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Abstract v

Abstract

This is a study of the magnetic properties of the superconducting state of the recently discov-

ered two-band superconductor MgB2 and of the high Tc cuprate superconductor YBa2Cu4O8

(Y124), with a partial substitution of Ba by Sr. SQUID and torque magnetometry were used

to investigate the anisotropic properties of the superconducting state. The phase diagram

of “vortex matter” in the mixed state was constructed, with the focus on a disorder-induced

phase transition between a quasi-ordered Bragg glass and a highly disordered phase.

First, the anisotropic properties of magnesium diboride MgB2 were investigated. In this

superconductor with a remarkably high transition temperature Tc of 39 K, pairing is believed

to be phonon-mediated, as in conventional low Tc superconductors. What makes this com-

pound very peculiar is the participation in superconductivity of two sets of bands of different

dimensionality, leading for example to two gaps of different magnitude in the excitation spec-

trum observable in spectroscopic experiments.

Torque magnetometry was used to determine the upper critical field Hc2 of single crys-

talline MgB2, as a function of the direction of the external magnetic field and temperature.

The angular dependence of Hc2 at fixed temperature was found to follow the standard expres-

sion of the anisotropic Ginzburg-Landau theory (AGLT). In contrast to AGLT assumptions,

the anisotropy of the upper critical field γH was found to be temperature dependent, decreas-

ing from 6 at 15 K to 2.8 at 35 K. This unusual temperature dependence is a bulk property

and can be explained by non-local effects of anisotropic pairing and/or the ~k−dependence

of the effective mass tensor, both of which are pronounced in MgB2, due to the two sets of

bands with different dimensionality involved.

Reversible torque data near Tc reveal a field dependent effective anisotropy γeff, as obtained

by an analysis employing the anisotropic London model. The effective anisotropy γeff increases

nearly linearly from 2 in zero field to 3.7 in 10 kOe. The reversible torque behaviour may be

linked to a difference in the anisotropies of penetration depth and upper critical field, also

originating from the two band superconductivity.

A peak in the irreversible torque of MgB2 for fields directed parallel to the ab-plane was

observed in some crystals, but not in all. This feature is therefore attributed to stacking

faults, rather than to “intrinsic pinning”, in agreement with the theoretical predictions based

on the estimated coherence length and structural parameters, which indicate MgB2 to be a

three dimensional superconductor in the sense of the Lawrence-Doniach theory.

In the part concerning vortex physics, first a series of YBa2−xSrxCu4O8 single crystals was

measured to study the influence of site disorder on the disorder-induced transition between

a quasi-ordered vortex lattice (“Bragg glass”) and a highly disordered glassy phase, as well

as on the maximum critical current density in elevated magnetic fields, jmax
c . It was found

that when 32% of Ba is replaced by Sr, jmax
c is an order of magnitude higher than in the
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unsubstituted compound. The order-disorder transition field, on the other hand, first drops

by a factor of about five with a substitution of just 10% of Sr for Ba, and then remains

approximately constant for higher Sr contents. The results indicate that in very clean systems

the order-disorder transition of vortex matter is affected very strongly by any crystallographic

disorder, while above a certain threshold of crystallographic disorder it is relatively robust with

respect to additional disorder. In all crystals the order-disorder transition field monotonically

decreases with an increase of temperature. In substituted crystals, a remarkable upturn of

the order-disorder transition field was found at low temperatures, which cannot be explained

by the effect of surface barriers, and is at odds with theoretical predictions.

The study of vortex physics is continued by returning to magnesium diboride. Measure-

ments of single crystalline MgB2 with torque magnetometry in fields up to 90 kOe reveal a

sharp peak in the irreversible torque at about 0.85 Hc2. A study with a “minor hysteresis

loop” technique found pronounced history effects in the region between the peak onset and

it’s maximum. Angle and temperature dependence of the characteristic peak fields were found

to track those of Hc2. The features observed suggest that the peak marks a disorder-induced

phase transition of vortex matter between a quasi-ordered Bragg glass and a highly-disordered

glass, as studied before on YBa2−xSrxCu4O8.

At the end of the thesis, the obtained vortex matter phase diagram of MgB2 is discussed

in comparison with the phase diagrams of YBa2−xSrxCu4O8 and other superconductors. The

location of the order-disorder transition line in the H-T (normalized by Tc and Hc2(0)) plane

is very different from the one of YBa2−xSrxCu4O8, but rather similar to observations in NbSe2

with moderate disorder. The order-disorder transition obtained for MgB2 could be tracked

up to 0.7 Tc. Thermal fluctuations in MgB2 are intermediate between those in low and high

Tc superconductors, and it is proposed that MgB2 is a prime candidate for the observation of

thermal melting of vortex matter in a non high Tc superconductor.
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Zusammenfassung

Dies ist eine Studie der magnetischen Eigenschaften des supraleitenden Zustands des kürzlich

entdeckten zwei-Band Supraleiters MgB2 und des hoch-Tc Kupratsupraleiters YBa2Cu4O8

(Y124), mit teilweiser Substitution von Ba durch Sr. Die anisotropen Eigenschaften des

supraleitenden Zustands wurden untersucht mit SQUID- und Drehmomentmagnetometrie.

