can rely on a well-defined elastic free energy. This regime is limited by

the melting of the vortex lattice as studied in section 2.3.1. Hence, large portions of

the diagrams in figure 2.3 and 2.4, especially for high fields and temperatures, are

unphysical - the exact boundaries depend strongly on material parameters and have

to be determined in each specific case.

2.4.3.1 Discrete Layered Superconductors

The B-T pinning diagram for a layered superconductor with decoupled layers {an-

isotropy parameter e = 0) as proposed by Wagner et al. [13,14] is illustrated in

figure 2.3. The low induction part B < Bx ^ ($0/A2) (^ 103 G for BSCCO) of

this pinning diagram is weakly modified considering in addition Josephson coupling

between superconducting layers (anisotropy parameter e«l) [13,14].

The strong pancake vortex pinning region at low temperatures T < Tpc (Tpc is

defined as pancake depinning temperature) is divided into two parts: At T < Tg

thermal effectsareirrelevantandthepancakesvorticesarestronglypinnedindi¬vidually[(0-0)Dregime],whileatTg<T<Tpcthermalsmoothingofthepinningpotentialtakesplace,andthepancakevorticesareweakelasticallycoupledbetweenthelayers[(O-l)Dand(0-3)Dregimes].Accordingly,thedashedthicklineatthetemperatureofglassyresponseTgindicatesajumpinthecollectivepinninglengthLcandinthecriticalcurrentdensityjc.FortemperaturesT>Tpcandlowin¬ductionsB,vortexsegmentsoflengthLc>Xarepinnedcollectively(IDregime).Further,forT>TL(TLisdefinedassinglevortexdepinningtemperature)theinteractionamongthevorticesisrelevantandshortrangelatticeorderpersistsoverseverallatticeconstants.Theremainingtwoareasshowthepancake-vortex-bundle[2D]andthevortex-bundle[3D]pinningregime.Intable2.1thedifferenttemperaturesandthedifferentmagneticinductionsquotedaboveandinfigure2.3areexpressedintermsofthelineenergye0,thepancake
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Figure 2.3: b-t pinning diagram of a, discrete layered superconductor as presented

by Wagner et ai [13,14] (logarithmic scales, b = BjHc2, t = T/Tc; parameters for

BSCCO: A = 1800 Â, Ç = 25 Â, d = 15 Â, Tc = 90 K, Hc2 = 50 T). Results are

shown for moderate pinning Up = 4 K for the case of uncoupled layers (anisotropy

parameter e = 0, only electromagnetic interactions).

vortex energy E0, the electromagnetic elastic energy per pancake vortex Eem, the

Josephson elastic energy per pancake vortex Ej, the electromagnetic-Josephson

elastic energy per pancake vortex EemtJ, and the disorder parameter Up.
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T9 ~ Up[HUplEem,j)]-112

Tpc ~ Up[HUp/Eem>J)]1/2

Bque ~ £x(ln(l/e2))-2

Bx = $o/\2

BA = $0/A2

BM*BA\n({tf/e)(Ej/Up))

B02 ~ Bx(Up/Eem)

B23 - BA(UP/Ej)4^

Table 2.1: Temperatures and magnetic inductions expressed in terms of the line

energy e0 = ($0/4n\)2, the elastic energy per pancake due to electromagnetic in¬

teractions Eem= e0d(£/\)2, the modified pancake vortex energy E0 = e0d(£/d)2,
the JosephsonelasticenergyperpancakevortexEj=e0d(cf;/d)2,theelectromagnetic-JosephsonelasticenergyperpancakeEerrlij=e0d(£2/\A),andthedisorderparameterUv=\/^^2d.TheparameterUpcanbeestimatedfromex¬perimentsmeasuringthecriticalcurrentdensityatlowTandB:jc/j0~Up/e0d.TheparametersÀand|denotetheplanarLondonpenetrationdepthresp.coher¬encelength,A=d/etheJosephsonscreeninglength,dtheinterlayerspacing,etheanisotropyparameter,$0=hc/2ethefluxunit,and7thedisorderparameter.ForlowmagneticinductionsB,thecrossoverbetweentheregimeofindividu¬allystronglypinnedpancakevortices{0-0)Dandtheregimeofweakelasticallycoupledpancakevortices(O-l)Dand(0-3)D,istemperatureindependent.Alsothecrossoverbetweenthepinningregions(O-l)Dand(0-3)D

and
the single-vortex (ID)

resp. the vortex-bundle (3D) weak pinning regimes, are predicted to be temperature

independent. Instead, the transition from the single-vortex pinning regime (ID) to

vortex-bundle pinning regime (3D) which falls in the low field regime investigated

in this thesis, is temperature dependent and is given by
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For the temperature dependence of the various crossovers at high magnetic induc¬

tions, such as the temperature dependence of the pinning radius Rc, the pinning

length Lc, the pinning energy Uc and the critical current density jc in the different

regimes, we refer to [12-14],

2.4.3.2 Continuous Anisotropic Superconductors

The pinning diagram for continuous anisotropic superconductors is shown in fig¬

ure 2.4. The strong pinning regimes (OD and 2D) disappear, leaving only the single-

vortex (ID) and the vortex-bundle (3D) weak pinning regimes. The fat dotted lineatT~T^p(ln(Up/'Ewp))1^marksthepositionofajumpinthepinninglengthLcfromeAtoavaluebeyondA.T$pisdefinedasthedepinningtemperatureofsinglevorticesincontinuousanisotropicsuperconductors.Astheanisotropyparametereisincreased,T^papproachesT$pandthediscontinuityatTjp(\n(Up/E^p))1/3eventuallydisappearsfore—>1.ThecrossoverlineBÏ3(T)betweentheIDandthe3DpinningregimeisforT"-CT^,temperatureindependentandequaltothesmall-bundlecrossoverfieldBsb.Thedashedlinewithinthe3DpinningregimeslightlyaboveBw(T)atlowtemperaturesmarksthepositionofthelarge-bundleboundaryBib{T)belowwhichthepinningvolumechangesexponentially(small-bundleregime).Abovethedottedlinewhichgoesthroughthe3DregimeatT>T^pthecharacteristicsaredeterminedbytheJosephsoncoupling,whereasbelowtheelectromagneticexpressionshold.Intable2.2thetemperaturesandthemagneticinductionsquotedaboveandinfigure2.4areexpressedintermsofthedisorderparameterUp,thelineenergye0,andtheJosephsonelasticenergyperpancakevortexEj.
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Figure 2.4: b —t-pinning diagram of a layered superconductor with large aniso-

tropy parameter e > e^ = (dX)^/Up/Eem (or equivalently Up < Ej) as presen¬

ted in [13,14] (logarithmic scales, t = T/Tc, b = BjHC2] parameters similar to

BSCCO: X = 1500 Â, £ = 25 À, d = 15 Â,TC = 90 K, Hc2 = 50 T). Results are

shown for e = 1/10 and moderate pinning Up = 4 K.
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TP*UP

Tjd - (Erf)1*
Tj~Bj

Bque ~ £?A(ln(e/e2))-2

Bx = $o/A2

Bsb = Bl3 ^ B^UJEj)4'3

Blb ~ Bsb{H{\/d){Up/Ej)^fß

BA ~ <f>0(e/df

Table 2.2: Temperatures and magnetic inductions expressed in terms of the dis¬

order parameter Up = y/'yÇfd, the line energy e0 = (<&0/4tt\)2 ,
and the Josephson

elastic energy per pancake vortex Ej = e0d(e£/d)2. The parameters X and ( de¬

note the planar London penetration depth resp. coherence length, d the interlayer

spacing, $0 = hc/2e the flux unit, and 7 the disorder parameter.

For the temperature dependence of the crossover field B13(T) and of the pinning

radius RC7 the pinning length Lc, the pinning energy Uc and the critical current
densityjcinthedifferentregimes,wereferto[13,14].



3 Experimental Arrangement

After the discovery of the high temperature superconductors (HTSC) two mag¬netometers with an applicability range of temperatures between 4 K and 200 Khave been built in our laboratory. A first version of such a "high temperature rf-SQUID magnetometer" has been successfully constructed during his Ph. D. Thesisby T. Teruzzi [72], following the design of Prof. Dr. A.C. Mota. Shortly after, mo¬tivated by the continuous and strong interest for the HTSCs, a second version of theabove mentioned magnetometer equipped with a ofc-SQUID has been built duringhis Ph. D. Thesis by M. Nideröst [73].

One of the main advantages of SQUID (Superconducting Quantum InterferenceDevice) magnetometers with respect to other magnetometers, is their high sensitiv¬ity. In our case we obtain a measuring sensitivity at both type of our magnetometersof about 10-2 <£>o which corresponds to 1-2 $0 at the sample. A further importantcharacteristic of our SQUID magnetometers is that the sample remains stationaryin the pick-up coil during the measurements. Commercial SQUID magnetometersusually adopt a data acquisition technique which consists in cycling the positionof the sample up and down through a pick-up coil in a typical time scale of oneminute and subsequently integrating over the resulting signal. In the case of fastsignal variations, such cycling procedures lead to large systematic errors which canbe avoided by keeping the sample stationary.

Since the cryostat and the measuring system have been described in detail inreferences [72,73], only an overview of our experimental arrangements is given here.This short description of the two magnetometers is followed by a description of the

37
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experimental procedures. At the end of this chapter, all the samples investigatedwithin this work are characterized.

3.1 Measuring System

The r/-SQUID magnetometer and the ofc-SQUID magnetometer differ from eachother essentially by the experimental cell and the SQUID sensors and electronics.The experimental arrangement for temperature regulation and control are very sim¬ilar in both cases. In the next section we will give a short overview of this temper¬ature regulation and control of the magnetometers while in the subsequent sectionsa short outline of the main characteristics of the two systems are presented.

3.1.1 Temperature Regulation and Control

In figure 3.1 a schematic overview of the experimental apparatus for temperatureregulation and control used in both magnetometers is shown.

The magnetometers are mounted inside a superinsulated dewar, containingabout 20 liters of liquid 4He. Suspended from the brass top-plate into the cryogenicenvironment is the vacuum can and SQUID sensor. The lower end of the vacuumcan, which is the experimental cell, is made up of Stycast 1266. A special seal wasconstructed to attach this Epoxy part to the stainless steel of the vacuum can. Thesample in the experimental cell can be put in thermal contact with the externalliquid 4He-bath by means of the 4He exchange gas in the vacuum can. The sampleis placed in the experimental cell by a top loading procedure which does not requireany warming up of the cryostat to room temperature.
In other to reduce the earth's magnetic field in the experimental space, a //-metalshield, consisting of a bottom closed cylinder of cryoperm [74], has been placedaround the cell, at the bottom of the dewar. The residual field in the detectionregion has been measured to be less than 10 mOe.

The SQUID sensor is directly immersed intheliquidheliumbathandislocatednexttotheexperimentalcell,atthelowestendofaSQUIDprobe.Thisconfiguration
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Figure 3.1: Schematic overview of the experimental apparatus of the two magne¬tometers.
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guarantees good thermal stability. The sensor is coupled to the pick-up coil byshielded niobium-titanium leads immersed in the helium bath.

The temperature regulation in both cryostats is mainly controlled by two heatflows: Heat is transferred from the room temperature environment through thetop loading insert down to the sample. On the other hand, heat is carried awayfrom the insert and the sample to the helium bath through a 4He-exchange gasin the vacuum chamber. By regulating the pressure of this gas, the equilibriumtemperature at the sample can be chosen between 4.2 K and approximately 100 K.An additional electrical manganine heater connected to an electronic temperaturecontroller is used for fine regulation and stabilization of the temperature as wellas for obtaining temperatures above 100 K. For the temperature measurements aSi-diode thermometer in the r/-SQUID and a GaAIAs-diode thermometer in theûfo-SQUID magnetometer have been chosen.

3.1.2 r/-SQUID Based Magnetometry

A cross-section of the experimental cell of the r/-SQUID based magnetometer, whichis an extension of the vacuum-can, is displayed in figure 3.2. In order to minimizethe presence of magnetic impurities and eddy currents in the detection region, themain parts of the cell were made of Stycast 1266 [75], which is a non-magnetic andnon conducting epoxy resin [76].
The coil arrangement consists of three cylindrical coils wound around the externalpart of the experimental cell. With this arrangement ac-susceptibility as well as

de¬magnetizationmeasurementscanbeperformed.Allthreecoilsaremadeofniobium-titaniumwire.Theinnerpick-upcoil,afirstordergradiometer,isapairoffivetofivewindingswoundinoppositedirectiononthestycastextensionofthevacuumcan.Inanidealgeometry,afirstordergradiometerdoesnotrespondtohomogeneousmagneticfields,sothatanyresponseinducedinthepickupcoilisonlyduetomagneticfluxchangesinsideasampleplacedinthecenterofoneoftheloops.Signalscomingfromnon-idealfeaturesofthegradiometeraremeasuredbyrunningthecryostatwithanemptysampleholder(background).Thefirstordergradiometerisconnectedby
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Figure 3.2: The experimental cell of the rf-SQUID magnetometer.
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twisted and shielded NbTi wires to a signal coil which is inductively coupled to theSQUID sensor. The signal coil and the SQUID sensor are placed inside the SQUIDsensor housing (see figure 3.1). The current induced in the gradiometer by a fluxchange in the sample induces via the signal coil a flux change at the SQUID sensor.The SQUID control unit transform this input current into a dc output voltage whichis directly proportional to the flux change at the sample. A digital flux counter(DFC) offers the possibility of converting this dc output voltage in units of the fluxquantum $0. The flux change measured at the SQUID sensor is proportional to theflux change at the sample.

The ac-field coil is wound on top of the gradiometer coils so that the axialac-field inhomogeneity respect to the pick up coil is less than 0.1 % [72j. ac-susceptibility measurements are performed by exciting the ac-field coil by a currentgenerated by the RBUmutual inductance bridge [77]. It can operate at four differ¬ent frequencies: 16, 32, 80 and 160 Hz. For the amplitude of the excitation field,nine values between Hac —0-15 mOeand H^ = 76 mOecan be chosen. The oscil¬lating field induces a current in the flux transformer which depends on the mutualinductance between the ac-field coil and the gradiometer. The mutual
inductanceisinfluencedbythemagneticsusceptibilityofthesample.TheinducedcurrentisamplifiedbytheSQUIDunitanditsoutputvoltageisfurtheramplifiedbythetwophaselock-inanalyzer.TheRBUbridgebalancestheinducedcurrenttozerothroughamutualinductancecoilsituatedbetweenthegradiometerandthesignalcoil,thusthevaluesoftheinphasex'andoutofphasecomponentx"ofthesample'scomplexmagneticsusceptibilitycanbedetermined.Theac-fieldcoiliswoundonasupportscrewedaroundthelowerpartoftheva¬cuumcan.Itsaxialfieldinhomogeneityatthepositionofthegradiometerislessthan0.05%[72].Thiscoilischaracterizedbyafieldtocurrentratioof1800±50Oe/A.Twodifferentcustommadeconstantcurrentsources,whichcansupplymaximalcur¬rentsof100mAand500mArespectively,areusedtoenergizethefieldcoil.Theirmaincommoncharacteristicsisanextremelylownoiselevel.ThisisanessentialconditionwhenmeasuringwithSQUIDsensorswhilethecoilisoperatinginthenon-persistentmode.
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3.1.3 dc-SQUID Based Magnetometry

A cross-section of the experimental cell of the dc-SQUID based magnetometer, is

displayed in figure 3.3. In order to avoid eddy currents, the experimental cell is

entirely built out of Stycast 1266 (75], as in the case of the r/-SQUID based mag¬

netometer. The coil arrangement consists of two cylindrical coils wound around the

external part of the experimental cell. With this arrangement only dc-magnetization

measurements can be performed. The two coils are made of niobium-titanium wire.

The inner coil is the pick up coil, wound as a three to six to three second

order gradiometer. This gradiometer is inductively coupled to a dc-SQUID acting

as a low-noise current to voltage transformer and amplifier. dc-SQUID sensors and

their electronics have some important advantages as compared to r/-SQUIDs: apart

from the lower input noise level, they exhibit a one order of magnitude higher slew

rate, a larger dynamic range, and a much faster reset time. Due to these qualities,

dc-SQUIDs are ideal for ultra sensitive recording of very fast signal variations.

The dc-magnetic field H is generated by a superconducting coil wound on a

support concentrically embedding the gradiometer. The coil is characterized by

a field to current ratio of 5000 ± 50 Oe/A. The relatively large coil length of 10 cm

guarantees a homogeneous field distribution in the gradiometer region [78], Further¬

more, the coil has been covered with a layer of manganin wire acting as a heater,

thermally insulated from the He-bath by 2-3 layers of mylar foil. Thisconfigura¬tionallowstoheattheNbTi-coilwithintheHe-bathaboveitscriticaltemperatureTc~9.2KinordertoremoveanyfluxwhichhasbeentrappedwhenthefieldHwascycledabovethelowercriticalfieldHc\(~150Oe)oftheNbTiwires.Thusonecanavoiddisturbancesatthesamplepositionbyfluxcreepinthefieldcoil.Inadditiontothetwocustommadeconstantcurrentsourcesdiscussedintheprevioussection,alsoathirdonewhichcansupplyamaximalcurrentof1A,isusedtoenergizethedc-fieldcoil.
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Figure 3.3: The experimental cell of the dc-SQUID magnetometer.
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3.2 Experimental Procedure

The two magnetometers described in the previous section allow to perform various

types of measurements. However, all measurements presented in this work can be

grouped into two classes: isothermal and non-isothermal measurements. The iso¬

thermal measurements consist of ac-susceptibility and dc-magnetization field sweeps

and time relaxation measurements of the remanent magnetization Mrem while the

non-isothermal measurements are ac-susceptibility and dc-magnetization temperat¬

ure sweeps.