Das Phasendiagramm der “Vortex-Materie” im gemischten Zustand wurde erstellt, mit beson-

derer Berücksichtigung des durch Unordnung induzierten Phasenübergangs zwischen dem

quasi-geordneten Bragg-Glas und einer hochgradig ungeordneten Phase, HOD(T ).

Zuerst wurden die anisotropen Eigenschaften von Magnesium-Diborid MgB2 untersucht.

Es wird angenommen, dass die Paarbildung in diesem Supraleiter mit der bemerkenswert

hohen Übergangstemperatur von 39 K mit Hilfe von Gitterschwingungen zustande kommt,

wie in konventionellen tief-Tc Supraleitern. Die Besonderheit von MgB2 ist die Mitwirkung

von zwei Paaren von Bändern unterschiedlicher Dimensionalität. Die führt zum Beispiel zu

zwei Energielücken verschiedener Grösse, wie in spektroskopischen Experimenten beobachtet

werden kann.

Das obere kritische Feld Hc2 von einkristallinem MgB2 wurde mittels Drehmomentmag-

netometrie bestimmt, als Funktion der Richtung des angelegten Magnetfeldes und der Tem-

peratur. Die Winkelabhängigkeit von Hc2 bei festgehaltener Temperatur folgt dem Stan-

dardausdruck der anisotropen Ginzburg-Landau Teorie (AGLT). Hingegen wurde gefunden,

dass die Anisotropie des oberen kritischen Feldes, γH , mit zunehmender Temperatur abn-

immt, von 6 bei 15 K bis 2.8 bei 35 K. Diese ungewöhnliche Temperaturabhängigkeit, welche

im Widerspruch zu den Annahmen der AGLT steht, lässt sich erklären durch nicht-lokale

Effekte anisotroper Paarbildung und/oder der ~k−Abhängigkeit des Tensors der effektiven

Masse. Beides ist stark ausgeprägt in MgB2, aufgrund der zwei Bandpaare unterschiedlicher

Dimensionalität.

Eine Analyse von reversiblen Drehmoment-Daten mit dem anisotropen London Modell

ergab eine feldabhängige effektive Anisotropie γeff, nahezu linear zunehmend von 2 in einem

Nullfeld bis zu 3.7 in 10 kOe. Dieses Verhalten könnte verknüpft sein mit unterschiedlichen

Anisotropien der Eindringtiefe und des oberen kritischen Feldes, ebenfalls verursacht durch

die Zwei-Band Supraleitung.

Ein lokales Maximum im irreversiblen Drehmoment von MgB2 für Felder, welche nahezu

parallel zur ab−Ebene gerichtet sind, wurde in einigen Kristallen beobachtet, allerdings nicht

in allen gemessenen. Deshalb wird dieses Verhalten Stapelfehlern zugeschrieben, und nicht

dem sogenannten “intrinsischen Pinning”.

Im Teil über die Physik der “Vortices” (Flussschläuche) wurde zunächst eine Reihe von

YBa2−xSrxCu4O8 Einkristallen untersucht, um den Einfluss der strukturellen Unordnung auf

den Phasenübergang zwischen dem Bragg-Glas und der ungeordneten Vortexphase, sowie auf
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die maximale kritische Stromdichte jmax
c zu studieren. Die Messungen ergaben, dass jmax

c

um eine Grössenordnung höher ist als in Y124, wenn 32% des Ba durch Sr ersetzt werden.

Das Feld des Phasenübergangs zwischen quasi-geordneter und ungeordneter Phase, HOD, fällt

zunächst auf einen Fünftel des Wertes von Y124 durch eine Substitution von nur 10%, bleibt

dann jedoch ungefähr konstant für höhere Anteile von Sr. Die Resultate deuten darauf hin,

dass in sehr reinen Systemen HOD sehr stark durch kristalline Unordnung beeinflusst wird,

wohingegen HOD bei strukturell stärker ungeordneten Systemen nur schwach von der genauen

Menge der Unordnung abhängt. In den substituierten Kristallen wurde ein bemerkenswerter

Anstieg des Phasenübergangsfeldes bei sehr tiefen Temperaturen beobachtet. Dieses Ver-

halten kann nicht durch den Einfluss von Oberflächen-Barrieren erklärt werden, und stimmt

nicht mit den theoretischen Voraussagen überein.

Messungen von einkristallinem MgB2 mit Drehmomentmagnetometrie in Feldern bis zu

90 kOe enthüllen ein scharfes lokales Maximum des irreversiblen Drehmoments bei etwa

0.85 Hc2. Eine Studie mit einer so genannten “minor hysteresis loop” Technik fand aus-

geprägte “Geschichtseffekte” in der Region zwischen dem “Onset” des lokalen Maximums

und dem lokalen Maximum selbst. Winkel- und Temperaturabhängigkeit der charakteristis-

chen Felder dieses Maximums folgen denjenigen von Hc2. Die beobachteten Effekte deuten

darauf hin, dass das lokale Maximum dem Übergang zwischen Bragg-Glas und ungeordneter

Vortexphase entspricht, wie bereits bei YBa2−xSrxCu4O8 untersucht.

Gegen Ende dieser Abhandlung wird das Phasendiagramm der Vortex-Materie von MgB2

im Vergleich zu demjenigen von YBa2−xSrxCu4O8 und anderen Supraleitern diskutiert. Die

Position von HOD(T ) in der H-T Ebene ist einerseits sehr verschieden von derjenigen von

HOD(T ) in YBa2−xSrxCu4O8, andererseits sehr ähnlich zu Beobachtungen in NbSe2. Der

Phasenübergang HOD(T ) in MgB2 konnte bis hinauf zu 0.7 Tc verfolgt werden. Thermische

Fluktuationen in MgB2 haben eine mittlere Stärke, verglichen mit den Fluktuationen in tief-

und hoch-Tc Supraleitern, und es wird postuliert, dass MgB2 ein gutes Material ist, um ein

thermisches Schmelzen der Vortex-Materie in einem nicht-hoch-Tc Supraleiter zu beobachten.
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1 Introduction
When, with superconductivity, a state of matter with zero electrical resistivity was discov-

ered by H. K. Onnes in 1911 [1], predictions were quickly put forward of this soon affecting

the daily lives with a multitude of applications. However, the transition temperatures Tc, at

which superconductivity sets in, were very low, less than 10 degrees above absolute zero, and

remained so for a long time. The theoretical situation was not much better: It was more than

40 years after the discovery of superconductivity, when the phenomenon of superconductivity

was finally explained microscopically with the pairing of electrons, helped by the mediation

of phonons (the famous BCS theory) [2]. Already seven years before, a phenomenological

theory by V. L. Ginzburg and L. D. Landau [3] was developed, which was able to describe

many of the phenomena observed on superconductors.

It was 1986, decades after the initial discovery of superconductivity, that interest was

suddenly renewed and the subject revitalized, when J. G. Bednorz and K. A. Müller found

superconductivity in La2−xBaxCuO4 with a transition temperature of about 35 K [4]. Soon,

a whole family of high−Tc cuprate superconductors was found, with maximum Tc at ambient

pressure of 135 K [5]. Again, hopes ran high about magnetic levitation and electrical power

transport without any need to cool the materials to very low temperatures. However, despite

the vastly increased transition temperatures, applications for high−Tc cuprates are still only

very few, more than 15 years after the discovery.

In the same way, predictions that high-Tc superconductivity in the cuprates would be

completely understood within 10 years from the discovery, turned out to be over-optimistic.

While it is clear that superconductivity is associated with the condensation of charge carriers

into pairs [6], like in conventional superconductors, the driving force of the pairing is not re-

ally understood in the case of the high-Tc cuprate superconductors. Is the effective attractive

interaction due to phonons, like in conventional superconductors, or due to polarons [7]? Or

is it rather due to magnetic interactions, given that all the materials are near an antiferro-

magnetically ordered phase [8]? Or a combination of the two? Or something else? Clear is

only that the high-Tc superconductors cannot be described by the standard phonon-mediated

pairing used in the original BCS theory, or any straightforward extension of it. In this sense

the cuprates are unconventional superconductors.

Cuprates are not the only unconventional superconductors. The heavy fermion super-

conductors, for example, discovered even before the cuprates, show exotic superconducting

properties with multiple superconducting phases with different symmetries of the order pa-

rameter [9] and a pairing believed to be mediated by spin-fluctuations [10] instead of phonons.

Other examples include organic salts [11], the ruthenates [12], which have a crystal structure

similar to the cuprates, and in some sense also the superfluidity of 3He [13].

Recently, magnesium diboride (MgB2), a material known since the early 1950’s [14], was

found to be a superconductor, with Tc = 39 K [15]. This discovery has caused a lot of
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excitement in the solid state physics community, not only because of the finding of supercon-

ductivity many decades after the first synthesis of the material, but also because of the high

Tc. The transition temperature of MgB2 was thought to be close to the limit of what can be

expected for a material exhibiting superconductivity with a conventional, phonon mediated

pairing mechanism [16].