Since only the r/-SQUID magnetometer allows to perform ac-susceptibility

measurements, most of the data presented in this work have been measured on this

magnetometer. However, due to fact that the dc-SQUID can follow signal changes

that are one order of magnitude faster than the r/-SQUID, the time relaxation

measurements of the remanent magnetization Mrem have been performed on the

dc-SQUID magnetometer.

All the reported measurements have been repeated either during an empty

run (no specimen in the magnetometer) or above the critical temperature Tc of the

sample, following exactly the same procedure as for the measurements of the sample

in the superconducting state. Subsequently, these background signals have been

subtracted from the raw data in order to obtain the real sample signal.

3.2.1 Isothermal Measurements

For the isothermal measuring procedures, the sample is first zero field cooled (ZFC)

(residual field of the cryostat Hies < lOmOe) starting from temperatures well

above Tc and then stabilized at a desired temperature T. This guarantees an almost completelymagnetizationfreeinitialstateofthesampleanddefinesthestartingpointoftheexperimentintheH-Tdiagram.
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ac-Susceptibility and de-Magnetization Field Sweeps

For the measurement of the ac-susceptibility or the dc-magnetization curves the ex¬

ternal field H is cycled from zero up to the maximal value Hmax and back to zero

again. During this time the complex magnetic susceptibility x(H) or the magnet¬

ization M(H) is recorded, respectively. The superconducting field coil works in a

non-persistent mode and is energized by a low-noise power supply. The external

magnetic field H is swept stepwise or continuously for average cycling rates dH/at

between 10-5 and 10_1 Oe/s. However, the cycling rate has to be chosen such that

during the measurements the rate of the flux change at the SQUID sensor never

exceeds the slew rate of the SQUID itself or of its electronics. Once the external

field is back to zero the sample is heated above its critical temperature Tc in order

to remove the trapped flux. At that point, the sample is again magnetization free

and a further measurement can be started at a different temperature.
DecayoftheMagnetizationWhenevertheexternallyappliedmagneticfieldHiscycledfromzerouptothemaximalvalueHmax>Hpandbacktozeroagainametastableremanentmagnetiz¬ationMremisleftinirreversibletypeIIsuperconductors.ThepresentmeasurementsdealwiththerelaxationofMremasafunctionoftime.InordertorecordthetimerelaxationoftheremanentmagnetizationMremstartingfromaconfigurationwherethefluxdensitygradientisclosetothecriticalstate,anewexperimentalprocedurehasbeendevelopedwithinthePh.D.ThesisofM.Nideröstonthedc-SQUIDmagnetometer[73,78,79].AfterstabilizingthetemperatureT,themagneticfieldHisgraduallyincreasedfromzerotoHmaxbeforebeinglinearlyremovedatarateof9T/s.Thisfastrateisachievedbyshortingthesuperconductingcoil(L~7H)overavoltagedependentresistor[80],Asatimeorigin,themomentatwhichthemagneticfieldHstartstoberemovedischosen.Forthismeasuringproceduretheuncertaintyforthetimeoriginoftheprocessofvortexcreepissmallerthan1.8•10-2s.Theinitialbehaviouroftherelaxationdataisthereforewelldefined,sinceitispossibletofollowthebehaviourofthecurrentdensityj(t)startingfromvaluesclosetothecriticalcurrentdensityjc.AftermeasuringtherelaxationoftheremanentmagnetizationMremforaboutseven



3.2 Experimental Procedure 47

time decades (10-2 s —* 10+5 s), the sample is heated above Tc in order to record

its residual magnetization Mres. The total Mrem is then given by the sum of the

relaxated part of Mrem and Mres.

3.2.2 Non-Isothermal Measurements

The temperature controllers of the two magnetometers allow to sweep the tem¬

perature of the sample monotonically with any desired rate dT/dt over the whole

temperature interval 4 K < T < 200 K. This offers the possibility of measuring the

temperature dependence of the sample's complex susceptibility x(^) or magnetiza¬

tion M{T) with or without applied magnetic field.

For zero field cooling (ZFC) experiments the sample is first cooled in the resid¬

ual field of the cryostat from a temperature well above Tc down to a temperat¬

ure T > 4K. Afterwards, a magnetic field H is applied and the susceptibility

x(T) = x'(T) 4- ix"{T) or the magnetization M{T) is recorded while the sample is

heated above Tc. By further cooling the specimen below Tc, without removing the

applied magnetic field, a field cooling (FC) measurement can be performed. If the

sample is heated again above Tc without the applied magnetic field, the remanent

magnetization Mrem is determined.
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3.3 The Bi2Sr2CaCu208+<5 Compound

Bi2Sr2CaCu208+15 {BSCCO) is one of the most investigated high temperature su¬

perconductors. HTSCs differ from low temperature superconductors in a number

of properties. Apart from the high mean-field transition temperature Tc, they have

large magnetic penetration depths A, small coherence length £, and a layered, quasi

two dimensional crystal structure. The crystal structure of BSCCOis shown in

figure 3.4.

The unit cell of the Bi2Sr2CaCu208+<5 compound has an orthorhombic crystal

structure with lattice parameters a = 3.8Â, b = 3.8A, and c = 30.8Â (81,82].

The compound has a strongly layered structure: sets of Cu02-double layers are

separated by a SrO, two BiO and another SrO layer. This layered structure leads

to a large anisotropy between the normal state resistivity p^ measured in the ab-

planes, which decreases linearly with temperature, and the resistivity pc (~ 105 pat,)

measured along the c-axis, which show semiconducting properties [83].
Thusthereisahugeanisotropyofthechargecarriereffectivemasses,characterizedbytheanisotropyparametere=i/maj,/mc.Thebehaviourofp^isassociatedwiththemetallicityoftheCu02layers,whereasthebehaviourofpcisexplainedbytheinsulatingcharacteroftheBiOlayers,whichtogetherwiththeSrOlayeractsasanelectricchargereservoir.Thechargecarriereffectivemassanisotropyisreflectedintheanisotropyofsu¬perconductingparametersAand£.ThevaluesoftheGinzburg-Landauanisotropyparameter1/e=Ac/Aafc=£ab/£,cobtainedfrommagnetictorque[84],muonspinrotation[85]andmicrowavedissipationmeasurements[86]fortheBi2Sr2CaCu208+<scompoundlieinbetween50and350.Thezerotemperatureextrapolationofthein-planepenetrationdepth\ab(tyreportedintheliterature[85,87-89],isAob(0)a1800—3000Â.Therelativelylargespectrumofvaluesfortheanisotropyparameter1/eandthepenetrationdepthAisrelatedtothefact,thatthesevaluesdependontheoxygenstoichiometryoftheinvestigatedsinglecrystalsample[88,90].Valuesofthecoherencelengthintheafr-direction£at(0)havebeendeterminedfromtheuppercriticalfieldinc-directionHc2{T=0)estimatedbetween75Tand230T[1,91].Thisleadstoacoherencelength£a6(0)of12-20Â.

Apart
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Figure 3.4: Crystal structure of BÎ2Sr2CaCu208+s- P denotes the perovskite-like

CuC>2-double layers and RS the rocksalt-Hke BiO-layeis.

from temperatures very close to the critical temperature Tc, the coherence length

in the c-direction £c ~ s^ab is therefore much smaller than the interlayer distance

d = 15.4 Â [81, 82). Consequently, in a large part of the mixed state phase

diagram, superconducting properties are then better described by the Lawrence-

Doniach model for Josephson coupled superconducting layers (see section 2.2.2)

than by the anisotropic Ginzburg-Landau theory (see section 2.2.1).
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Figure 3.5: Temperature dependence of the ac-susceptibility. The measurement

has been taken using an ac-amplitude of 7.7 mOe(Hac JL ab) and a frequency

of 160 Hz. The width of the transition, as defined by the 10% —90% criterion, is

ATC = 1.7K.

The size of the I^S^CaC^Og+ä single crystal investigated in this work is

1.0 x 1.6 x 0.05 mm3with the shortest dimension along the c-axis. The cross section

is approximately rectangular. This sample has been prepared by Li et al. [81,88] with

the traveling solvent floating zone method (TSFZ). The 'optimally-doped' specimen

was grown in 200 kPa oxygen pressure which leads to maximal values of the transition

temperature Tc. As obtained from zero field cooled susceptibility measurementandshowninfigure3.5,theonsetofTcfortheconfigurationwithH±abis93K.TherathersharpsuperconductingtransitionATC=1.7Kisanindicationofthehighqualityofthissinglecrystal.Furtherevidenceofthegoodcrystalqualitycomesfrommagneto-opticalmeasurementsperformedattheÉcolePolytechniqueinPalaiseau(France)[92].ThesemeasurementsshowahomogeneousfluxpenetrationthroughouttheentirecrystalwhenincreasingthemagneticfieldabovetheMeissnerstate.



3.4 The 2H-NbSe2 Compound 51

3.4 The 2H-NbSe2 Compound

The continuos anisotropic and conventional superconductor niobium diseleneide 2H-

NbSe2 has attracted a great deal of attention over the last few years because many of

its properties lie in between those of typical low-Tc superconductors and the high-Tc

cuprates.

The NbSe2 compound has a layered structure in which each Nb-atom has as

nearest neighbours 6 Se-atoms arranged at the apices of a trigonal prism [93]. The

crystal structure of the two-layer hexagonal form {2H-) niobium diselenide is char¬

acterized by a sequence of Nb layers which are separated by two hexagonal ordered

Se layers (see figure 3.6). Within the layer the bonding is quite strong while between

the layers the bonding is weak. The distance between the layers is d = 6 A [94].

The values of the Ginzburg-Landau anisotropy parameter

1/e = Xc/\ab = £ab/£,c reported in the literature from measurements of the angular

dependence of the upper critical field Hc2(T —0) lie in between 2 and 6 [30,94-97].

Furthermore, the zero temperature values of the in-plane penetration depth Xab

reported in the literature [30,95,98],isXab(0)~700-1300Â.Valuesofthecoherencelengthintheab-direction£ab(0)havebeendeterminedfromtheuppercriticalfieldinc-directionHc2(T=0)estimatedbetween3and5T[94-97].Thisleadstoacoherencelengthintheab-direction£a&lyinginbetween77-95Â.Thecoherencelengthinthec-direction£c=e^a&~15—32Aisthereforeconsiderablylargerthanthedistanced=6Âbetweenthetri-layersSe-Nb-Se[94].Accordingly,thiscompoundiswelldescribedbytheanisotropicGinzburg-Landautreatment(seesection2.2.1.1).Someofthecharacteristicsof2#-NbSe2comparedtohigh-Tcandlow-Tcsuperconductorsareasfollows:Likelow-Tcalloysuperconductors,itsresistivityinthenormalstateislowandthelowvalueofthedimensionlessquantumresistanceQu=e2pn/tk£,~10-3suggeststhatthequantumeffectsrelatingtotheflux-linelatticeareunimportant.However,asindicatedbyitsrelativelylargeGinzburgnumberGi=(kBTc/y/2Hç£3)2~10~4comparedtothatofconventionalsuper¬conductors{Gi~10-8),thesuperconductingfluctuationeffectsin2/f-NbSe2are
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Figure 3.6: Crystal structure of 2H-NbSe2-

expected to be more important than those in low-Tc intermetallic superconductors.

A feature, which distinguishes the usually prepared single crystal sample 2i/-NbSe2

from both the low-Tc alloy superconductors and the high-Tc cuprates, is the

unusually small value of the ratio of the critical current density jc to the theoretical

depairing current density j0 in this system. In single crystal samples of 2#-NbSe2,

this ratio is of order 10-5 to 10~6 and it is perhaps the lowest amongst all low-Tc

alloy superconductors. Furthermore this ratio is four orders of magnitude smaller

than the one observed in the purest of single crystals of high-Tc cuprates. Such a

low value of jc/jo reflects the extremely weak pinning of the flux lines in 2iï-NbSe2-

This weakness of the pinning force has been the subject of much recent work on

2ü/-NbSe2.
ManyofthesestudieshaveutilizedtheLarkin-Ovchinikov[47]collectivepinningtheorytounderstandvariousobservationsrelatedtointerestingpinningcharacteristics(peakeffect)nearTC(H)[16,99].Inthisworkweinvestigatedtwodifferent2#-NbSe2singlecrystalsamples.BothsampleshavebeenprovidedbyDr.A.WaszczakfromBellLaboratoriesandinvestigatedinthegroupofProf.P.H.Kes[19].Theyobtainedacriticaltemperat¬ureofTc=7.3K[19,20,100].Unfortunately,wedonothavethesamehigh

precision



3.4 The 2H-NbSe2 Compound 53

——Specimen I

—Specimen II
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Figure 3.7: Temperature dependence of the ac-susceptibility of specimen I and

specimen II. The measurements have been taken using an ac-amplitude of 15 mOe

(Hac A. ab) and a frequency of 160 Hz. The width of the transition, as defined

by the 10% - 90% criterion, is for the specimen I AT/TC = 0.004 and for the

specimen II AT/TC = 0.007.

in the absolute value of temperature on account of small thermal gradients of the

order of a tenth of a Kelvin which where difficult to account on this temperature.

However, this fact does not influence the present studies.

Most of the measurements were performed on 'specimen I'. The size of this single

crystal is 3.5 x 2.5 x 0.2 mm3with the shortest dimension parallel to the c-axis. The

cross section is approximately rectangular. The sharp superconducting transition

AT/TC = 4.10-3 {see figure 3.7) is an indication of the high quality of the sample.

To further reproduce the results of 'specimen I', a smaller 2i/-NbSe2 single crystal

has been investigated. The size of this 'specimen IF is 2.9 x 2.2 x 0.2 mm3with the

shortest dimension parallel to the c-axis. The cross
sectionisalsoapproximatelyrectangular.Asobtainedfromzerofieldcooledsusceptibilitymeasurementshowninfigure3.7,thesuperconductingtransitionisnotassharpasin'specimenP.How¬ever,thesmallwidthofthistransitionAT/TC=7.10-3KallowedustoreproducetheresultsobtainedslightlybelowTC(H)bythelargersample.0.0-0.2g-0.4r--0.6-0.8

-1.0
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4 Low Magnetic Field Diagram of

Bi2Sr2CaCu208+(j

4.1 Introduction

The large mixed state regime of high temperature superconductors (HTSC) is char¬

acterized by a complicated H-T diagram which is still a matter of controversy.

Experimental investigations in the last decade have shown that this vortex phase

diagram is mainly composed of three distinct regions: a rather ordered vortex lattice

at low fields, a highly disordered vortex solid at high fields, and a vortex fluid at high

temperatures [11,101]. However, the exact nature of the vortex structure in these

several different vortex phases is actually not fully known and there is no general con¬

sensus about the type of transition between the different vortex regions. Moreover,

recent Hall-probes measurements demonstrated that this H-T diagram is even more

complex and apparently displays additional new vortex phases [9], Accordingly, the

very complicate phase diagram of the high temperature superconductors is far from

being completely elucidated and is thus still subject of substantial theoretical and

experimental efforts.

Bi2Sr2CaCu208+(5 is the paramount example of high temperature supercon¬

ductor showing the relevant characteristics associated with the properties of HTSC's:

high anisotropy (e ~ 10-2), high critical temperature (Tc ~ 90 K), and weak pin¬

ning (jc/jo ~ 10-2). The main focus of this work was to investigate the whole

low field H-T diagram of this compound using an ultra sensitive non commercial

r/-SQUID-magnetometer and a high quality single crystal. For the investigations

55
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of the vortex behaviour, susceptibility and magnetization measurements with iso¬

thermal field sweeps as well as with temperature sweeps at different constant fields

have been performed. The ac- and the cfc-fields have been applied perpendicular to

the airplanes of the single crystal.

In the first two sections the susceptibility measurements x(T) and x(H) as well

as the magnetization measurements M(T) and M{H) are described and discussed.

In section 4.4 the low field vortex matter diagram obtained from our data is presented

and compared with theoretical models describing the respective phase and pinning

transitions.

4.2 AC-Susceptibility Measurements

The data presented in this section are obtained by the response of the sample to

a small amplitude ac-field superimposed on a background de-field. Measuring the

change of inductance of a pickup coil surrounding the specimen, the in-phase com¬

ponent x' and the out-of-phase component x" of the susceptibility has been determ¬

ined. The in-phase component is related to the shielding capability of the currents

in the sample and the out-of-phase component x" ls related to the dissipation
in¬ducedbytheac-currentsinthespecimen.InAppendixA,threetypesofmodelsgivingamoredetailedphysicaldescriptionofx'andx"arediscussed.Amongthisthreemodels,the"diffusivemodel"istheonlyoneappropriatetodescribesuper¬conductors[102]andatthesametimeindependentoftheamplitudeHacoftheac-field(linearresponse).AsoursusceptibilitymeasurementsperformedontheBi2Sr2CaCu208+(jsinglecrystaldidnotshowanydependenceontheHacamplitude(seeAppendixA),thedatapresentedinthissectionwillbediscussedwithinthis"diffusivemodel"[26,103].Thesusceptibilitymeasurementsshowninthissectionhavebeenperformedwithanac-fieldoffrequencywac=160HzandanamplitudeofHac=30mOe.Insection4.2.1wewillpresentthetemperaturesweepmeasurementsx(T)whileinsection4.2.2thefieldsweepmeasurementsx{H)aregiven.
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4.2.1 Xac (T)-Temperature Sweeps

The susceptibility temperature sweeps x(T) have been recorded at a constant

field Hdc by cycling the temperature from a initial value Tt = 10 K to an end

value Tj = 100 K > Tc (ZFC-curves) and back to XJ (FC-curves) with a sweep rate

of dr/di = 1 K/10 min. As the hysteresis between the ZFC- and the FC-curves

has been observed to be negligible and hidden within the noise of these measure¬

ments, in the following only the ZFC-curves are shown. In figure 4.1 typical x'iT)

and x"(T) data for different constant applied magnetic fields 0 < H^ < 800 Oe

are presented, while in figure 4.2, the x'(T) and x"{T) susceptibilities performed at

Ha,, = 300 Oe are further illustrated.