Despite the high Tc, the microscopic mechanism of superconductivity in MgB2 was shown

to be “conventional” in the sense that the pairing is phonon-mediated (clearly indicated by

a large boron isotope effect [17]) and of s-wave symmetry (as inferred from the temperature

dependence of the 11B spin-lattice relaxation rate [18]). However, many experimental findings

are difficult to explain within an “all conventional, all usual” picture and meanwhile a general

consensus seems to be emerging concerning a “double energy gap”, respectively a pronounced

variation in the value of the superconducting gap between different sheets of the Fermi surface.

Like the high−Tc cuprates, MgB2 has a layered structure, and electronic band structure

calculations [19,20] indicate an important role of energy bands of quasi two-dimensional [21]

character. Some anisotropy of the properties of both the normal and the superconducting

state is therefore to be expected.

In the case of superconductors with anisotropic properties of the superconducting state,

reliable results are obtained from measurements performed on high-quality single crystals only.

Both in the case of the cuprate superconductor YBa2Cu4O8 and in the case of magnesium

diboride, the growth of such crystals is a very complicated task. Extremely high pressure and,

especially for MgB2, very high temperatures, are crucial in accomplishing the task, as well as a

precise control of the temperature as a function of time. The Solid State Physics Laboratory at

the ETH in Zurich, where this work was done, has very good equipment as well as experience

for high pressure crystal growth. The small size of the crystals obtained under high pressure,

typically in the sub-mm range, necessitates the use of elaborate measurement techniques.

A part of the magnetic measurements carried out within this project were performed in

superconducting quantum interference device (SQUID) magnetometers. SQUID’s exploit the

macroscopic quantum coherence of superconductors to measure the magnetic moment of a

sample very sensitively, and are standard equipment in many laboratories. Another technique

used, torque magnetometry, is less well known than SQUID magnetometry. A mechanical

torque appears due to the anisotropy of the superconducting properties of the materials and

therefore torque magnetometry is very well suited to assess those anisotropic properties. In

high magnetic fields, the sensitivity of torque magnetometers can be orders of magnitude

higher than the one of commercial SQUID magnetometers. An overview of the techniques

used for crystal growth and magnetic measurements is given in Sec. 2.

The phenomenological Ginzburg-Landau (GL) theory has been very successful for describ-

ing the magnetic properties of superconductors, while their calculation from first principles

is in general too complicated. The GL theory, originally devised to describe isotropic super-
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conductors, is complemented with the introduction of an anisotropy of the effective masses of

superconducting carriers. In the case of uniaxial anisotropy, all anisotropy effects are wrapped

up in a material dependent, but otherwise universal, effective mass anisotropy parameter

γ ≡ (m∗
c/m

∗
ab)

1/2. The standard anisotropic Ginzburg-Landau theory is briefly reviewed in

Sec. 3.

The anisotropy parameter γ is a central basic parameter characterizing the superconduct-

ing state, influencing important properties relevant for potential applications, such as thermal

fluctuations of vortices (see below). For the new superconductor MgB2, measurements carried

out within this project indicate that the anisotropy is temperature and field dependent, im-

plying that the standard anisotropic Ginzburg-Landau theory for this compound needs to be

expanded. On the “microscopic” level of the Fermi surface, this behaviour may be explained

by non-local effects of anisotropic pairing, including double gap superconductivity, and/or the

high non-parabolicity of the relevant conduction bands. On the macroscopic level, the field

dependence of the anisotropy may explain the rather rapid decrease of the critical current

density when the magnetic field is increased. The anisotropic magnetic properties of MgB2

were studied by means of torque magnetometry and are discussed in Sec. 4.

Both the cuprates and MgB2 are type II superconductors, where an external magnetic field

of sufficient strength penetrates the superconductor in form of quantized vortices. The study

of the behavior of those vortices is of great technological relevance, because a movement of the

vortices induced by a current exceeding a critical current density jc leads to dissipation, and

hence a finite resistance. Especially in the case of the high−Tc cuprate superconductors, that

behaviour, as a function of temperature, external magnetic field, and strength of microscopic

disorder, is extraordinarily complex, and “vortex physics” has become a research field on it’s

own. While in moderate external fields at low temperatures, the vortices are ordered in a

lattice, it was shown, for example, that thermal fluctuations can lead to the destruction of the

lattice, via a melting transition to a vortex fluid, similar to the melting of ice to water [22].

This is, however, not the only phase transition, “vortex matter” can undergo. Like thermal

fluctuations, disorder can also destroy the vortex lattice, in an order-disorder transition [23].

In the case of a disorder-induced destruction of the vortex lattice, the resulting phase is

believed to be a kind of “glass”, although it’s precise nature is unclear yet [24]. The transition

between the glass phase and the fluid phase may coincide with the so called irreversibility

line, where the critical current density vanishes [25]. It is informative to study the effect

of disorder, introduced chemically by partial substitution, on the critical current density

and the vortex matter phase diagram, especially on the order-disorder transition. For this

purpose, measurements by SQUID magnetometry were performed on a number of YBa2Cu4O8

crystals with increasing partial substitutions of Sr for Ba. In the new superconductor MgB2,

measurements by torque magnetometry revealed that there is a corresponding order-disorder

transition of vortex matter. These measurements are discussed, following an introductory
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review of the present theoretical knowledge of vortex matter phases and the associated critical

current densities, in Sec. 5, which concludes with a comparison of the phase diagrams of MgB2

and the cuprate superconductors.