The susceptibility measurements x(T) performed at different
magneticfieldsshowinthelowtemperatureregimeadiamagneticbehaviour.Increasingtemper¬ature,adeviationfromthisbehaviourisobservedatalmostthesametemperatureTDL{H)inallthex{T)data.WhileforfieldsH^>400Oeasmoothbutevidentincreaseintheinductivecomponentx'{T)anx"(T)isdetected(seefigure4.1),forfields80Oe<Hdc<400Oetheincreaseinx'(T)ismorestep-likeandinx"(T)apeakismeasured(seefigure4.2).ForfieldsHdc<80Oethisfeatureisnomoreobserved.Theincreaseoftheinductivecomponentx'(T)atthetemperatureTDL{H)canberelatedwithinthe"diffusivemodel"(AppendixA)toanincreaseofthefluxflowresistivitypp(T).Asanincreaseofresistivitycanbeassociatedtoanincreaseofthevortexmotion,whichonhissidecanberelatedtoadecreaseofpinning,Tdl(H)maybeassociatedtoatemperatureabovewhichpinningbecomesweak.Thisinagreementwithseveralmeasurements[3,8,9]showingatatemperatureTd^40KandfieldsH>500Oeadecreaseofstrongpinninguponincreasingtemperature.ThissocalleddepinningtemperatureTdhasbeenobservedtobefieldindepend¬ent[3,8,9],inaccordancewithourresults(seefigure4.3).Inallx{T)measurementsanevidentcrossoveroftheinductivecomponenttox'=0accompaniedbyasharppeakinthedissipativecomponentx"{T)isfur¬therobserved(seefigure4.1and4.2).ThetemperatureTIL(H)hasbeendeterminedbythepositionofthepeakinx"(T)whichcorrespondtothemiddleofthetransition
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Figure 4.1: x'(T) and x"(T) performed at different magnetic fields. The numbers

indicate the applied field in Oe. The susceptibility x' has been renormalized

using the minimal value of the susceptibility measured for H^c = 0 at the lowest

temperature: x'o = Xr^o(Hdc = 0).
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Figure 4.2: tf(T) and x"(T) performed at H^ = 300 Oe. The temperature

Tdl(T) corresponds to the middle of the small step-like transition in x' at low

temperatures, the temperature Tml coincides with the middle of a step like trans¬

ition in x' at intermediate temperatures, while the temperature Tjl corresponds

to the position of the peak in x"
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Figure 4.3: Symbols denote: (a) depinning temperature Tdl(H) and (*J tem¬

perature of the irreversibility transition Tjl(H). The fine dashed lines are con¬

nections between the points. The demagnetization factor D ~ 0.68 has been

neglected.

in x'(T). As shown in figure 4.3, this susceptibility transition is strongly field de¬

pendent. The downward shift of the transition temperature T[L{H) with increasing

field is most pronounced at the lowest fields.

As discussed in literature [82,102,104], we identified the temperature TIL(H) of the

peak in the dissipative component x"(T) with the temperature where the irrever¬

sibility transition takes place. This irreversibility transition describes the crossover

from an 'irreversible state', where the vortices have to overcome surface and geomet¬

rical barriers to enter and exit the sample, to a 'reversible state', where the vortices

are free to move in andoutofthespecimen(section2.3.3).
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Furthermore, in the x(T) measurements performed at magnetic fields

300 Oe < Hdc ^ 350 Oe a weak step-like increase in the inductive compon¬

ent VfT) and in the dissipative component x"iX) at a temperature Tml(H) has

been observed (see figure 4.2). As this step-like increase is more evident in the

same field and temperature regime in the field sweep x'(H) and x"{H) data, an

interpretation of this increase is given in the next section.

4.2.2 Xac(H)-Field Sweeps

The susceptibility field sweeps x{H) have been recorded at different constant tem¬

peratures by cycling the external field to a maximal value Hmax = 800 Oe and

back to zero with a typical sweep rate of dH/dt = 3.10-2 Oe/s.
Inthissectiononlythex(H)measurementsonincreasingthefieldareillustrated,asinthissmallfieldregime,hysteresisintheac-signalwasnegligibleandhiddenwithinthenoiseofthesemeasurements.Infigure4.4and4.5typicalx'(H)andx"{H)datameasuredatdifferenttemperaturesintheregimes25K<T<60Kand40K<T<85KarepresentedwhilethesusceptibilitymeasurementsperformedatT=32K,45Kand64Karefurthershowninfigure4.6,4.7and4.8respectively.TheH-Tdia¬gramdepictedinfigure4.9summarizesandcomparestheresultsobtainedfromsusceptibilitymeasurementsx{H)andx(T).Increasingthemagneticfield,allsusceptibilityfieldsweepx\H)andx"(H)datashowatacertainlowmagneticfieldHP{T),asharpstep-likeincreasefromainitialconstantvaluex'/lx'J=—1andx"=0respectively(seefigure4.4).Whenasmallmagneticfield(H<Hp(T))isappliedonasuperconductingsample,thefieldisshieldedbytheMeissnercurrentsandweexpectxVIXol="~1an(ix"=0-Accordingly,weinterpretedHp(T)astheminimalfieldwherevorticesstartstoenterintothesample.Intheabsenceofactivationbarriersforvortexpenetration(section2.3.3)thisfieldoffirstfluxpenetrationHP(T)correspondtothethermo¬dynamiclowercriticalfieldHcl(T).However,fortypicalhightemperaturesuper¬conductorsinglecrystals,surfaceandgeometricalbarriersorbulkpinningleadtovaluesHP(T)>Hcl{T)[73].
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Figure 4.4: x'(H) and x"(H) performed at different temperatures25 K < T < 60 K. The numbers indicate the temperature in K. Thesusceptibility x' nas been renormalized using the minimal value of the sus¬ceptibility measured at the temperature T = 85 K and zero magnetic Held:X'o = XlT = 85K(H = 0).
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Figure 4.5: x'(H) and x"(H) performed at different temperatures

40 K < T < Tc. The numbers indicate the temperature in K. The susceptibility

x" has been renormalized using the minimal value of the susceptibility measured

at the temperature T ~ 85 K and zero magnetic field: Xo = Xt = 85 k(H = W-
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Figure 4.6: x!(H) ^d x"(H) performed at the temperature T - 32 K. The

ßeld Hp correspond to the onset of the first increase of x'/\x'o\ ^rom *^e ralue -1

while the field Hisd and Hsp correspond to the local maximum respectively the

local minimum in the x'(H)-curve.
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Figure 4.7: x'(H) aii(^ x"(H) performed at the temperature T = 45 K. The

Reld Hp correspond to the onset of the first increase of x'/\x'o\ ^rom ^ne value -1,

the ßeld Hisb coincides with the position of an evident change of slope in the

X* (H)-curve (see also inset) while the field Hml correspond to the middle of a

step-like transition in x' The dotted lines in the inset are guides to the eyes.
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Figure 4.8: x'(H) ar,d x"(H) performed at the temperature T = 64 K. The

field Hp correspond to the onset of the first increase of x'/\x'o\ from the value -1,

the field H\3D coincides with the position of an evident change of slope in the

x'(H)-curve (see also inset), the field Hml correspond to the middle of a step-like

transition in x', while the field Hjl correspond to the position of the peak in x"

The dotted lines are guides to the eyes.
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After the step-like transition at HP(T), the x'{H) curves in the temperature

regime 25 K < T < 36 K show an evident change of slope at a field HWD(T)

and a local minimum at a field HSp{T) (see figure 4.4 and 4.6). This decrease of

the inductive component x' mthe field regime HÏ3D(T) < H < Hsp(T) is in good

agreement with a sudden increase of the bulk critical current density jc measured in

the same temperature and field regime on Bi2Sr2CaCu208+(5 single crystals by global

magnetization measurements [7], local magnetization measurements [6] and by

permeability measurements [11]. This abrupt increase of the critical current density

at low fields and temperatures is known as second peak transition (section 2.3.2).

The same behaviour of the curves as observed in the inductive component x\H)

are also measured in the
dissipativecomponentx"(H)(seefigure4.4and4.6).WhilethelocalminimumatHSp(T)inthex'{H)measurementsisnomoredetectablefortemperaturesT>36K,anevidentchangeinslopeat#13£)(T)isfurtherwellobserved(seefigure4.4).FortemperaturesT>36Knamely,anevidentreductionoftheincreaseofx'(H)isdetectedatH\$d{T)(seefigure4.7).However,increasingthetemperatureatwhichthex'{H)curvesarerecorded,thischangeofslopebecomeslessevident(seefigure4.8),beingnomorevisibleformeas¬urementsperformedatT>67K.Asdiscussedbefore,withinthe'diffusivemodel'(AppendixA)amodificationofthebehaviouroftheinductivecomponentx'{H)canberelatedtoavariationinthepinningbehaviour.Accordingly,theevidentchangeinslopeoftheinductivecomponentatthefieldHi3D(T)maycorrespondtoacrossoverbetweendifferentpinningregimes.Inadditiontothechangeofslopeatiï13o(T),allthex'{H)measurementsperformedinthetemperatureregime38K<T<64Kshowawellobserv¬ablestep-likebehaviouratafieldHml{T)(seefigure4.5and4.7),wherethefieldHML(T)hasbeendeterminedasthemiddleofthetransition.Withinthe"diffusivemodel"(AppendixA)anincreaseoftheinductivecomponentx'isrelatedtoanincreaseoftheresistivityofthesample.Asinthesamefieldandtemperaturere¬gime,transportmeasurementsshowasharpincreaseintheresistivitywhichoccurconcurrentlywiththefirst-ordervortex-latticephasetransition[105-107],itisagoodassumptiontoassociatetheobservedincreaseofx'(H)atthefieldHml(T)tothisvortexmeltingtransition(section2.3.1).However,sincethismelting

transition
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Figure 4.9: Symbols denote: (*) field of first ßux penetration HP(T), (O)

and (•) irreversibility transition field Hjl(T), (O) and (M) melting transition

field Hml(T), (+) second peak transition field Hsp(T), (A) and (k.) depinning

ßeld Hdl(T) and (1) proposed crossover Geld Hisd(T) between different pin¬

ning regimes. The open/closed symbols have been determinate by susceptibility

temperature/field sweep measurements respectively. The fine dashed line are con¬

nections between the points. The demagnetization factor D ~ 0.68 has been

neglected.

is of first order [5,34], one would expect a discontinuous
stepinx'(H)asobservedatthetransitionfieldinlocalmagnetizationmeasurementsastakenwithminiatureHall-probes[5].Thewidetransitioninourmeasurementsisrelatedtothefact,thatglobalmeasurementsaverageoverregionsofdifferentvaluesofM,andthere¬foredifferentvaluesofj{M)acrossthesample.Astheexternalmagneticfieldisincreaseduptothemeltingtransition{forsimplicityweneglecttheeffectsofgeo¬metricalbarriers)aliquidfrontisformedatthesampleborder,proceedingtowardsthesamplecenterwhenthefieldisfurtherincreased.Forglobalmeasurementasinourcase,themeltingtransitionisthereforenotobservedatacharacteristicfieldH,butoverafieldrange5Hwhichdependsonthevortexdensitygradientinside

the
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sample. An analogous explanation is also valid for temperature sweeps at a constant

field discussed in the previous section. As in the inductive component x'{H) curves,

we observe a step-like behaviour at the melting transition also in the dissipative

component x"{H) (see figure 4.7).

For temperatures 50 K < T < Tc the evident crossover of the inductive

component to x' = 0 accompanied by a peak in the dissipative component x"(T)

previously associated to the irreversibility transition, is also observed in the field

sweep susceptibility x(H) data (see figure 4.5). As shown in figure 4.9, the values

for the irreversibility transition field HIL(T) determinated by x(H) data are in good

agreement with the values obtained by temperature sweep measurements x(T).
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4.3 DC-Magnetization Measurements

To be able to compare the susceptibility with the global magnetization measure¬

ments, the magnetization M(T) and M(H) data have been recorded with the same

dT/dt and dH/dt rates respectively, as the susceptibility x(T) and the x(H) data.

In section 4.3.1 we will present the temperature sweep magnetization M(T) meas¬

urements while in section 4.3.2 the field sweep M{H) measurements are shown.

4.3.1 MdC(T)-Temperature sweeps

In figure 4.10 typical ZFC-M(T) data as a function of temperature for different con¬

stant applied magnetic fields 0 < H^ < 800 Oe are illustrated. As one can observe,

all the ZFC-curves M(T) show an evident increase of the magnetization at an almost

field independent temperature Tod —
22 K, where Tod has been determinedbythepositionofthemaximalslopeatthecrossover(positionofthepeakindM/dT).ThisremarkablebehaviourofthemagnetizationM(T)isingoodagreementwithseveralrelaxationexperimentsshowingasubstantialdecreaseofthecriticalcurrentdensityinthetemperatureregimeuptoT^20K[10,108-110].Moreover,asshownbyNideröstetal.[10],thecollectivepinninglengthLc=Ç(j0/jc)1^2~4ÂturnsouttobeforT<20Kmuchsmallerthantheinterlayerdistanced=15Â,indicatingthatinthelowtemperatureregimepinninginvolveselementarypancakevortices.Thisfactisreflectedinourresults,asforT<20Kthemagnetizationcurvesshowapracticallydiamagneticbehaviour(seefigure4.10)whichisanindicationofratherstrongpinningaspredictedforthesinglepancakevortexregime.Accordingly,itisreasonabletoassociateT0oasthecrossoverfromthezerodimensionalregimeatlowtemperatures,toahigherdimensionalityregime.Asfurthershownintheinsetoffigure4.10,alltheZFC-M(T)magnetizationdatareachM=0atafieldindependenttemperatureT~93K~Tc(seefigure4.12).Weassociatethistemperaturewiththetransitionfromthesupercon¬ductingtothenormalstateattheuppercriticaltemperatureTHc2(H).
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Figure 4.10: Magnetization temperature sweeps M(T) performed at different

magnetic ßelds. The M(T) data have been normalized by the corresponding

constant applied magnetic Held. The numbers indicate the applied Reld in Oe.

The dashed line corresponds to the crossover to M = 0 at the temperature

THc2 ^ 93 K

In figure 4.11 the ZFC- and the FC-M(T) data performed at H& = 500 Oe

and 300 Oe are further presented. The bold dashed lines correspond to the values of

the depinning Tdl(H), the melting TML(H) and the irreversibility T[L(H) temper¬

atures as obtained by susceptibility measurements x(T) at the same applied fields.

All the ZFC-M(T) curves performed at H& > 400 Oe show an evident reduced

slope for T > Tdl{H) (see inset figure 4.11 (a)). This reduction of the decrease

of the current density j(T) cc |M(T)| around the depinning temperature is in

good agreement with the variation of the pinning behaviour at TDL{H) as observed

in the x'CO data (see section 4.2.1). However, this change of slope
intheM{T)curvesmeasuredatfieldsHdc^S400OebecomeslessobservableascomparedtotheratherevidentchangeofslopeatthemeltingtemperatureTML(H)(seeinset
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Figure 4.11: Zero Held cooling and Seid cooling magnetization measurements

M(T) (9) performed at Hdc = 500 Oe (a) and at H^ = 300 Oe (b). The

temperature Tqd correspond to the peak in the derivative d(M/H)/dT (O) while

the temperature ThC2 coincides with the onset to M = 0. The temperatures

Tbl, Tml and Til (bold dashed lines) have been determined by the susceptibility

measurements at the same applied fields (section 4.2.1).
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Figure 4.12: Symbols denote: (M) zero dimensional limit transition temperature

Tod(H) and (9) temperature of the upper critical transition TC2(H) determined

by magnetization measurements M(T). The open symbols denote the crossov¬

ers/transitions determined by susceptibility measurements x(T) and x(H) as

shown in figure 4.9. The demagnetization factor D ~ 0.68 has been neglected.

figure 4.11 (b)). This is in accordance with the x(T) measurements, where the cros¬

sover in x'(T) at the temperature TDL(H) for magnetic fields Hdc ^ 400 Oe is very

weak compared to the strong step-like transition at the melting temperature (see

figure 4.2).