Finally, in Sec. 6, the conclusions of this work are drawn, and some possibilities for inter-

esting follow-up work discussed. The work presented in this thesis has been published in part

as Refs. [26–30] and in Sec. 5 of Ref. [31].
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2 Experimental basis: Sensitive magnetic measurements

on high-quality single crystals

The superconductors studied in this thesis are most readily obtainable in form of polycrys-

talline material, for example powders. Extracting accurately the superconducting proper-

ties of a material from polycrystalline samples may be problematic due to several reasons.

First and foremost, the superconductors investigated here all have anisotropic superconduct-

ing properties, i.e., the result of a measurement depends on the direction of the external

magnetic field with respect to the crystallographic unit cell. Since the orientation of the mi-

crocrystals of a polycrystalline material is random, an accurate determination of anisotropic

properties is not possible on such samples. Furthermore, currents induced by the external

field, partly flow within the grains or microcrystals and partly across the grain boundaries −
therefore, the deduction of critical current densities from the measured overall magnetic mo-

ment of the sample is not possible accurately. To determine the intrinsic material properties of

anisotropic superconductors, measurements have thus to be performed on single crystals. For

the materials studied here, YBa2−xSrxCu4O8 and MgB2, single crystals cannot be obtained

under ambient pressure conditions. For crystal growth, high pressures have to be applied,

as described in Sec. 2.1. Since the crystals obtained are relatively small in size, they have

a small magnetic moment in a field and very sensitive measurement techniques are required

to measure their physical properties. Magnetic measurements are well suited to determine

various physical properties. In comparison to electrical transport measurements, for example,

magnetic measurements are contact-less, and probe most of the time the bulk of a sample,

i.e., they are not as sensitive to surface quality as, e.g., resistivity measurements, and do

not depend much on sample shape. Two different magnetic measurement techniques were

used: SQUID and torque magnetometry. SQUID magnetometry is by now a fairly standard

technique used in many laboratories. This is not the case for torque magnetometry, which

will be briefly described in Sec. 2.2. In Sec. 2.3, the two techniques are compared and their

respective advantages/disadvantages evaluated.

2.1 Single crystal growth under high pressure

Ideally, crystals are grown from a melt of the same composition as the crystals that are to be

grown. In multi-component systems, including the superconductors investigated here, such a

melt growth is often not possible under ambient pressure conditions, due to the existence of

other phases of the same components and the possibility of peritectic reactions. For example,

when cooling a melt of the elements yttrium, barium and copper in an oxygen atmosphere

of 1 bar pressure, the superconducting phase YBa2Cu3O7−δ (Y123) is obtained [32]. The

superconducting phase we are interested in, YBa2Cu4O8 (Y124), is stable only at lower tem-
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peratures. For both of the two superconductors investigated in this work, YBa2−xSrxCu4O8

(Y124 with strontium substitution, a high-Tc cuprate) and the recently discovered supercon-

ductor MgB2, crystal growth is not possible under ambient pressure, but we succeeded in

growing crystals under high pressure conditions.

High pressure can have two rather separate effects in the single crystal growth process [33]:

• High pressure of a gas atmosphere, which is an active component of the system, can

directly shift the thermodynamic equilibria of various possible chemical reactions.

• Hydrostatic pressure, applied by an inert gas atmosphere or even by a solid medium, can

influence the properties of the material during crystallization by, for example, modifying

the phase diagrams, changing the solubility of individual components, or reducing the

evaporation of volatile components.

2.1.1 YBa2Cu4O8 and YBa2−xSrxCu4O8

In the quaternary Y-Ba-Cu-O system there are three cuprate superconductors : YBa2Cu3O7−δ

(“Y123”, the most famous member of the family and the one with the highest Tc, 93 K),

Y2Ba4Cu7O15−δ (“Y247”), and YBa2Cu4O8 (“Y124”). Although Y124 has a lower critical

temperature than other Y-Ba-Cu-O compounds, namely about 78 K in unsubstituted crystals,

it has the advantage of being the only member with a fixed amount of oxygen atoms per unit

cell, while in Y123 and Y247, the oxygen content varies from sample to sample (and even

locally within a sample), making reproducibility difficult. The crystal structure of Y124 is

shown in Fig. 24 in Sec. 5.3.2.

Figure 1a) shows the stability ranges of the three superconductors, and the liquid phase

(the melt). Under low oxygen pressures, Y124 is stable only at low temperatures, increasing

the temperature, Y123 becomes the stable phase. Only under high oxygen pressure do the

liquid and the solid Y124 phases have a common border, necessary to grow crystals. In

principle, Y124 can be obtained by peritectic reaction from the melt under oxygen pressure

exceeding 2 kbar. In this case the melting temperature increases up to 1150◦C, but the use

of a flux with non-stoichiometric composition can lower the melting temperature. The use

of a high pressure oxygen atmosphere allowed the high pressure group at the Solid State

Physics Laboratory of ETH to grow single crystals of Y124 for the first time [34]. Currently,

there are only two laboratories in the world able to grow single crystals of Y124, the other

one is located in Illinois. Since oxygen under high pressure in contact with metal can lead

to explosions, a gas pressure system with a double atmosphere is used: The sample is in a

pure oxygen atmosphere under a pressure of up to 3 kbar (at temperatures up to 1300◦C) in

a chamber made of Al2O3, but the furnace works in an argon atmosphere. The supporting

argon pressure has to be equal to the oxygen pressure, which is ensured with a system of
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Figure 1: a) Oxygen partial pressure vs temperature phase diagram of the YBaCu system

with a composition Y:Ba:Cu of 1:2:4. From Ref. [33]. b) Photograph of the high gas pressure

autoclave. On the left wall, a small part of the automatic valve system for equilibrating the

pressures of the two atmospheres is seen. c) Section through the two-chamber autoclave:

1. Thermocouples and electric leads, 2. alumina crucible, internal chamber for O2 pressure

(5-10 cm3), 3. Thermocouples (PtRh 6%/PtRh 30% in the high temperature central part and

copper/constantan in the lower T regions), 4. 3-zone kanthal heater, 5. alumina insulation,

6./7. O2 and Ar gas inlets, 8. sealing.

electronically controlled automatic valves. The high gas pressure system used is shown in

Fig. 1b) and c).

For the growth of the crystals used in this work (see also Ref. [35]), a BaO-CuO eutectic

mixture was employed as a flux to lower the temperature where crystals grow, as well as

oxygen pressure, with a total composition of the precursors (starting materials, mixtures of

Y123, BaO2, SrO, and CuO) corresponding to a ratio Y:Ba:Cu of 1:15:30. To obtain partially
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Figure 2: a) Photograph of one of the Y124 crystals used. b) Normalized M(T ) curves of the

crystals used in this work, showing sharp superconducting transitions, measured in a field of

1 Oe under zero field cooled conditions. From Ref. [26].

strontium substituted crystals, a part of Ba was replaced by Sr in the precursors, using various

Ba:Sr ratios from 15:1 up to 3:1. Starting materials were pressed into pellets of about 20 g and

placed into crucibles made of Y2O3 [36]. Typical temperature runs consisted of (1) heating

up to 1000◦C, (2) keeping the temperature for half an hour, (3) heating up to 1100-1120◦C,

(4) keeping the temperature for one to three hours, (5) slowly cooling down to 1080-1090◦C

with a rate of 1-3◦C/h, and (6) cooling down to room temperature with a rate of 5◦C/min.

Crystals are grown typically under a pure oxygen pressure of pO2 = 900 bar.

Single crystals of YBa2−xSrxCu4O8 with x ≤ 0.64 or up 32% Sr content were obtained

[see Fig. 2a)]. The composition of the crystals was determined with energy dispersive X-ray

(EDX) measurements. The structure of the crystals was analyzed with single crystal X-ray

analysis [35]. The transition temperatures Tc of the crystals were determined with a SQUID

magnetometer by temperature sweeps (both zero field and field cooled) in an applied field of

1 Oe. All samples chosen for further magnetic measurements had a well-resolved transition

with a transition width (10% to 90%) smaller than 2 K [see Fig. 2b)]. Single crystals of

YBa2−xSrxCu4O8 were used in investigations presented in Secs. 5.3 and 5.4.

2.1.2 Magnesium diboride MgB2

MgB2 is a binary intermetallic compound (the crystal structure is shown in Fig. 8 in Sec.

4.1.1), which melts incongruently. There are two other intermetallic compounds with the

same components, but a higher B:Mg ratio, namely MgB4 and MgB7 [see Fig. 3a)]. At

ambient pressure conditions, MgB2 thermally decomposes upon heating by evaporation of

magnesium. Furthermore, the solubility of MgB2 in magnesium is very low and all other

solvents substitute Mg or form other compounds, preventing crystal growth [31]. In order
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Figure 3: a) Temperature vs atomic fraction of boron phase diagram of the Mg-B system

under ambient pressure. b) Pressure vs temperature phase diagram for the magnesium rich

case (1 Torr = 1.3× 10−3 bar). Calculated phase diagrams, taken from Ref. [37].

to increase the solubility of MgB2 in Mg, the temperature has to be enhanced. At high

temperatures (higher than 1107◦C) and ambient pressure, however, magnesium does not

exist as a condensed phase [see Fig. 3a)]. Therefore, the pressure has to be increased for a

solution growth of crystals. The necessary pressures (above 20 kbar) and temperatures (close

to 2000◦C) cannot be reached by gas pressure systems. However, they can be reached by solid

medium high pressure techniques.