In magnetization M(T) data, the irreversibility temperature TIL is typically de¬

termined by the onset of hysteresis. However, as the zero field cooling MZFC(T)
and the field cooling MFC(T) are smoothly

joiningcurves,theexactpositionoftheirreversibilitytemperatureTjl{H)isnotwelldeterminedbymagnetizationmeas¬urements.Inanycase,thevalueoîT1L(H)asdeterminedbyoursusceptibilitydataalmostcoincideswiththeonsetofhysteresisasshowninthemagnetizationcurveoffigure4.11.
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4.3.2 Mdc(H)-FieId sweeps

Typical magnetization curves M(H) measured with a cycling rate

dH/dt ~ 3.10-2 Oe/s are given in figure 4,13. All the M(H) measure¬

ments show a well defined Meissner regime at low fields, where the sample is in a

completely diamagnetic state (B = 0 inside the specimen) and the initial slope of

the curves is consequently —4nM/H= 1. At the field of first flux penetration Hp,

the vortices enter into the sample and the magnetization curves deviate from the

linear behaviour. As shown in figure 4.14, the values of the so determinated field

of first flux penetration Hp(T) are in good agreement with the values determined

by susceptibility measurements x{H)-

However, the values of HP{T) are strongly cycling rate dH/dt dependent [2],

as shown in figure 4.15 where M(i/)-curves measured at the same temperature

T = 25 K but at different cycling rates are given. As the investigated sample has

a rectangular cross section, it wasnotpossibletomeasurethelowercriticalfieldHci(T)bydecreasingthecyclingratedH/dt,asperformedbyNideröstetal.[2]onaspecimenwithellipsoidal-shapedcrosssections.Inthislastcasenamely,geometricalbarriersarenoteffective[4,44]andthelowercriticalfieldHci(T)canbedeterminatedchoosingaveryslowcyclingratedH/dT,wherevorticeshavebeenobservedtocreepovertherelevantBean-Livingstonsurfacebarriers[2],TheweakcurvatureofHP[T)fortemperaturesT<37K(seefigure4.12),hasalsobeendetectedinotherstronglyanisotropichightemperaturesuper¬conductors,suchasTl2Ba2CaCu208+(s[7],Pb2Sr2Ri-:ECa;rCu308+,5[111]andBi2Sr2CaCu208+(s[2,3,7]intheconfigurationHJ_ab.Nideröstetal.[2]showedthatthisupturncanbeexplainedintermsofmeasurements,wherethesystemisoutofequilibriumduetobarriersforvortexpenetration.Asillustratedinfigure4.13(a)and4.15,themagnetizationcurvesinthetemperatureregime20K<T<35Kshowanincreaseof\M(H)\startingataboutH~230Oe.Further,themagnetizationchangesatthisfieldinoppositedirectionbyincreasinganddecreasingfields.Thebehaviourofthemagnetizationcurvesinthisfield-temperatureregimeisknownassecondpeakeffect(section2.3.2)andisrelatedtoanabruptupturninthebulkcriticalcurrentdensityjc[6,7,11].Asshowninfigure4.15,theshapeofthemagnetizationcurvesdependsstrongly
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Figure 4.13: Magnetization curves measured with a cycling rate

dHjdt ~ 3.10~2 Oe/s. The numbers indicate the temperatures in K.
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Figure 4.14: Temperature dependence of the Held of first flux penetration HP(T)
measured by susceptibility (O) and magnetization (M) field sweep measurements

with a cycling rate dHjdt ~ 3.10~2 Oe/s. The demagnetization factor

D ~ 0.68 has been neglected.

on the cycling rate dHjdt. However, the field regime where the second peak effect

is observed in our magnetization curves M(H) does not to depend on the cycling

rate dH/dT. Moreover, the temperature regime 20 K < T < 35 K and the field

regime 200 Oe < H < 400 Oe where the second peak effect in the magnetization

curves has been detected, is in good agreement with the H-T regime where an

evident decrease of x'(H) associated to an increase of j has been observed in the

susceptibility measurements.
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Figure 4.15: Magnetization curves measured atT = 25 K and different cycling

rates dH/dt. The arrows indicate the corresponding position of the field of first

Üux penetration Hp where the magnetization deviates from the linear increase.

To remark is that the second peak effect becomes less clear for fast cycling rates

dH/dt.
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4.4 Low Field H-T Diagram of Bi2Sr2CaCii208+(s

The results obtained from susceptibility and magnetization measurements presented

in the previous sections are summarized in the H-T diagram depicted in figure 4.16.

In the following we will discuss all the phase transitions and crossovers shown in

figure 4.16 separately and we will try to relate them to the respective theoretical

models discussed in section 2.3 and 2.4.

The field of first flux penetration HP(T) has been determined by susceptib¬

ility x(H) (D) and magnetization M(H) (O) field sweep measurements. In the

absence of activation barriers for vortex penetration the field of first flux penetra¬

tion corresponds to the thermodynamic lower critical fieldHc\.FortypicalHTSCsinglecrystalshowever,surfaceandgeometricalbarriers(section2.3.3)orbulkpin¬ningcanleadtovaluesofHvwhichliesomewhereinbetweenthelowercriticalfieldHci—($o/47TÀ„6)ln/îandthecriticalfieldHc=<I>o/2\/27rA£.ThismeansthatthesurfacepinningbarriersforvortexentrycanpreservetheMeissnerstateinsidethespecimenuptomagneticfieldsH>Hcl.TheuppercriticalfieldH^T)(O)hasbeendeterminedbythecrossovertoM=0inthemagnetizationmeasurementsM(T).ForH<800Oe,thetemper¬atureTHc2~93Katwhichthiscrossovertakesplaceisfieldindependent.Thisisingoodagreementwiththefact,thattheinvestigatedfieldregimeismuchbelowtheuppercriticalfieldHC2(0)~106Oeestimatedby[1,91],sothatThci—Tcintheregimequotedabove.TheirreversibilitytransitionfieldHIL(T)(•)hasbeendeterminedbythepos¬itionofthepeakinthedissipativecomponentx"mthe-susceptibilitymeasurementsx(T)andx{H).TheirreversibilitytransitionisrelatedtoBean-Livingstonsur¬facebarriers[42,43]andgeometricalbarriers[44]whichinhibitthevortexentry(seesection2.3.3).Sincegeometricalbarriersareexpectedtobecomeactiveathightem¬peratures[3],atintermediatetemperaturesthevortexpenetrationisdeterminedbyBean-Livingstonsurfacebarrierandispredictedtoresultinanexponentialtemper¬aturedependenceoftheirreversibilityline:HIL(T)oc(T0/2T)exp(-2T/T0)whereTo~e0d/30ande0=(^o/4ttA)2.Thistemperaturedependenceisingoodagree¬mentwiththetemperaturebehaviourofthemeasuredirreversibilitytransitionfield,
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and the fit of HIL(T) in the temperature regime 50 K < T < 72 K shown in fig¬

ure 4.16, results in To = 23 K. Assuming a interlayer distance for Bi2Sr2CaCu208+<5

of d — 15 Â [81,82], we obtain for the penetration depth A^ ~ 2000 Â which is

also in agreement with values in literature (section 3.3).

The melting transition field HMl(T) () has been determined by a step¬

like crossover in the inductive component x' and m the dissipative component

x" in the susceptibility measurements x(T) and x{H). As discussed in sec¬

tion 2.3.1, the Lindemann criterion provides a reasonable estimate for the melting

field Hml{T) (26]. For HTSCthe so estimated temperature behaviour of the melt¬

ing transition is given by Hm(T) = ßm(c4JGi)Hc2(0)(l - T/Tc)a [26], where the

power law exponent is a = 1 for temperatures below Tc and
a=2fortemperaturesnearTc(section2.3.1).Further,cl,~0.15istheLindemannnumber,GiistheGinzburgnumber(Gi~1forBi2Sr2CaCu208+<s[26])andßm~5.6.Thecurveinfigure4.16isabestfittothedataresultingina=1.43,whichlieinbetweenthevaluepredictedfortemperaturesbelowandnearTc,andisingoodagreementwithpower-lawexponentsmeasuredby[5,56,57].Furtherweobtainifc2(0)=49T(takingintoaccountthedemagnetizationfactorD~0.68)whichisinthesameorderofmagnitudewithexistingestimates[1,91].Wewanttoremarkhere,thatinspiteofthefavorableexperimentalcondi¬tions,namelyaultrasensitiveexperimentalarrangementandahighqualityBi2Sr2CaCu208+,5singlecrystal,wehavenotbeenabletoobserveanyevidenceindicatingthepresenceofanarrowvortex-liquidphasejustabovetheMeissnerstateaspredictedtheoretically(section2.3.2).ThesecondpeaktransitionfieldHsp(T)()hasbeendeterminedbythepo¬sitionofalocalminimumintheinductivecomponentx'detectedinsusceptibilitymeasurementsx(H)performedinatemperatureregime25K<T<36K.Asshowninfigure4.16,thesecondpeaktransitionfieldHSP(T)increasesslightlywithincreasingtemperature,joiningthemeltingtransitionlineHML(T)atasocalledcriticaltemperatureT^~37KandfieldHa-~400Oe.Severalmodelshavebeenproposedtoexplaintheoriginofthissecondpeaktransition,butthereisstillnogeneralacceptedtheorywhichcandescribethisabruptenhancementofthecriticalcurrentdensity.However,thetemperaturedependenceofH$p(T)isin

agreement
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with the upward curvature of the second peak transition predicted by Ertas and Nel¬

son [41] for a disorder induced entanglement transition (section 2.3.2). Nevertheless,

the equation 2.14 for this entanglement transition does not fit our results. Below

T < 22 K we can no more observe the presence of a second peak transition {see

figure 4.13), which is consistent with measurements reported in literature [6,11].

The almost field independent transition temperature Tqd{H) ~ 22 K (*) has

been determinated by the maximum slope of a large increase of magnetization in the

temperature sweep measurements M(T). As discussed in section 4.3.1, this strong

decrease of j(T) at low temperatures may correspond to a crossover from a strong

pinned
pancakevortexregimetoaregimeofweakerpinninginagreementwithsev¬eralrelaxationexperiments[10,108-110].WithinthepinningdiagramfordiscretelayeredsuperconductorsproposedrecentlybyWagneretal.[12-14]andpresentedinsection2.4.3.1,thisdecreaseofj(T)measuredatTqD(H)isingoodagreementwithapredictedlowtemperaturecrossoverfroma(0-0)Dglassyregime,wherepancakearestronglypinnedindividually,toa(O-l)D(forlowfields)ora(0-3)Dregime(forhighfields),wherethermalfluctuationsbecomerelevantandthecriticalcurrentdensityjc{T)decreasesexponentiallywithincreasingtemperature[12,13].Moreover,thetheoreticallypredictedzerodimensionallimittemperatureTg,isnotfielddependent,whichisinagreementwithourmeasurements.Inaddition,assum¬ingfortheBSCCOcompoundtheparametersd=15Â,À=1800Â,£=20Â,andUp=(jc/Jo)(^od)—25Kwherejc/j0—0.03hasbeenestimatedfromexper¬imentalresultspresentedin[109],oneobtainsforthefieldindependentcrossovertemperatureTg(H)~15K[13,14],whichisnottoofarfromT0D~22K.Formagneticfields400Oe<H<800Oe,thetemperatureofthedepinningtransitionTDl{H)(a)hasbeendeterminedbytheonsetofanevidentincreaseoftheinductiveandthedissipativecomponentinthex{T)measurements.Asdis¬cussedinsection4.2.1,theincreaseinx'(T)withtemperaturecanberelatedtoacrossoverfromastrongtoaweakpinningregimeinagreementwithseveralmeas¬urements[3,8,9].InthepinningdiagramfordiscretelayeredsuperconductorsbyWagneretal.[12-14],thetemperatureTol(H)canbeaccordinglyassociatedwiththepancakedepinningtemperatureTpc.ThistemperatureTpcindicatesnamelyacrossoverfromaregimewherethermalsmoothingisinhibitedbystrongpinning((0-l)Dor(0-3)D)toaweakcollectivepinningregimeofvortexsegments(ID)

or
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of vortex bundles (3D). Further, the pancake depinning transition temperature Tpc

is predicted to be field independent, in good agreement with the almost field inde¬

pendent temperature Tdl(H) (see figure 4.16). Moreover, assuming for the BSCCO

compound the same parameters as above, we obtain for the depinning temperature

Tpc ~ 50 K, which is again close to Tdl —
37 K.

Our experimental arrangement allowed us to detect a small but evident step-like

crossover at Tdl —
37 K also in the x'(T') measurements performed at magnetic

fields below H^. ~ 400 Oe. Recently, an indication of such a crossover for magnetic

fields H < Her has been obtained with local Hall probes measurements of the cur¬

rent flow in Bi2Sr2CaCu208+(5 single crystals by Fuchs etal.[9].Theirtemperaturesweepexperimentsshowforfields200G<B<B^~750GanonsetofstrongpinningasthetemperaturedropsbelowT~40K.Accordingly,oursusceptibilitymeasurementsxCOconfirmsuchalowfieldH<H^.crossoveratthedepinningtemperature.ForB<200Ghowever,theirdepinningtemperaturebecomesfielddependentintheirexperiments[9],increasingwithdecreasingfields.ThisbehaviourofthedepinningtemperatureisnotinagreementwithourmeasurementsasTDL(H)isobservedtobealmostfieldindependentalsoforlowmagneticfields.However,thisfieldindependenceofTDL(H)isoncemoreingoodagreementwiththepredictedfieldindependenceofthepancakedepinningtemperatureTpc.ThefieldHi3D(T)(t)hasbeendeterminedbyanevidentchangeinslopeoftheinductivecomponentx'(H)mthesusceptibilityfieldsweepmeasurementsattemper¬atures25K<T<67K.Asshowninfigure4.16,Hl3D(T)isonlyslightlytemper¬aturedependentintheregime25K<T<37K,whilefortemperaturesT>37Kthefieldi/13D(T)decreasesalmostlinearlywithslopedHiso/dT=—3.7Oe/K.Toourknowledge,thisisthefirstexperimentalindicationofacrossoverinthislowfieldH-Tregime.Asdiscussedinsection4.2.2,thebehaviourofx'{H)at#i3dCOcanberelatedtoatransitionbetweendifferentpinningregimes.Accordingtothepinningdiagramforlayeredsuperconductors[12-14]showninfigure2.3,thefieldHi3D(T)maythencorrespondtothepredictedcrossoverfieldBi3(T)betweenthesinglevortexregime[(0-l)DandID]andthevortexbundleregime[(0-3)Dand3D].Usingthepara¬metersforBi2Sr2CaCu208+,sintroducedabove,Bi3(T$p)~Bqueshouldbearound10GatatemperatureTL~78K[13,14],whichisclosetoourextrapolatedvalue
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5i3D(78 K) ~ Hl3D(78 K) -i/p(78 K) ~ 24 G (taking into account the demagnetiz¬

ation factor D ~ 0.68). This crossover field Bi$(T) is predicted to be accompanied

by a steep decrease of the critical current density upon increasing field. In our meas¬

urements however, the behaviour of x'(.ff) with increasing field can be associated for

temperatures T > 36 K to a reduction of the decrease of the current density j(H)

at Hi3q(T) while in the temperature regime 25 K < X < 36 K even to an increase

of j(H) at Hi3D(T). A possible explanation of this behaviour is that the creep rate

in the regime [(0-1 )D and ID] is predicted to be strong. Accordingly, in the [(0-

1)D and ID] regime the detected current density j(H) is considerably smaller than

the critical value jc{H) and consequently one cannot expect a steep decrease of the

current density at H\$d{T). Moreover, in the 3D regime where creep is predicted

to be weaker, the reduced decrease
ofthecurrentdensityj(H)forH>H13d(T)andtemperaturesT>37Kisingoodagreementwiththetheoreticallypredictedbehaviourofthecriticalcurrentdensityjc(H)-
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Figure 4.16: H-T diagram of BisSraCaCi^Og^j (Hfa X ab-planes), construc¬

ted using the susceptibility and the magnetization measurements presented in

this chapter. Symbols denote: (DJandfOJfieldoffirstfluxpenetrationHP(T)determinatebysusceptibilityandmagnetizationmeasurementsrespectively,(O)uppercriticalfieldHC2(T),(*)irreversibilitytransitionfieldHjl(T),(M)meltingtransitionfieldHml(T),fAJsecondpeaktransitionfieldHsp(T),(A)depinningfieldHdl(T),(*)zerodimensionallimittransitionfieldHod(T),(W)possiblesingle-vortextovortex-bundletransitionfieldHi3d(T).Thelinearefitstothecurve(seetext)whilethefinedashedlineareconnectionsbetweenthepoints.ThedemagnetizationfactorD~0.68hasbeenneglected.
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5 Low Magnetic Field Diagram of

2JT-NbSe2

5.1 Introduction

In the last decade theoretical and experimental investigations on high temperature

superconductors have shown that on increasing the temperature or the magnetic field

the vortex lattice undergoes a melting transition from a solid-like to a liquid-like state

at magnetic fields well below the fluctuation-dominated crossover to the normal state

defined as the upper critical field Hc2(T). Moreover, theoretical results by Nelson [25]

and more recently by Blatter and Geshkenbein [27] predict in anisotropic and layered

superconductors the existence of a narrow vortex liquid phase just above the lower

critical field HC\{T). However, HTCSare not ideal candidates for the detection of

this low field melting line, since the width of the low field vortex liquid phase is

expected to be of a few Oersted [26]. Better candidates are the weak pinning, short

penetration length systems, such as the anisotropic low temperature superconductor

2/f-NbSe2, where the width of the low field vortex liquid phase is estimated to be

of about twelve Oersted.

The anisotropic low temperature superconductor niobium diselenide 2i/-NbSe2

has attracted a great deal of attention over the last few years largely because many

of its properties lie in between those of conventional superconductors and the high

temperature cuprates. In the last few years several results of susceptibility measure¬

ments at low magnetic fields on 2iî-NbSe2 single crystals have been presented [16,28]

showing a dip feature in the inductive tf{T) data slightly before TC(H). This feature

RR
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is related to an anomalous peak of the critical current density jc known as 'peak

effect' (PE), as measured by transport measurements [15] at higher fields. Moreover,

Ghosh et al. [16] observed between 150 Oe and 50 Oe a weak reentrant behaviour

of the peak effect temperature Tpe(H). Relying on the assumption that the PE

phenomenon can be associated with the melting of the vortex lattice [29,30], they

interpreted the decrease oïTpe(H) at low magnetic fields as the first experimental

indication of a reentrant vortex liquid phase as predicted by Nelson [25]. However,

below 50 Oe the PE was no more visible in their susceptibility measurements.