Figure 4 shows our high pressure cubic anvil system, able to provide near-hydrostatic

pressure of up to 35 kbar and temperatures up to 2200◦C. For the crystal growth of MgB2,

a mixture of magnesium and boron was put into a boronitride container of 6 mm internal

diameter, which is, together with the cylindrical graphite heater, embedded in a cube of size

∼ 2 cm of pyrophylite (pressure medium). This cube is placed in the center of the cubic anvil

[Fig. 4b)].

Crystal growth was performed usually under a pressure of 25 to 35 kbar and a typical

growth run consisted of heating during 1 h up to the maximum temperature of 1700−1900◦C,

keeping the temperature for 1− 3 h and then cooling to room temperature during 1− 2 h. A

similar technique, but with higher pressure and lower temperatures, was also used by S. Lee

et al. [38]. MgB2 crystals were also obtained by alternative methods, such as vapour growth

in closed container - however, all alternative techniques yield very small or non-stoichiometric

crystals [39,40].

It should be emphasized that what happens under this procedure is not a simple growth

from a solution in liquid magnesium. Instead, the starting materials Mg and B build, together

with nitrogen coming from the container, an intermediary compound, MgNB9, which has a

relatively complex structure consisting of alternating layers of MgB3 and NB6 [41]. Crystals
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Figure 4: a) Photograph of the hydraulic press system. The force is supplied by the large

black piston pressing onto the cubic anvil. b) Schematic drawing of the cubic anvil. Movable

steel pieces are arranged in such a way as to provide forces pressing from all sides onto the

sample in the middle, which creates near-hydrostatic pressure. Heating is provided by sending

a current of roughly 400 A through a graphite cylinder around the sample.

Figure 5: a) Photograph of magnesium diboride single crystal grown with the high pressure

cubic anvil technique. The parallel lines on the background are separated by 1 mm from

each other. b) M(T ) curves of a crystal selected for further studies, measured by SQUID

magnetometry, in a field H‖c of 1 Oe, both zero field cooled (•) and field cooled (◦) curves

are shown in the transition region.

of MgB2 and BN grow from the decomposition of this intermediary compound and therefore

after growth experiments there are MgB2 crystals found alternating with BN crystals.

The resulting MgB2 crystals were platelets with a largest extension of up to 1.5 mm,

smallest dimension (parallel to the c-axis of the unit cell) up to 0.3 mm and weight up to
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230 µg, an example is shown in Fig. 5a). The crystals typically have transition temperatures

between 37 and 38.6 K with very sharp transitions into the superconducting state. The

temperature dependence of one of the crystals selected for further measurements is shown in

Fig. 5b): it shows a sharp (0.3 K with a 10%−90% criterion) transition to the superconducting

state at 38.2 K, indicating a high quality of the crystal, in the sense of the absence of minority

phases with a different Tc or inhomogeneities on a macroscopic scale. The investigation of

magnetic properties of MgB2 single crystals are reported in Secs. 4, 5.5, and 5.6 of this thesis.

2.2 Technique of torque magnetometry

In isotropic materials, the sample magnetic moment ~m due to an external magnetic field ~H

is aligned parallel to the field, ~m‖ ~H. However, this is, in general, not the case for anisotropic

samples (which include the cuprate superconductors and MgB2, as we will see) if the magnetic

field is not applied along a principal axis. A magnetic moment, which is not aligned parallel

to the external induction ~B ≈ ~H [42], experiences a mechanical torque

~τ = ~m× ~B ≈ ~m× ~H. (1)

The situation is illustrated in Fig. 6. Associated to this mechanical torque is the potential

energy Epot = −~m · ~B = −mB cos θ̂. The magnitude of the mechanical torque is given by

τ =
∂Epot

∂θ̂
= mB sin θ̂ ≈ mH sin θ̃, (2)

Figure 6: Magnetic torque ~τ acting on the magnetic moment ~m of a cylindrical single crystal

sample of a layered superconductor (the layers are perpendicular to the cylinder axis) in an

externally applied field ~H. Except for low fields [42], ~B ≈ ~H, and for most angles θ between

the applied field and the c-axis (the cylinder axis) of the sample, the magnetic moment ~m

points nearly parallel to the cylinder axis. The mechanical torque ~τ points perpendicular to

both ~H and ~m and has the magnitude of τ = mB sin θ̂ ≈ mH sin θ.
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Figure 7: a) Schematic drawing of a miniaturized cantilever used to detect the torque acting

on a small crystal: The platform, to which the sample is attached with a tiny amound of

grease is connected to a chip by three “legs”. Piezoresistive paths on the outer two legs

detect the bending of the legs due to the mechanical torque. See text. b) Scanning electron

microscopy picture of a cantilever with a sample crystal attached to it.

where θ̂ is the angle between the sample magnetic moment ~m and the external induction ~B,

and θ̃ ≈ θ̂ is the angle between ~m and the applied field ~H. In the following we will ignore the

small (in our case [42]) difference between applied field ~H and the induction ~B.