The goal of our measurements was to investigate the PE with emphasis at the

very low fields H < 50 Oe in order to determine the reentrant behaviour of TPE(H)

in the regime very close to Hci(T). For this purpose,
susceptibilityandmagnetiz¬ationtemperaturesweepaswellasfieldsweepmeasurementshavebeenperformedonahighquality2üf-NbSe2singlecrystal.Further,inordertogainabetterunder¬standingofthelowfieldphasediagramdeducedfromthesemeasurements,thetimerelaxationoftheremanentmagnetizationMreminthereducedtemperatureregime0.5<T/Tc<1hasbeeninvestigated.Theserelaxationmeasurementscoveratimewindowoffivedecades10_1s<t<104s,sothatthecurrentdensityjcanbestudiedfromvaluesveryclosetojcdowntovaluesconsiderablysmallerthanjc.Inthefirsttwosectionsthesusceptibilitymeasurementsx(T)andx{H)andthemagnetizationmeasurementsM(T)andM{H)arepresented,whileinsection5.4thetimerelaxationmeasurementsoftheremanentmagnetizationMremaredescribed.Insection5.5thelowfieldH-T/Tcdiagramobtainedfromthismeasurementsisdiscussedandinterpreted.5.2AC-SusceptibilityMeasurementsAlldataareobtainedusingourstandardSQUIDmagneticsusceptibilitysysteminvolvingtheresponsetoasmallamplitudeac-fieldHacsuperimposedonaback¬grounddc-bias-fieldHdc,bothmaintainedparalleltothec-axisoftheanisotropic2Jf-NbSe2singlecrystal.Themeasurementspresentedinthissectionhavebeenperformedwithanac-fieldoffrequencyw^—16HzandamplitudeHac—30

mOe.
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In section 5.2.1 the temperature sweep x(T) measurements are presented while in

section 5.2.2 the field sweep x{H) measurements are described.

5.2.1 Xac(T)-Temperature Sweeps

The susceptibility temperature sweeps x(T) have been recorded at a constant

field Hdc by cycling the temperature from a initial value Tt = 4.2 K to a end

value Tf = 10 K > Tc (ZFC-curves) and back to Tj (FC-curves) with a very slow

sweep rate of dT/dt = 1 K/60 min. In figure 5.1 typical x'(T) and x"(T) data for

different constant applied magnetic fields 0 < Hdc < 880 Oe are shown while

in figure 5.2 the x'(T) and X"(T) susceptibilities performed at #dc = 500 Oe are

illustrated.

As depicted in figure 5.1, the x'(T) ZFC-curves performed at fields

Hdc ^ 250 Oe display a clear negative peak before the crossover to the normal

state. This
negativepeakinx'COnasbeenexplainedbythepeakeffectphe¬nomenon[17,28,99].ThisphenomenoniscommontoavarietyofirreversibletypeIIsuperconductors(e.g.Nb[112],Nb3Ge[113],Mo3Si[114],2tf-NbSe2[115-117]andYBa2Cu307[102])andreferstotheappearanceofapeakinthecriticalcurrentdensityjceitherasafunctionofappliedfieldinisothermalmeasurementsorasafunctionoftemperatureinisofieldmeasurements,generallynearHc2(T).Thepara¬meterizedfieldvalues(i.e.Hpe{T/Tc)normalizedwithrespecttoH^)atwhichpeakeffecthasbeenobservedtooccurinthesedifferentsuperconductorsvaryconsider¬ably[17,113,114].However,theHPE{T)valuesreportedin2#-NbSe2bydifferentworkersviadifferenttechniquesappeartooverlap[17,115-120]andforhighfieldsHpe(T)isobservedtodecreaselinearlywithincreasingtemperature.TheslopedHps/dTdependsontheorientationoftheappliedfieldwithrespecttothecrystalaxisandforH||cisreportedtobedHPE/dT~-7.5kOe/K[117].Thisisingoodagreementwithourresult,asthepeakeffecttemperatureTpe(H)forfieldsH>250Oeincreaselinearlywithdecreasingfield(seefigure5.3)witharatedHpEJdT=-7.4kOe/K.Nevertheless,formagneticfieldsH<250Oethepeakeffectisnomorevisibleinourx'{T)data(seefigure5.1).
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Figure 5.1: x'(T) and x"(T) performed at different magnetic fields. The numbers

indicate the applied field in Oe. The arrows in the inset locate the value of the

peak effect temperature Tpe(H). The susceptibility x' has been renormalized

using the minimal value of the susceptibility measured for i?<jc = 0 at the lowest

temperature: x'0 = Xr^4.2K(Hdc = 0).
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Figure 5.2: x'(T) and x"(T) performed at Hdc = 500 Oe. The temperature

Tpe(T) correspond to the minimum of the negative peak in x', the temperature

Til with the position of the main peak and ThC2 with the position of the smaller

peak in x"
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Figure 5.3: H-TfTc diagram of 2H-NbSe2 (Hdc -L ab-planes), constructed using

the susceptibility x(T) measurements presented in this section. Symbols denote:

(+) peak effect field Hpe(T), (M) Held of irreversibility transition Hu,(T) and

(â) upper critical field HC2(T). The demagnetization factor D ~ 0.63 has been

neglected.

An evident sharp crossover of the inductive component to x' = 0 ls further

observed in all susceptibility measurements. This crossover is accompanied by two

peaks in the dissipative component x"(^0 (see inset in figure 5.2). As will be shown

in section 5.3, it is a good assumption to associate the position of the main peak to

the
irreversibilitytransitionandthesmallerpeakontheright,tothecrossoverattheuppercriticalfieldHC2(T).ForfieldsH<50Oe,thetwopeakscannotbedistinguishedanymore.Asillustratedinfigure5.3,thetemperatureTHc2{H)ofthepositionofthesmallerpeak,increaseslinearlywithdecreasingfield,extrapolatingtothecriticaltemperatureTc.
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In all the x'OO measurements an evident hysteretic behaviour between the

ZFC- and the FC-curves is further observed (see figure 5.2). This hysteretic be¬

haviour becomes more pronounced by increasing the field Hdc at which the meas¬

urements have been recorded. The FC-state has been detected to be slightly more

diamagnetic, implying a larger current density j, than the ZFC state. Investig¬

ating the PE phenomenon in 2i/-NbSe2 single crystal samples containing varying

amounts of quenched disorder, Banerjee et al. [28] related this hysteretic behaviour

to pinning. They did not measure any history dependence in a clean sample while

in a low purity specimen the hysteretic behaviour has been observed to be very

pronounced. Further, Henderson et al. [15] showed by transport measurements on

a low purity specimen, that in FC-measurements the disordered flux line lattice

freezes into a strongly pinned metastable configuration where the current density j

is higher than in the stable ordered configuration obtained by ZFC-measurements.

This 'supercooling' of the disordered fluxlinelatticebyafield-coolingprocedure,whereitremainsmetastableintheabsenceofdrivingcurrents,hasbeenrecentlyobservedinseveralotherexperiments[18,121,122].5.2.2Xac(H)-Fie\dSweepsSusceptibilityfieldsweepsx(H)navebeenrecordedatdifferentconstanttemper¬aturesbycyclingtheexternalfieldtoamaximalvalueH^^=880OeandbacktozerowithatypicalcyclingrateofdHjdt=3.10-2Oe/s.Inthissectiononlythex{H)measurementsonincreasingfieldareshown,asthehysteresisbetweentheZFC-andtheFC-curveshasbeenobservedtobenegligibleandhiddenwithinthenoiseofthesemeasurements.Infigure5.4thex'(H)andx"{H)datarecordedatdifferenttemperaturesareillustrated.Theevidentnegativepeakasobservedslightlybeforethecrossovertothenormalstateinthex'COmeasurementsisnotdetectedinthex'{H)data.However,theinductivecomponentrecordedat0.96<T/Tc<0.98showintheexpectedpeakeffectregimeareducedincreaseofx'(seemsetmfigure5.5).IntheH-T/Tcphasediagramillustratedinfigure5.6,thestart-andend-fieldofthisreducedincreasearecomparedwiththeresultsofthetemperaturesweepmeasurements.
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Figure 5.4: x'(T) and x"(T) performed at different temperatures. The numbers

indicate the reduced temperature T/Tc. The susceptibility x' n^ been renormal-

ized using the minimal value of the susceptibility measured at TjTc = 0.994 and

zero magnetic field: x'0 =

Xt/tc=:0.994 (H = °)-
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Figure 5.5: x'(H) and x"(H) performed at T/Te = 0.973 Oe. The dashed line

in the inset correspond to the starting respectively end-point of the regime where

a reduced increase with field is observed. The temperature Tjl coincides with the

position of the main peak and ThC2 with the position of the smaller peak in x"•
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Figure 5.6: H-TjTc diagram of 2H-NbSe2 (H^c J- ab-planes), comparing the

result of the susceptibility x(T) with the results of the x(H) measurements.

Symbols denote: (O) start and end-Geld of the plateau measured in the inductive

x'(H) component, (9) peak effect field Hpß(T) measured by x'(T) measure¬

ments, (D) and (M) irreversibility line Hil(T) and (A) and (A) upper critical

ßeld HC2(T). The closed/open symbols have been determined by susceptibility

temperature/field sweep measurements respectively. The demagnetization factor

D ~ 0.63 has been neglected.

The main and the secondary peak observed in the dissipative component of

the temperature sweep measurements, are also detected in the field sweep meas¬

urements (see figure 5.4). As shown in figure 5.6, the position of the two peaks in

x"(H) corresponding to the
irreversibilitytransitionfieldHILandtheuppercrit¬icalfieldHC2areingoodagreementwiththeresultobtainedbytemperaturesweep

measurements.
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5.3 DC-Magnetization Measurements

Magnetization measurements M(T) and M(H) have been recorded with the same

dT/dt- and dH/dt-Tâtes respectively, as the susceptibility measurements xCO and

the x{H)- In section 5.3.1 we will present the temperature sweep magnetization

M[T) measurements while in section 5.3.2 the field sweep M(H) measurements are

described.

5.3.1 Mdc(Tj-Temperature Sweeps

In figure 5.7 typical ZFC-M(T) data normalized by the corresponding magnetic field

Hdc are plotted together while in figure 5.8 the normalized ZFC- and the FC-Af (T)

curves performed at H = 500 Oe are illustrated.

As depicted in figure 5.7, the ZFC-M(T) curves measured at magnetic fields

H > 42 Oe show for T/Tc < 0.92 a linear increase with temperature. However,

in the neighbourhood
ofTnciasuddenstrongreductionofthisincreaseinmag¬netizationisobserved(seefigure5.8(b)).Moreover,thisdeviationfromthelinearbehaviouratatemperatureTotisdirectlyfollowedbyasharpincreaseofM(T)atatemperatureTWPT(positionofthemainpeakinthederivativedMjdT).ThisbehaviouroftheZFC-M(T)curvesintheneighbourhoodofThC2canbewellexplainedbyasuddenincreaseofthecriticalcurrentdensityjcasexpectedinthepeakeffectregime.ThedeviationfromthelinearincreaseofthemagnetizationatTDTcanbeassociatedtoachangeinslopeinjc(T)asexpectedslightlybelowthepeakeffecttemperature.ThefollowingreducedincreaseofthemagnetizationM(T)canbeexplainedbyasuddenincreaseofjc(T)inthepeakeffectregimewhichconsequentlyinhibitsvortexentry.WhilethestrongdecreaseofthemagnetizationM(T)asmeasuredfortemperaturesT>T^E,whereTp%istheonsetofthestrongdecrease,canbeassociatedtoadecreaseofjcafterthepeakeffecttemperature.ThetemperatureTwptcorrespondtothemaximalslopeofthisdecrease.Actually,thetemperatureregimeofthepeakeffectasdeterminedbysusceptibilitymeasurements,coincideswiththetemperatureregimewherethedeviationofthelinearincreaseofM(T)isobserved.Moreover,thepeakeffecttemperatureTpeisingoodagreement
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Figure 5.7: Figure (a) show typical zero field cooled M(T) data as a function

of reduced temperature T/Tc ,
The M(T) data have been normalized by the

corresponding constant applied magnetic field H^. The numbers indicate the

Hdc field in Oe. Figure (b) is an expansion of the region indicated by the pointed

rectangle in figure (a).
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Figure 5.8: Figure (a) show the ZFC- and FC-M(T) data as a function of tem¬

perature, normalized by the constant applied magnetic held Hdc = 499.7 Oe.

Figure (b) is an expansion of the region indicated by the pointed rectangle in

figure (a). The dashed lines in figure (b) correspond to the temperatures de¬

termined as follows: Tqt —the deviation from the linear increase of M(T),

Tpß —* onset of the strong increase of M(T), Twpt —> position of the maximal

slope of the strong increase of M(T), Tjl —onset of hysteresis (see inset in ßg¬

ure (b)), T}{c2 —* vaiue where the magnetization reaches the base line (see inset

in ßgure (b)). The bold pointed line in ßgure (b) correspond to the peak effect
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with the temperature TpE of the onset of the strong increase of M(T) (bold pointed

line in figure 5.8).

As further shown in figure 5.8 (b), slightly above the sharp increase of the mag¬

netization at Twpt: an onset of reversible behaviour is observed. This onset has

been associated to the temperature TjL{H) of the irreversibility transition which

also coincides with the position of the smaller peak in dM/dT to the right of the

main peak. By further increasing temperature, the magnetization reaches the base

line at the temperature THc2(H).

The ZFC-measurements recorded at magnetic fields H < 42 Oe show a non

linear increase of M(T) in the low temperature regime (see figure 5.7). Assuming

in this regime a linear decrease of the critical current density
jcasmeasuredbytransportmeasurementsathigherfields[15],thisnonlinearitycanbeexplainedwithintheBeanmodel[123,124]byanundercriticalstateofthesample(H<H*)atthestartingtemperature7*.TheonsetoflinearityinM(T)isthenobservedastheappliedfieldH^cfullypenetratesthesampleandthecriticalstateisreached(H>H*).FormagneticfieldsH>10OethislinearbehaviourofM(T)isobservedbeforethetemperaturereachestheinvestigatedpeakeffectregimeandthedeterminationofthetemperatureTDTofthedeviationfromthelinearincreaseisstillreasonable(seefigure5.9(b)).Further,alsothesharpincreaseofthemagnetizationatTwpt^?Wc2isstillevident.However,formagneticfieldsH<10OetheabovedescribedbehaviourofM(T)intheneighbourhoodoïTHc2isnomorevisibleandonlyacrossovertothenormalstateisdetected.TheresultsobtainedbythemagnetizationmeasurementsM(T)recordedatdifferentmagneticfieldsaresummarizedandcomparedwithsusceptibilitymeasure¬mentsinfigure5.10.ForH>250Oe,thetemperatureTdt(H)ofthesuddenincreaseofjcandthetemperatureTpE(H)oftheonsetofthesubsequentstrongdecreaseofjc,increaselinearlywithdecreasingfield.Asonecanobserveinfig¬ure5.10,Tp^E{H)isingoodagreementwiththepeakeffecttemperaturedeterminedbysusceptibilityx(T)measurements.Forfields85Oe<H<250OeareentrantbehaviourofTDT(H)andTpE(H)isobserved,whileforH<85Oethistwotem¬peraturesincreaseagainwithdecreasingmagneticfield.Onthecontrary,thetem¬peratureTwpt{H)ofthemaximalslopeofthestrongdecreaseofjcdoesnotshowanyreentrantbehaviour,increasinglinearlywithdecreasingfieldand

extrapolating
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Figure 5.9: Figure (a) show the ZFC- and FC-M(T) data as a function of tem¬

perature, normalized by the constant applied magnetic field H^ = 30.4 Oe.

Figure (b) is an expansion of the region indicated by the pointed rectangle in

figure (a). The dashed lines in figure (b) correspond to the same temperatures as

described in figure 5.8.
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Figure 5.10: H-T/Tc diagram of2H-NbSe2 (Hdc -L ab-planes), constructed using

the magnetization measurements presented in this section. Symbols denote: (Î)

temperature of a sudden increase in 3C(T), (O) peak effect temperature estimated

by magnetization measurements, (*) peak effect temperature determined by sus¬

ceptibility measurements, (•) temperature of the strong decrease in jc(T), (O)

and (k.) irreversibility line determined by magnetization respectively susceptibil¬

ity measurements, (U) and (A) upper critical field determined by magnetization

respectively susceptibility measurements. The one pointed line are connections

between the points. The demagnetization factor D ~ 0.63 has been neglected.

to a temperature T ~ 0.988 Tc. Moreover, the temperature of the irreversibility

line Til(H) lies slightly below the upper critical temperature
TuC2{.H)andbothin¬creasemonotonicallywithdecreasingfield.ThetemperaturesTu,{H)andTHc2(H)areingoodagreementwiththetemperaturesdeterminedbytherespectivepeaksinthedissipativecomponentx"°fthesusceptibilitymeasurements.Hence,itisagoodassumptiontoassociatethemainpeakinx"totheirreversibilitytransitionandthesmallerpeaktothecrossovertothenormal

state.
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Figure 5.11: Figure (a) show the ZFC- and FC-M(T) data as a function of

temperature recorded on a second sample. The data has been normalized by the

constant applied magnetic field Hdc = 200.4 Oe. In figure (b) the results of both

samples are compared. The dashed lines are fitting curves to the point measured

on the first sample.

The same results as presented above have been reproduced on a second 2#-NbSe2

sample of smaller size. In figure 5.11 (a) the temperature sweep magnetization data

M(T) recorded at a magnetic field H = 200 Oe are shown, while in figure 5.11 (b)

results of both samples are summarized and compared.



102 5. Low Magnetic Field Diagram of2H-NbSe2

5.3.2 Mdc(H)-¥ie\d Sweeps

Figure 5.12 illustrates typical isothermal magnetization curves measured at different

temperatures slightly below Tc. For low magnetic fields, these magnetization curves

display a well defined Meissner regime. In this regime the sample is in a completely

diamagnetic state (B = 0 inside the specimen) and the initial slope of the curves

is consequently —AnM/H= 1 {see inset (1) in figure 5.12). At the field of first

flux penetration Hp > Hci, the vortices enter into the sample and the magnetiz¬

ation M(H) deviate from the linear increase. As shown in the inset of figure 5.13,

the so determined field of first flux penetration Hp(T) show a linear temperature

dependence in this temperature regime.
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Figure 5.12: Typical isothermal magnetization curves measured at different tem¬

peratures slightly below Tc. The numbers indicate the reduced temperature TjTc

at
whichthecurveshavebeenrecorded.Inset(1)isanexpansionoftheregionindicatedbythepointedrectanglewhileinset(2)showthedifferencemagnetiza¬tion(=4tt(M(H])—M(H[)))valuesreflectingthefieldvariationofthecriticalcurrentdensityjc(H)-
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Figure 5.13: In this figure the start (O) and the end-point (9) of the step-like

decrease ofjc(H) (see inset (2) in figure 5.12) are compared with the results ob¬

tained by the magnetization temperature sweeps M(T) presented in the previous

section. The inset show the linear temperature dependence of the field of first ßux

penetration Hp(T) determined by the position where the magnetization M(H)

deviate from the linear increase (arrows in inset (1) of figure 5.12)

The inset (2) of figure 5.12 illustrates the field dependence of 4nAM(H) (i.e.

the difference in magnetization values at a given H during the forward and reverse

hysteresis runs) of the magnetization curves shown in figure 5.12. This magnetiza¬

tion hysteresis
widthisameasureofmacroscopiccurrentssetupwithinthesampleandthefieldvariationofAM(H)isproportionaltothefieldvariationofthecriticalcurrentdensityjc(H)[123,124].Accordingly,themagnetizationcurvesmeasuredinthereducedtemperatureregime0.96<T/Tc<0.986showanevidentstep-likebehaviourofjc{H).Asillustratedinfigure5.13,thestartingandtheend-pointofthisdecreaseofjc{H)liesslightlybelowrespectivelyabovetheHWPT(T)linedeterminedbythestrongestdecreaseofthecriticalcurrentdensityasmeasuredintheM(T)curves.Thisisafurtherindicationthatatthislineasharpdecreaseofjcoccurs.However,noincreaseinthemagnetizationcurveshasbeenobservedatthepeakeffectfieldasestimatedfromsusceptibilityandmagnetization

measurements.
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5.4 Time Relaxation of the non-Equilibrium Vortex State

In the following section, we investigate experimentally the low field vortex dynamics

in 2i7-NbSe2 single crystal for magnetic fields perpendicular to the a6-planes. The

measurements of the relaxation of the remanent magnetization Mrem are taken in

the reduced temperature interval 0.52 < TjTc < 0.99 and cover a time window of

six decades 10_1 s < t < 105 s.

In figure 5.14 and 5.16 the time dependence of the remanent magnetiza¬

tion Mrem for a typical set of data are shown. Further, in figure 5.17 (a) and (b)

the current density j(ts) at the starting time ts ~ 10-1 s and the fraction of the

current density j(t)/j(ts) for different times respectively, are plotted as a function

of reduced temperatures. The critical current density j(t) has been obtained fromtheremanentmagnetizationMrem(t)byformulaB.3(seeappendixB).Asillustratedinfigure5.14and5.16,allrelaxationmeasurementsshowanon-logarithmicbehaviour.However,forreducedtemperaturesT/Tc<0.83thefrac¬tionoftheremanentmagnetizationdecreaseswithincreasingtemperaturewhileforT/Tc>0.83thisfractionisobservedtoincreasewithtemperature{seealsofig¬ure5.17(b)).Further,asshowninfigure5.17(a),intheregimeTjTc<0.83thecurrentdensityj(ts)measuredatthestartingtimets~10_1sdecreaseveryslowlywithincreasingtemperaturewhileintheregimeT/Tc>0.83analmoststrongdecreaseisdetected.Wewilldiscussthesetemperatureregimesseparatelyanddis¬tinguishthemasfollows:anintermediatetemperatureregimeforT/Tc<0.83andahightemperatureregimeforT/Tc>0.83.5.4.1IntermediateTemperatureRegime(0.52<T/Tc<0.83)AsshownbyMaleyetal.[125]itispossibletodeterminetheactivationbarrierU(j)forvortexmotiondirectlyfromtherelaxationdataj(i).TheactivationbarrierU(j)canbeexpressedby[125]U{j)~-kBTIns9-lsdt+kBTInTo(5.1)



5.4 Time Relaxation of the non-Equilibrium Vortex State 105

where s = l cm2s/A, jc is the critical current density and r0 is the inverse attempt

frequency. Notice that the term kBT \n\sjc/r0\ is independent of j. Plotting the

expression —kBTIn \sdj/dt\ as a function of current density at different temperat¬

ures T, a set of curves is found which are vertically shifted with respect to each other.

For a temperature interval where the functional dependence between the activation

barrier U and the current density j is essentially temperature independent, this shift

is given by the term aAT, where a ~ In \sjc/r0\ is a constant, and AT = T2 —Ti

is the temperature difference between two
consideredcurves.CombiningthedatameasuredatdifferenttemperaturesT,theactivationbarrierU(j)isobtainedoverawidecurrentdensityrange.FortherelaxationmeasurementsperformedatreducedtemperaturesT/Tc<0.83(seefigure5.14),thedatawhichareobtainedfromtheexpression—kBTIn\sdj/dt\atdifferenttemperaturesThavebeenaccuratelymappedontoacommoncurveusingasingleconstanta.Nevertheless,wehaveobservedthatthevaluesobtainedby—kBTIn\sdj/dt\wereslightlytiltedwithrespecttoeachother.Moreover,theconstanta~In\sjc/t0\~128usedformatchingthecurvesleadtoavaluejcjrQoftheorderof1055A/cm2swhichistoohighforhavinganyphysicalmeaning.Thismayberelatedtotheassumption,thattheabovedescribedactiva¬tionbarrierU(j)doesnotdependexplicitlyontemperature.Asamatteroffact,abetterresultisobtainedintroducingatemperaturedependenceoftheactivationbarrierU[126],U(j)ca-kBTIndt+kBTInTo(5-2)Choosingß=1wenoticedthatthecurvesoverlappedforanexponenta=1,whileforß=2thecurvesmatchedforanexponenta=1.3.Inaddition,wefoundinbothcasesa~42.Byinsertingthisvalueintotheexpressiona~In|sjc/r0|oneobtainsajudiciousvalueforjc/r0oftheorderof1018A/cm2s.
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Figure 5.14: Normalized remanent magnetization vs. time, measured at reduced

temperatures T/Tc < 0.83 after cycling the sample in an external magnetic

field to a maximal value iïmai = 450 Oe. The time origin is given by the

instant, when the externally applied magnetic field H starts being decreased and

the ts ~ 10_1 s is the time, when the first point of the relaxation of Mrem

is taken. The numbers indicate the reduced temperatures T/Tc at which the

relaxation measurements have been performed.

In figure 5.15 the obtained potential U(j) are shown. From the double logar¬

ithmic plot, one can observe that both activation barriers U(j) follow a power-

law behaviour. Fitting this potential with the general formula for the activation

barrier U(j) = Uc{(jc/jY - 1) [26], we found the values Uc cü 80 - 140 K,

jc(T = 0) c- (8 —9).103 A/cm2 and u. ~ 6 for the
temperaturedependentpotentialwiththeexponentß=1,a=1andß=2,a=1.3respectively.Thevaluesofthecriticalcurrentjc(T=0)areofthesameorderofmagnitudeasthevaluesfoundinliterature[15,20,100].However,theexponentfi—6obtainedforbothpotentialistoohighascomparedtotheory[26].n

no
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Figure 5.15: Figure (a): Flux creep activation barrier U(j) for reduced tem¬

peratures T/Tc < 0.83 as determined from the magnetic relaxation data

by the method of Maley et al. [125] with a temperature dependent potential

U(j,T) = U(j)((l/ß)(l - (TjTcf)r with ß = 2, a = 1.3 -* curve (1)

and ß = 1, a = 1 —* curve (2) (the constant used for matching the curves

is a = 42 ± 1). The horizontal segments represent the current windows as

obtained from data at a fixed temperature. The lines are fit with a potential



108 5. Low Magnetic Field Diagram of 2H-NbSe2

5.4.2 High Temperature Regime (T/Tc > 0.83)

In order to find the activation barrier U(j) for reduced temperatures T/Tc > 0.83,

the relaxation data have been again evaluated with the method of Maley et ai

Nevertheless, it was not possible to obtain a unique smooth curve by simply shifting

the data obtained at different temperatures along the vertical axis as the curves

were strongly tilted with respect to each other. Thus, within the temperature range

T/Tc > 0.83, it was not possible to find a unique functional relation between U

and j following the above approach.

The extremely non-logarithmic behaviour of the curves is a characteristic of

relaxation measurements performed in the temperature regime T/Tc > 0.83 (see

figure 5.16). Further, the relaxation measurements of the remanent magnetization

performed at reduced temperatures T/Tc > 0.92 show, after an extremely fast

decay in the first few seconds, a practically flat behaviour. This behaviour becomes

more evident for temperatures close to Tc. A possible interpretation of the vortex

dynamics observed for this reduced temperatures T/Tc > 0.92 is the simultaneous

occurrence into the sample of two different pinning regimes with different
relaxationtimes.Thehighrelaxationrateswhicharemeasuredinthefirstfewsecondsaremainlytheresultofthestrongdecayintheregimewherethevorticesarelesspinned.Forlongertimes,mostofthefluxhasleftthesampleandonlythefluxgradientdensityofthestronglypinnedvorticesremain.Amoredetaileddiscussionofthepossiblenatureofthistwodifferentpinningregimeswillbegiveninsection5.5.Infigure5.17(a)thecurrentdensityj(ts)forthestartingtimets~10_1sisplottedasafunctionofreducedtemperature.Asonecanobserve,inthere¬gimeT/Tc>0.83thecurrentdensityjdecreasesrapidlywithincreasingtem¬peratureextrapolatingtoatemperatureT=0.988Tcslightlybelowthecriticaltemperature

Tc.
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Figure 5.16: Normalized remanent magnetization vs. time, after cycling the

sample in an external magnetic field. In parenthesis the values of the maximal

cycling fields Hmax are given: T/Tc < 0.93 (Hmax ~ 450 Oe) andT/Tc > 0.93

(Hmax ~ 100 Oe). The numbers indicate the reduced temperatures T/Tc at

which the relaxation measurements have been performed. The time origin is

given by the instant, when the externally applied magnetic field H starts being

decreased and the ts ~ 10_1 s is the time, when the first point of the relaxation

of Mrem is taken.
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Figure 5.17: Figure (a): Current density j(ts) measured at the starting time

ts = 10~1 s as a function of reduced temperature. The lines serve as guides to

the eyes. Figure (b): Fraction of the current density j(t)/j(t3) as a function of

reduced temperature, where ts = 10_J s is the starting time. The numbers in

the inset indicate the time at which the different current densities j(t) have been

determined.
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5.5 Low Field H-T Diagram of 2i*-NbSe2

The results obtained in the previous section for the continuous layered 2i?-NbSe2

single crystal in magnetic fields H _L a6-planes are now summarized and discussed.

In figure 5.18 the low field phase diagram deduced from our susceptibility and mag¬

netization measurements with a qualitative interpretation of the different vortex

states is shown.

For magnetic fields if > 250 Oe, the peak effect temperature Tpe(H) determ¬

ined by the position of the negative peak in our susceptibility x'CO data, increases

linearly with decreasing field in agreement with results in literature [16,17,117].

However, for H < 250 Oe the peak effect is no more visible in our susceptibility

measurements. This is possibly related to the very low amplitude of the ac-field

Hac = 30 mOe, indicating that the peak effect in this low field regime might be

triggered above certain amplitude of the detecting field [127].

In the magnetization measurements M(T) the peak effect regime can also be detec¬

ted for low magnetic fields H > 10 Oe. As amatteroffact,anevidentreductionofthelinearincreaseofthemagnetizationdirectlyfollowedbyastrongdecreasetoM>0isobservedintheZFC-M(T)curvesslightlybelowTHc2(H).ThisbehaviourcanbewellexplainedbyasuddenpeakinthecriticalcurrentdensityasexpectedinthePEregime.Further,thepeakeffecttemperatureTf?E{H)asestimatedfromthemagnetizationmeasurementsforfieldsH>250OeisingoodagreementwiththepeakeffecttemperatureTPE(H)asdeterminedfromoursusceptibilitydata.Moreover,thetemperatureTpE{H)aswellasthetemperatureTdt{H)oftheonsetofthereductioninmagnetizationassociatedtotheonsetofthepeakeffectregime,showareentrantbehaviourfor85Oe<H<250OeconfirmingtheresultsofGhoshetal[16].Onemechanismtoexplainthesuddenincreaseofjcatthepeakeffect[128]slightlybelowtheuppercriticalfieldisthesofteningoftheshearmodulusofthevortexlatticeasHc2(T)isapproached.Lattice(shear)distortionswhichmaximizetheenergygainduetothepinningthuscostlesselasticenergy.Asaconsequence,jcincreasessincethefluxlinelatticecanadaptbettertoitspinningenvironment.Theshearmodulusofthevortexlatticebecomesalsoexponentiallysmallatlowfield
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values H > Hcl [26] where the vortex interactions start to decrease. Consequently,

this leads to a reentrance of the peak effect regime for low magnetic fields, in agree¬

ment with our results for 85 Oe < H < 250 Oe.

In the last few years several authors [29,30,116,120] also proposed a rapid de¬

crease of the shear modulus slightly below a flux line lattice melting transition.

Accordingly, they suggested that the peak effect track the melting transition ex¬

tremely closely. Relying on this assumption, Ghosh et al. [16] interpreted the weak

reentrant behaviour of the peak effect temperature detected at low magnetic fields,

as first experimental indication of a reentrant vortex liquid phase as theoretically

predicted by Nelson [25]. An indication of a thermal melting transition is also ob¬

served in our magnetization M(T) measurements by a strong decrease of the critical

current density jc slightly above the estimated peak effect temperature T^^H).

However, the temperature Twpt{H) corresponding to the maximal slope of the de¬

crease in jc(T), increases monotonically
withdecreasingfield,showingnoreentrantbehaviour.Consequently,wedonotinterpretthereentranceofthepeakeffectasthereentrantvortexliquidphaseasproposedbyGhoshetal.[16].AfurthermechanismtoexplainthepeakeffectphenomenonhasbeenrecentlyproposedbyPaltieletai[18].Theysuggestadisorder-drivenfirstordertransitionfromanorderedBraggGlass,whichisdominatedbytheelasticenergy,toahighlydisorderedsolidwhichisgovernedbythepinningenergy.Thereentranceofthepeakeffecttransitionisthenrelatedtoarapiddecreaseoftheelasticenergyatlowfields(B«$o/A2)wherethevortexinteractionsstarttodecrease.Further,thecommonlyobservedsmearingofthepeakeffectin2#-NbSe2crystalsisexplainedbytheinjectionofdisorderedvorticesthroughthesampleedgesintheconventionalstripconfiguration[129].Thesefeaturesarefoundtobeabsentintransportstud¬iesinaCorbinodiskgeometryinwhichthecirculatingvorticesdonotcrossthesampleedgesandaverysharpincreaseofjcatthepeakeffectisobserved[18].Anumberofanomalousinstabilityphenomenareportedin2i?-NbSe2inthelastfewyears[15,99,122,129-131]canbewellexplainedbythemechanismsuggestedbyPaltieletal.[18].Accordingtothisscenario,ourmeasurementscanbeinterpretedasfollows(seefig¬ure5.18):theincreaseofjc(T)observedatTot(H)canbeassociatedtoacrossoverfromanorderedBraggGlasstoametastabledisorderedstate,formeddynamically
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by an edge-contamination mechanism [129]. This is also consistent with neutron

scattering measurements [122] where a structural evidence of a disordering of a well

ordered lattice at the onset of the peak effect regime has been observed. While at the

estimated peak effect temperature Tpg(H), a phase transition to a stable highly dis¬

ordered solid takes place. This is also in agreement with several experiments which

observe at the peak effect temperature/field a crossover from a metastable to a stable

state [15,129,131). Nevertheless, the mechanism suggested by Paltiel et al. [18] does

not explain the strong decrease of the critical current density into a weakly pinned

state as observed in our magnetization M(T) measurements directly after the peak

effect regime. Moreover, we have no appropriate explanation for the second increase

of Tdt{H) and TpE(H) with decreasing field observed in the magnetic field regime

H < 85 Oe.

A further indication of this second increase of the onset temperature
Tdt{H)ofthepeakeffectregimeforlowmagneticfieldsH<85OeisalsogivenbyourtimerelaxationmeasurementsoftheremanentmagnetizationMrem.ThedecayofMremperformedatreducedtemperaturesT/Tc>0.92showsnamely,afteranextremelyfastdecayinthefirstfewseconds,apracticallyflatbehaviour.Apossibleinter¬pretationofthevortexdynamicsinthisregimeisthesimultaneousoccurrenceintothesampleoftwodifferentpinningregimeswithdifferentcriticalcurrentdensities.Thisisingoodagreementwiththelowfieldcrossoverfromapinningregimeoflow(e.g.BraggGlass)toapinningregimeofhigherjc{e.g.highlydisorderedsolid).Theinitialfieldprofileinthesamplemaythenconsistof'disorderedsolid'pinninginthecentralregionofthesampleand'BraggGlass'pinningclosetotheborders.ThepresenceoftwodifferentpinningstatesinthespecimenmaythenalsoprovideanexplanationwhynosimplefunctionaldependencebetweentheactivationbarrierUandthecurrentdensityjcouldbefoundforthistemperatureinterval.Further,inthistemperatureregimethecurrentdensityj(ts)atthestartingtimets~10"1sdecreaseswithincreasingtemperatureextrapolatingtoT=0.988Tc.ThistemperatureTagreeswiththelowfieldextrapolationofthetemperatureTwpt(H)associatedwitharapiddropinjc.
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Figure 5.18: Low field H-T/Tc diagram of 2H-NbSe2 (Hdc -J- ab-planes) in the

neighbourhood of the critical temperature Tc. Lines denote: Hqt(T) onset of

the peak effect regime, H^E(T) estimated position of the peak in jc, Hwpt(T)

maximum slope of the strong decrease of jc, Hjl(T) irreversibility line, HC2(T)

upper critical field and Hp(T) field of first flux penetration. The shaded areas

indicate the different vortex states. The demagnetization factor D ~ 0.63 has

been neglected.



6 Overview and Future Prospects

In the first part of this thesis, we investigated the whole low field H-T diagram of the

high temperature superconductor E^S^CaC^Og+a with the magnetic field applied

perpendicular to the superconducting Cu02 layers. E^S^CaC^Os+a shows the

relevant characteristics associated with the properties of HTSC's: high anisotropy,

high critical temperature, and weak pinning. The good quality of the investigated

single crystal and the high sensitivity of our experimental arrangement allowed us to

reconstruct on the same sample the very complicate vortex matter phase diagram

as compiled from several experiments on different specimens in the last decade.

Moreover, in this thesis we show that the low field H-T diagram of E^S^CaC^Og+j

is even more complex than previously known and apparently displays additional new

vortex matter phases.

In the second part of this work, the low field behaviour of the peak effect

has been investigated in the low temperature superconductor 2i/-NbSe2. The an¬

isotropic superconductor niobium diselenide 2iJ-NbSe2 has attracted a great deal

of attention largely because many of its properties lie in between those of conven¬

tional superconductors and the high temperature cuprates. Moreover, a reentrant

behaviour of the peak effect temperature which has been related to the theoretical

predicted existence of a vortex liquid phase at low fields [25,27], has been recently

reported in this material [16,17]. Our results confirm this reentrant behaviour of the

peak effect temperature. However, according to our measurements, the peak effect

phenomenon is not related to a melting transition but rather to an order-disorder

transition as proposed very recently [18]. In addition, a new behaviour of the peak

115
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effect temperature is observed at fields H > Hci(T). Therefore, a novel low field

vortex matter diagram in the neighbourhood of Tc is presented.

We would like to conclude this thesis with a brief list of experiments which

form a natural continuation of this work.

Susceptibility and magnetization field sweep measurements on

Bi2Sr2CaCu20s+<5 single crystals should be performed at different cycling rates

dH/dt in the field regime where the new crossover Hi^D{T) presented in this

thesis, has been observed. If this crossover becomes more evident for fast cycling

rates dH/dt, it would be a further indication that this transition corresponds to a

crossover from a single vortex pinning regime [(O-l)D and (ID)] to a vortex bundle

pinning regime [(0-3)D and (3D)] as proposed by [12-14]. The creep rate in the

[(O-l)D and (ID)] is predicted to be stronger than in the [(0-3)D and (3D)] regime,

so that the steep decrease of the critical current density at the crossover should

become experimentally more evident for fast cycling rates dH/dt.

- It would be interesting to investigate the narrow low field vortex liquid phase

predicted theoretically slightly above the lower critical field Hcl(T) [25,27,58], by

susceptibility and magnetization field sweep measurements performed at very low

cycling rates dH/dt on
ellipsoidalshapedE^S^CaC^Og+asinglecrystals.Thismeasuringprocedureonasamplewiththisgeometryremovespuriouseffectsduetometastableconfigurations(Bean-Livingstonbarriers,geometricalbarriers)[2]andconsequently,thenarrowlowfieldvortexliquidphaseslightlyaboveHci(T)shouldnotbeobscuredanymorebysurfacebarriersforvortexentry.-Lowfieldmagnetizationtemperaturesweepmeasurementsshouldbeper¬formedon2i/-NbSe2singlecrystalswithvaryingamountsofquencheddisorder.TheseinvestigationswouldelucidatetheeffectsofquencheddisorderonthepeakeffecttransitioninthefieldregimeH<85Oewherethepeakeffecttemperaturehasbeendetectedtoincreasewithdecreasing

field.
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- The time relaxation of Mrem in a 2i7-NbSe2 crystal should be measured

at reduced temperatures T/Tc < 0.5. As shown in this thesis, in the regime

0.5 < T/Tc < 0.8 a decrease of the initial decay rate with increasing temperat¬

ure occurs. Accordingly, in the temperature regime T/Tc < 0.5 a maximum in the

decay rate should be observed. This behaviour of the decay rate would then be

similar to the behaviour of the creep rate detected at intermediate temperatures

in YBa2Cu307 single crystals [110]. In this material, the maximum in the creep

rate has been interpreted as an indication of a dimensional crossover from a single

vortex line pinning (ID-pinning) to a vortex bundle pinning (3D-pinning) regime

predicted for continuous anisotropic superconductors by the weak collective pinning

theory [110].
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Appendix A AC-Susceptibility

The measurement of complex susceptibility x = x' —ix" m a weak ac-field, is one

of the most useful methods for the study of magnetic response of superconductors.

Superimposing a small ac-field H{iot) = ifacRe(exp(iwi)) on a large <ic-field H^,

the resulting time-dependent magnetization M{uit) of a specimen can be expressed

in the form of the Fourier expansion [102]

M(üjt) = x0Hdc + Hac ^2 RefxnexpfiTiwi)) (A.l)
n>l,nN

where Re() denotes the real part of the complex variable and u is the fundamental

frequency. The first term is a time independent contribution or 'offset' which is

due to the presence of the dc-field H^. The second term is the time dependent

component associated with the ac-field Haccos(ujt). The harmonic susceptibility

Xn = Xn
~ ix'n are *ne Fourier coefficient of the magnetization, where Xi ls the

fundamental susceptibility and the others are the higher-harmonic susceptibilities.

Experimentally one usually determines the real part xi and the imaginary part x'{

of the susceptibility by measuring change of inductance and effective resistance ofapickupcoilsurroundingthesample.Forfacility,inthefollowingwewillwriteXi=X-119
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There have been mainly three types of models suggested in literature in various

microscopic physical pictures for the susceptibility of non ideal type-II superconduct¬

ors [102].

The first type of model assumes a temperature (and field) dependent relaxation

time r, which measures how fast the system approaches equilibrium after a disturb¬

ance [132-134]. The resulting expression for the complex susceptibility is usually of

the Debye form x = Xo/(l + i^r) = x' ~ lx" where Xo is the static susceptibility and

u) is the frequency of the perturbing ac-field. It follows

*'= (TT^y ^

y» =

*^r
(a 3)X

(1 + (urr)*)
[A-6}

In this model, a x"-peak resultsatthetemperatureatwhich1/rreachesthemeas¬urementsfrequencyu.Thesecondtypeofmodelemphasizesthediffusivemotionoffluxlines[103].Whenasuperconductorshowsalinearresistivitypduetofluxmotion,regardlessofitsorigins,thepenetrationdepthoftheac-fieldisaskin-depthSs=(c2p/27r<u)1^2.Therealandimaginarypartsofsusceptibilityinthecaseofaslabgeometryhavethefollowingforms,/-,sinh(w)+sin(u)..A.4nx=-1+—.—érkVît(A-4)«(cosh(iij+cos{u))sinhM-sint»)u(cosn(u)+cos(wj)whereu=d/5swithdthesamplethickness.Theimaginarypartx"reachesamaximumatupeak—0.8c2p(H,T)/d2,wherecisthespeedoflight.Thethirdmodelisthenonlinearresponsecriticalstatemodel[123,124],inwhichthesusceptibilityresultsfromhystereticpenetrationofmagneticfluxoids.Theex¬pressionfortherealandtheimaginarypartofxarethefollowing[102]
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W= -1 + ^ Hac < H\ (A.6)

x" = ^rh Hac < H* (A.7)
3ir2jcd

4ttx' = -# Hac>H\ (A.8)
H,

ac

where jc is the critical current, d is the sample dimension and H* defines the minimal

field in the Bean model where S^O over the entire sample. Equation A.8 and A.9

are only numerical approximation.

The major differences among the three models presented above are that the

first two are independent on the amplitude #ac (linear response) but dependent

on the frequency of the ac-field while the critical state model does depend on the

amplitude of the ac-field (nonlinear-response) and could be frequency dependent if

the critical current density is time dependent.

These three models have been compared with susceptibility measurements performed

on a conventional superconductor Nb3Al and on a unconventional superconductor

YBa2Cu307_,s by Ling and Budnick [102].
Theirconclusionsarethefollowings:Thefirstmodelisnotappropriatetodescribesuperconductors.Atlowac-fieldsappliedparalleltothedc-field,asuperconductorwithpinningcangivelinearresponsesignalandcanbebetterdescribedbythediffusivemodel.Thecriticalstatemodelisinsteadmorerelevantforzerode-fields,ac-fieldappliednormaltothedc-fieldorac-fieldappliedparalleltothedcfieldwhentheamplitudeislarge.Accordingto[102]andduetothefact,thatoursusceptibilitymeasurementsperformedontheBi2Sr2CaCu208+ssinglecrystaldidnotshowanydependenceontheamplitudeHac(linearresponse)oftheac-field(seefigureA.l),thesusceptibilitydataobtainedontheBSCCOsamplehavebeendescribedwithinthediffusivemodel.
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Figure A.l: x'(H) and x"(H) data performed at a temperature T = 45 K on a

Bi2Sr2CaCu2Ö8+5 single crystal with an ac-field of frequence u = 160 Hz and

different amplitudes Hac.



Appendix B Bean Model for Strips and

Disks

In the case of an infinite slab parallel to the applied magnetic field H, the dependence

between Mand j has been described by Bean [123,124]. Gurevich and Brandt [135]

showed that despite the particular field distribution for strips and disks sample

geometries, the current density j can still be considered as constant throughout

the sample at a given time t. It follows that the magnetization M, which is given

by [136]

M(t) = ^'è/rAj(r,i)(iy' (R1)

for a disk-like geometry, for a constant current density j{r,t) = j(t)e^, can be

expressed as

\M(t)\=m-~.~J\rAe4>\dV, (B.2)

where the integration over the geometrical factor leads to

M(t)^|-j(t), (B.3)

with R being the sample radius. For the case of disks (strips) the well known Bean

model relationship for an infinite cylinder (infinite slab) in the fully critical state is

therefore still a valid approximation.

m



Seite Leer /

Blank leaf



Bibliography

[1] A.S. Alexandrov, V.N. Zavaritsky, W.Y. Liang, and P.L. Nevsky, Phys. Rev.

Lett. 76, 983 (1996).

[2] M. Nideröst, R. Frassanito, M. Saalfrank, A.C. Mota, G. Blatter,

V.N. Zavaritsky, T.W. Li, and P.H. Kes, Phys. Rev. Lett. 81, 3231 (1998).

[3] E. Zeldov, D. Majer, M. Konczykowski, A.I. Larkin, V.M. Vinokur,

V.B. Geshkenbein, N. Chikumoto, and H. Shtrikman, Europhys. Lett. 30,

367 (1995).

[4] D. Majer, E. Zeldov, and M. Konczykowski, Phys. Rev. Lett. 75, 1166 (1995).

[5] E. Zeldov, D. Majer, M. Konczykowski, V.M. Vinokur, V.B. Geshkenbein, and

H. Shtrikman, Nature 375, 373 (1995).

[6] E. Khaykovic, E. Zeldov, D. Majer, T.W. Li, P.H. Kes, and M. Konczykowski,

Phys. Rev. Lett. 76, 2555 (1996).

[7] V.N. Kopylov, A.E. Koshelev, I.F. Schegolev, and T.G. Togonidze,

Physica C 170, 291 (1990).

[8] C.D. Dewhurst and R.A. Doyle, Phys. Rev. B 56, 10832 (1997).

[9] D.T. Fuchs, E. Zeldov, T. Tamegai, S. Ooi, M. Rappaport, and H. Shtrikman,

Phys. Rev. Lett. 80, 4971 (1998).

[10] M. Nideröst, A. Suter, P. Visani, A.C. Mota, and G. Blatter, Phys. Rev. B 53,

9286 (1996).

[11] M.F. Goffman, J.A. Herbsommer, F. de la Cruz, T. Li, and P.H. Kes, Phys.

Rev. B 57, 3663 (1998).

[12] O.S. Wagner, G. Burkard, V.B. Geshkenbein, and G. Blatter, Phys. Rev.

Lett. 81, 906 (1998).

125



126 Bibliography

[13] O.S. Wagner, Ph.D. thesis, ETHZ (1998).

[14] G. Burkard, O.S. Wagner, V.B. Geshkenbein, and G. Blatter, to be published .

[15] W. Henderson, E.Y. Andrei, M.J. Higgins, and S. Bhattacharya, Phys. Rev.

Lett. 77, 2077 (1996).

[16] K. Ghosh, S. Ramakrishnan, A.K. Gover, G.I. Menon, G. Chandra,

T.V.C. Rao, G. Ravikumar, P. Mishra, V.C. Sahni, C.V. Tomy,

G. Balakrishnan, D.M. Paul, and S. Bhattacharya, Phys. Rev. Lett. 76, 4600

(1996).

[17] S. Ramakrishnan, K. Ghosh, A.K. Grover, G.I. Menon, T.C. Rao,

G. Ravikumar, P.K. Mishra, V.C. Sahni, C.V. Tomy, G. Balakrishnan,

D.M. Paul, and S. Bhattacharya, Physica C 256, 119 (1996).

[18] Y. Paltiel, E. Zeldov, Y. Myasoedov, MX. Rappaport, G. Jung,

S. Bhattacharya, M.J. Higgins, Z.L. Xiao, E.Y. Andrei, P.L. Gammel, and

D.J. Bishop, Phys. Rev. Lett. 85, 3712 (2000).

[19] M.V. Marchevsky, Ph.D. thesis, Kamerlingh Onnes Laboratorium, Leiden

(1997).

[20] M.V. Marchevsky, J. Aarts, P.H. Kes, and M.V. Indenbom, Phys. Rev.

Lett. 78, 531 (1997).

[21] A.A. Abrikosov, Sov. Phys. JETP 5, 1442 (1957).

[22] W.H. Kleiner, L.M. Roth, and S.H. Antler, Phys. Rev. A 133, 1226 (1964).

[23] D. Crieber, B. Jacrot, L.M. Rao, and B. Farnoux, Phys. Lett. 9, 106 (1964).

[24] J.G. Bednorz and K.A. Müller, Z. Phys. 64, 189 (1986).

[25] D. Nelson, Phys. Rev. Lett. 60, 1973 (1988).

[26] G. Blatter, M.V. Feigel'man, V.B. Geshkenbein, A.I. Larkin, and

V.M. Vinokur, Rev. Mod. Phys. 66, 1125 (1994).

[27] G. Blatter and V.B. Geshkenbein, Phys. Rev. Lett. 77, 4958 (1996).

[28] S.S. Banerjee, S. Saha, N.G. Patil, S. Ramakrishnan, A.K. Grover,

S. Bhattacharya, G. Ravikumar, P.K. Mishra, T.V.C. Rao, V.C. Sahni,

C.V. Tomy, G. Balakrishnan, D.M.Paul,andM.J.Higgins,PhysicaC308,25(1998).[29]A.I.Larkin,M.C.Marchetti,andV.M.Vinokur,Phys.Rev.Lett.75,2992(1995).



Bibliography 127

[30] M.J. Higgins and S. Bhattacharya, Physica C 257, 232 (1996).

[31] W. Lawrence and S. Doniach, in Proceedings of the 12th Conference on Low

Temperature Physics (LT12), edited by E. Kanda, page 361, Kyoto (1971),
Academic Press of Japan.

[32] M. Tinkham, Introduction to Superconductivity, McGraw-Hill (1996).

[33] J.R. Clem, Phys. Rev. B 43, 7837 (1991).

[34] A. Schilling, M. Cantoni, J.D. Guo, and H.R. Ott, Nature 382, 791 (1996).

[35] M.P.A. Fisher, Phys. Rev. Lett. 62, 1415 (1989).

[36] M. Feigelman, V. Geshkenbein, A. Larkin, and V. Vinokur, Phys. Rev.

Lett. 63, 2303 (1989).

[37] T. Gianmarchi and P.L. Doussal, Phys. Rev. B 52, 1242 (1995).

[38] R. Cubbit, E.M. Forgan, G. Yang, S.L. Lee, D.M. Paul, H.A. Mook,

M. Yethiraj, P.H. Kes, T.W. Li, A.A. Menovsky, Z. Tarnawski, and

K. Mortensen, Nature 365, 407 (1993).

[39] T. Gianmarchi and P.L. Doussal, Phys. Rev. B 55, 6577 (1997).

[40] B. Horovitz and T.R. Goldin, Phys. Rev. Lett. 80, 1734 (1998).

[41] D. Ertas and D.R. Nelson, Physica C 272, 79 (1996).

[42] M. Konczykowski, L.I. Burlachkov, Y. Yeshurun, and F. Holtzberg, Phys.

Rev. B 43, 13707 (1991).

[43] N. Chikumoto, M. Konczykowski, N. Motohira, and A.P. Malozemoff, Phys.

Rev. Lett. 69, 1260 (1992).

[44] E. Zeldov, A.I. Larkin, V.B. Geshkenbein, M. Konczykowski, D. Majer,

B. Khaykovich, V.M. Vinokur, and H. Shtrikman, Phys. Rev. Lett. 73, 1428

(1994).

[45] E.H. Brandt, J. Low Temp. Phys. 26, 709 (1977).

[46] E.H. Brandt, J. Low Temp. Phys. 28, 263 (1977).

[47] A.I. Larkin and Y.N. Ovchinnikov, J. Low Temp. Phys. 34, 409 (1979).

[48] M. Däumling, J.M. Seuntjens, and D.C. Larbalestier, Nature346,332(1990).[49]T.Nishizaki,T.Naito,andN.Kobayashi,Phys.Rev.B58,11169(1998).[50]F.Lindemann,Phys.Z.(Leipzig)11,69(1910).



128 Bibliography

[51] A. Houghton, R.A. Pelcovits, and A. Sudb0, Phys. Rev. B 40, 6763 (1989).

[52] E.H. Brandt, Phys. Rev. Lett. 63, 1106 (1989).

[53] D.S. Fisher, M.P.A. Fisher, and D.A. Huse, Phys. Rev. B 43, 130 (1991).

[54] D.E. Farrell, J.P. Rice, and D.M. Ginsberg, Phys. Rev. Lett. 67, 1165 (1991).

[55] R.G. Beck, D.E. Farrell, J.P. Rice, D.M. Ginsberg, and V.G. Kogan, Phys.

Rev. Lett. 68, 1594 (1992).

[56] A. Schilling, H.R. Ott, and T. Wolf, Phys. Rev. B 46, 14253 (1992).

[57] H. Safar, P.L. Gammel, D.A. Huse, D.J. Bishop, W. Lee, and D.M. Ginsberg,

Phys. Rev. Lett. 70, 3800 (1993).

[58] G. Blatter, V.B. Geshkenbein, A. Larkin, and H. Nordborg, Phys. Rev. B 54,

72 (1996).

[59] K. Deligiannis, P.A.J, de Groot, M. Oussena, S. Pinfold, R. Langan,

R. Gagnon, and L. Taillefer, Phys. Rev. Lett. 79, 2121 (1997).

[60] L. Krusin-Elbaum, L. Civale, V.M. Vinokur, and F. Holtzberg, Phys. Rev.

Lett. 69, 2280 (1992).

[61] Y. Yeshurun, N. Bontemps, L. Burlachkov, and A. Kapitulnik, Phys.

Rev. B 49, 1548 (1994).

[62] T. Tamegai, Y. lye, I. Oguro, and K. Kishio, Physica C 213, 33 (1993).

[63] C.J. van der Beek, M.V. Indenbom, G.D. Anna, and W. Benoit, Physica C 258,

105 (1996).

[64] N. Chikumoto, M. Konczykowski, N. Motohira, and K. Kishio, Physica C 199,

32 (1992).

[65] L. Burlachkov, V.B. Geshkenbein, A.E. Koshelev, A.I. Larkin, and

V.M. Vinokur, Phys. Rev. B 45, 8193 (1992).

[66] L. Burlachkov, V.B. Geshkenbein, A.E. Koshelev, A.I. Larkin, and

V.M. Vinokur, Phys. Rev. B 50, 16770 (1994).

[67] C.J. van der Beek and P.H. Kes, Phys. Rev. B 43, 13032 (1991).

[68] A. Schilling, R. Jin, J.D. Guo, and H.R. Ott, Phys. Rev. Lett. 71, 1899 (1993).

[69] M.FeigelmanandV.Vinokur,Phys.Rev.B41,8986(1990).[70]G.Blatter,V.Geshkenbein,andA.I.Larkin,Phys.Rev.Lett.68,875(1992).



Bibliography 129

[71] A.I. Larkin, Zh. Eksp. Teor. Fiz. 58, 1466 (1970), [Sov. Phys. JETP 31, 784

(1970)].

[72] T. Teruzzi, Ph.D. thesis, ETH Zürich (1993).

[73] M. Nideröst, Ph.D. thesis, ETH Zürich (1996).

[74] Cryoperm /i-metal shielding, Vakuumschmelze GmbH, 6450 Hanau, Germany.

[75] Stycast 1266, Grace N.V., 2431 Westerloo, Belgium.

[76] J.M. Lockhart, R.L. Fagaly, L.W. Lombardo, and B. Muhlfelder,

Physica B 165, 147 (1990).

[77] AC-Impendance Bridge model RBU, S.H.E. Corporation, 4174 Sorrento Valley

Blvd., San Diego, CA 92121, USA.

[78] M. Kugler, Master's thesis, ETH Zürich (1993).

[79] A. Suter, Master's thesis, ETH Zürich (1994).

[80] SIOV Metal Oxide Varistors, Siemens Matsushita Components, 80286

München, Germany.

[81] T.W. Li, P.H. Kes, N.T. Hien, J.J.M. Franse, and A.A. Menovsky, J. Crystal

Growth 135, 481 (1994).

[82] C.J. van der Beek, Ph.D. thesis, Leiden University (1992).

[83] K. Kadowaki, A.A. Menovsky, and J.J.M. Franse, Physica B 165, 1159 (1990).

[84] D.E. Farrell, S. Bonham, J. Foster, Y.C. Chang, P.Z. Jiang, K.G. Vandervoort,

D.J. Lam, and V.G. Kogan, Phys. Rev. Lett. 63, 782 (1989).

[85] S.L. Lee, M. Warden, H. Keller, J.W. Schneider, D. Zech, P. Zimmermann,

R. Cubbit, E.M. Forgan, M.T. Wylie, RH. Kes, T.W. Li, A.A. Menovsky, and

Z. Tarnawski, Phys. Rev. Lett. 75, 922 (1995).

[86] H. Enriquez, N. Bontemps, P. Fournier, A. Kapitulnik, A. Maignan, and

A. Ruyter, Phys. Rev. B 53, 14757 (1996).

[87] T. Jacobs, S. Sridhar, Q. Li, G.D. Gu, and N. Koshizuka, Phys. Rev. Lett. 75,

4516 (1995).

[88] T.W. Li, Ph.D. thesis, Leiden University (1995).

[89] S.F. Lee, D.C. Morgan, R.J. Ormeno, D.M. Broun, R.A. Doyle, J.R. Waldram,

and K. Kadowaki, Phys. Rev. Lett. 77, 735 (1996).



130 Bibliography

[90] R. Kleiner, F. Steinmeyer, G. Kunkel, and P. Müller, Phys. Rev. Lett. 68,

2394 (1992).

[91] K. Kadowaki, J.N. Li, F.R. de Boer, P.H. Frings, and J.J.M. Franse, in

Proceedings of the LT 19 Satellite Conference on High-Tc Superconductivity,

page 13, Cambridge, U. K. (1990).

[92] Measurements performed by M. Nideröst and C. J. van der Beek in the Group

of Prof. M. Konczykowski, École Polytechnique Palaiseau, France.

[93] B.E. Brown and D.J. Beernsten, Acta Cryst. 18, 31 (1965).

[94] N. Toyota, H. Nakatsuji, K. Noto, A. Hoshi, N. Kobayashi, Y. Muto, and

Y. Onodera, J. Low Temp. Phys. 25, 485 (1976).

[95] P. de Trey, S. Gyax, and J. Jan, J. Low Temp. Phys. 11, 421 (1973).

[96] D. Sanchez, A. Junod, J. Müller, H. Berger, and F. Levy, Physica B 204, 167

(1995).

[97] G. D'Anna, P.L. Gammel, A.P. Ramirez, U. Yaron, C.S. Oglesby, E. Bücher,

and D.J. Bishop, Phys. Rev. B 54, 6583 (1996).

[98] J.E. Sonier, R.F. Kiefl, J.H. Brewer, J. Chakhalian, S.R. Dusinger,

W.A. MacFarlane, R.I. Miller, A. Wong, G.M. Luke, and J.W. Brill, Phys.

Rev. Lett. 79, 1742 (1997).

[99] S.S. Banerjee, N.G. Patil, S. Saha, S. Ramakrishnan, A.K. Grover,

S. Bhattacharya, G. Ravikumar, P.K. Mishra, T.V.C. Rao, V.C. Sahni,

M.J. Higgins, E. Yamamoto, Y. Haga, M. Hedo, Y. Inada, and Y. Onuki,

Phys. Rev. B 58, 995 (1998).

[100] M.V. Marchevsky, L.A. Gurevich, P.H. Kes, and J. Aarts, Phys. Rev. Lett. 75,

2400 (1995).

[101] C.J. van der Beek, P.H. Kes, M.P. Maley, M.J.V. Menken, and A.A. Menovsky,

Physica C 195, 307 (1992).

[102] R.A. Hein, TX. Francavilla, and D.H. Liebenberg, MagneticSusceptibilityofSuperconductorsandOtherSpinSystem,PlenumPress(1991).[103]V.B.Geshkenbein,V.M.Vinokur,andR.Fehrenbacher,Phys.Rev.B43,3748(1991).[104]A.P.Malozemoff,T.K.Worthington,Y.Yeshurun,F.Holtzberg,andP.H.Kes,Phys.Rev.B38,7203(1988).



Bibliography 131

[105] D.T. Fuchs, E. Zeldov, D. Majer, R.A. Doyle, T. Tamegai, S. Ooi, and

M. Konczykowski, Phys. Rev. B 54, 796 (1996).

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

T. Tsuboi, T. Hanaguri, and A. Maeda, Phys. Rev. B 55, 8709 (1997).

R.A. Doyle, S.F. Rycroft, T.B. Doyle, E. Zeldov, T. Tamegai, and S. Ooi,

Phys. Rev. B 58, 135 (1998).

V.V. Metlushko, G. Güntherodt, I.N. Goncharov, A.Y. Didyk, V.V. Mosh¬

chalkov, and Y. Bruynseraede, Physica B 194, 2219 (1994).

V.V. Metlushko, G. Güntherodt, V.V. Moshchalkov, and Y. Bruynseraede,

Europhys. Lett 26, 371 (1994).

V.N. Zavaritsky and N.V. Zavaritsky, Physica C 185, 2141 (1991).

V.V. Metlushko, G. Güntherodt, V.V. Moshchalkov, Y. Bruynseraede, and

M.M. Lukina, Phys. Rev. B 47, 8212 (1993).

C.S. Tedman, R.M. Rose, and J. Wulff, J. Appl. Phys. 36, 829 (1965).

R. Wordenweber and P.H. Kes, Cryogenics 29, 321 (1989).

G.D. Cody, Superconducting Magnet Systems, Springer, Berlin (1973).

P. Koorevar, J. Aarts, P. Berghuis, and P. Kes, Phys. Rev. B 42, 1004 (1990).

S. Bhattacharya and M.J. Higgins, Phys. Rev. Lett. 70, 2617 (1993).

G. D'Anna, M.O. Andre, W. Benoit, E. Rodriguez, D.S. Rodriguez,

J. Luzuriaga, and J.V. Wasczak, Physica C 218, 238 (1993).

H. Drulis, Z.G. Xu, J.W. Brill, L.E.D. Long, and J.C. Hou, Phys. Rev. B 44,

4731 (1991).

Z. Xu, H. Drulis, J.C. Hou, L.E.D. Long, and J.W. Brill, Physica C 202, 256

(1992).

S. Bhattacharya and M.J. Higgins, Phys. Rev. B 49, 10005 (1994).

F. Pardo, F.D.L. Cruz, P.L. Gammel, C.S. Oglesby, E. Bûcher, B. Battlog,
and D.J. Bishop, Phys. Rev. Lett. 78, 4633 (1997).

U. Yaron, P.L. Gammel, D.A. Huse, R.N. Kleiman, C.S.Oglesby,E.Bücher,B.Batlogg,D.J.Bishop,K.Mortensen,andK.N.Clausen,Nature376,753(1995).C.P.Bean,Phys.Rev.Lett.8,250(1962).C.P.Bean,Rev.Mod.Phys.36,31(1964).



132 Bibliography

[125] M.P. Maley, J.O. Willis, H. Lessure, and M.E. McHenry, Phys. Rev. B 42,

2639 (1990).

[126] G. Blatter, Private Communication.

[127] M. Willemin, C. Rössel, J. Hofer, H. Keller, A. Erb, and E. Walker, Phys.

Rev. B 58, 5940 (1998).

[128] A. Pippard, Philos Mag. 19, 217 (1969).

[129] Y. Paltiel, E. Zeldov, Y. Myasoedov, M.L. Rappaport, G. Jung,

S. Bhattacharya, M.J. Higgins, Z.L. Xiao, E.Y. Andrei, P.L. Gammel, and

D.J. Bishop, Nature 403, 398 (2000).

[130] W. Henderson, E.Y. Andrei, and M.J. Higgins, Phys. Rev. Lett. 81, 2352

(1998).

[131] A.A. Zhukov, S. Kokkaliaris, P.A.J, de Groot, M.J. Higgins, S. Bhattacharya,

R. Gaggnon, and L. Taillefer, Phys. Rev. B 61, R886 (2000).

[132] A.F. Hebard, Phys. Rev. B 40, 5243 (1989).

[133] M. Nikolo and R.B. Goldfarb, Phys. Rev. B 39, 6615 (1988).

[134} L.T. Sagdahl, Phys. Rev. B 42, 6787 (1990).

[135] A. Gurevich and E.H. Brandt, Phys. Rev. Lett. 73, 178 (1994).

[136] J.D. Jackson, Classical Electrodynamics, John Wiley & Sons Inc., New York

(1962,1975).



Acknowledgments

My greatest gratitude goes to Prof. Dr. Ana Celia Mota for giving me the opportun¬

ity to do this Ph.D work in her group and for offering me her continuous scientific

support and many advises which were vital for the realization of the research de¬

scribed in this thesis. I particularly appreciated the large freedom I was given in

managing the different projects.

I am also very grateful to Prof. Dr. Gianni Blatter for his permanent support,

for a number of fruitful discussions and for being the co-examiner of this thesis.

Of fundamental importance during this work was the sincere spirit of collab¬

oration of my colleagues and friends Marco Nideröst, Roberto Frassanito, Andreas

Amann, Bernd Müller-Allinger and Elisabeth Dumont. They assisted and encour¬

aged me on my way and constantly kept me on the move. It was a great pleasure

to work with them.

Special thanks go also to Vadime Geshkenbein. He always took time to listen to

my problems and patiently answered my numerous questions. For many discussion

on theoretical aspects I'm also very grateful to Orlando Wagner, Guido Burkard,

Matthew Dodgson, Malek Bou-Diab, Carsten Honerkamp and Bill Pedrini.

I would also like to thank Kristina Björknäs, Anita Schmid, Alexander Weiss-

tanner and Raffaele Gilardi who during their semester or diploma work contributed

to the measurements and the analysis of some of the data presented in this thesis.

133



134 Ackn owledgmen ts

I gratefully acknowledge Prof. Dr. P.H. Kes for providing the P^S^CaC^Os+i

and 2#-NbSe2 single crystals.

Für die kompetente technische Unterstützung und aussergewöhnliche Hilfs¬

bereitschaft möchte ich mich auch bei Hansruedi Aeschbach herzlich bedanken.

Ein ganz grosser Dank gilt auch meinen Eltern Nella und Siggi, meinem Bruder

Nico und meiner Tante Beatrice, die mir das Physik-Studium erst ermöglichten, mir

finanziell immer zur Seite standen und mich immer unterstützten. Ein grosser Dank

auch an meinen Grosseltern, die mir beim Korrigieren dieser Arbeit sehr geholfen

haben.

Ringraziare vorrei anche i miei ex-compagni d'appartamento, compagni di stu¬

dio e amici ticinesi per tutte le appassionanti discussioni e le divertenti serate passate

assieme a Zurigo. Un grand merci aussi à tous les Romands pour les bons moments

passés ensemble ces dernières années.

Last but not least, I gratefully acknowledge the financial support from the

"Schweizerischer Nationalfonds zur Förderung der Wissenschaftlichen Forschung"

and the "Eidgenössische Stiftung zur Förderung der schweizerischen Volkswirtschaft

durch wissenschaftliche Forschung".



Curriculum vitae

1972 Born in Minusio, Switzerland

1978-1983 Scuola elementare, Minusio

1983-1987 Scuola media, Minusio

1987-1991 Liceo cantonale, Locarno

1991 Maturità scientifica tipo C

1991-1997 Study of Physics at the Swiss Federal Institute of Technology Zürich

(ETH Zürich)

1997 Diploma work on
" Vortex-Zustände bei schwachen Feldern in einem

BviSr-iCaCuzOs+s Einkristall" in the Low Temperature group of

Prof. Dr. A.C. Mota at the Solid State Physics Laboratory of ETH

Zürich

since 1997 Research and teaching assistant in the group of Prof. Dr. A.C. Mota,

ETH Zürich

2001 Ph. D. thesis on "High- and Low- Temperature Superconductors:

Bi2Sr2CaCu208+(î and 2#-NbSe2 as Model Materials"

135



Seite Leer /

Blank leaf



List of Publications

- M. Nideröst, R. Frassanito, M. Saalfrank, A.C. Mota, G. Blatter, V. N. Zavarit-

sky, T.W. Li and RH. Kes

Phys. Rev. Lett. 81, 3231 (1998)

"Lower Critical Field HcX and Barriers for Vortex Entry in Bi2Sr2CaCu20s+Ä

Crystals".

- M. Saalfrank, M. Nideröst, A.C. Mota, and RH. Kes

Physica B 284-288, 549 (2000)

"Magnetization Studies in 2if-NbSe2 Single Crystals at Very Low Fields

Near Tc".

- M. Saalfrank, M. Nideröst, A.C. Mota, G. Blatter, T.W. Li and RH. Kes

to be published

"Vortex Diagram in Bi2Sr2CaCu208+<s: Possible New Low Field Vortex Matter

Phases".

- M. Saalfrank, M. Nideröst, A.C. Mota, and G. Blatter

to be published

"Magnetic Studies of the Peak Effect in the Anisotropic Superconductor

2i/-NbSe2 at Very Low Magnetic Fields".

137