The superconductors investigated here are layered, and screening currents prefer to flow

within the superconducting layers, rather than perpendicular to them. For this reason, for

most directions of the external field, the induced sample magnetic moment points almost

perpendicular to the planes - in the direction with a larger angle between the moment and

the applied field, as the moment tries to minimize the induction within the superconductor

(see Sec. 3). Due to symmetry reasons, the moment direction is always in the plane spanned

by the applied field and the c-axis of the sample. As a consequence, the mechanical torque τ

is perpendicular to this plane.

A mechanical torque can be detected by various means, for example by a torsion pendu-

lum with an optical readout [43, 44]. At present, a widely used method is to place a beam

containing the sample between two electrodes and measure the capacitance change due to

the deformation of the beam caused by the torque [45, 46]. Another readout of a mechanical

deformation is possible utilizing the piezoresistive effect. As p-doped silicon exhibits a large

piezoresistive effect and is routinely used for microfabrication, miniaturization of detectors

becomes a possibility, as demonstrated by the design of miniaturized cantilevers for atomic

force microscopy, using a piezoresistive readout of the deformation [47]. The idea to use such

piezoresistive cantilevers for torque magnetometry was developed at the University of Zurich,

in cooperation with IBM Rüschlikon [48]. There, piezoresistive cantilevers were later designed

specifically for torque magnetometry [49]. Figure 7 shows a schematic drawing and a scan-
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ning electron microscopy picture of those cantilevers. Chips containing four cantilevers in a

row and circuitry to easily accessible contact pads were microfabricated from single-crytalline

silicon [49]. Each of the outer two legs of a cantilever contains a piezoresistive path with

resistance of about 2.3 kΩ. Torques on two axes can be detected in principle: a bending of

the cantilever (torque axis perpendicular to the legs) changes the total resistance of the two

piezoresistive paths, while a torsion of the cantilever (torque axis parallel to the legs) results

in a change of the difference of the resistance of the piezoresistive paths. In either mode, the

resistance change is measured with a conventional Wheatstone bridge and a lock-in amplifier.

The third leg in the middle provides current paths to a calibration loop on the platform.

Supplied with a small current, the loop produces a constant magnetic moment perpendicular

to the platform, used to calibrate the torque sensor. The sensors depicted in Fig. 7 achieve a

(static) sensitivity of about 10−5 dyn cm. In an external field of 10 kOe, this corresponds to a

magnetic moment of 10−9 emu that can be resolved, two orders of magnitude better than the

sensitivity of commercial SQUID magnetometers (see also Sec. 2.3).

With the miniaturized piezoresistive technique, not only a very high sensitivity can be

reached. Additionally, it has the huge advantage of being easily mass-fabricated, being fully-

integrated electronically and being very insensitive to external perturbations. There are some

disadvantages as well, though. Firstly, the piezoresistive effect significantly depends on the

magnetic field and especially on temperature [50]. To minimize these dependences, it is

better to use the cantilevers in torsion mode, as the side effects on the two piezoresistive

paths then partly compensate. Due to inevitable slight differences in doping and geometry,

the compensation is not perfect, however, which makes proper calibration (as a function

of temperature) necessary, if the absolute values of the torque are required, and not just the

relative changes as a function of external parameters. Secondly, the obtained static sensitivity

of 10−5 dyn cm is not given by external perturbations or the detection electronics, but by the

limit of intrinsic noise. Large further improvement of the sensitivity is thus not possible with

this technique.

Shaking. The prototype torque magnetometer using the sensors shown in Fig. 7, with

which parts of the measurements discussed in this thesis were performed, is using a conven-

tional non-superconducting NMR magnet with a maximum field of 14 kOe. The magnet can

be rotated with two different motors with an accuracy of about 0.1 deg around the (fixed)

cryostat containing sensor and sample. The system contains an additional small double coil

able to create a small field up to 700 Oe. The small coil is attached to the coil of the main

magnet, in a way that it’s field is always directed perpendicular to the main field. Supplied by

an alternating current (with a frequency of the order of 200 to 300 Hz), the small coil super-

poses a weak transverse ac magnetic field to the main field. It serves to “shake” vortices out of

their (meta-stable) pinning potentials and thus enhance relaxation towards equilibrium. This

technique was developed by M. Willemin et al. [51, 52], to shift the so-called “irreversibility
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line” to lower temperatures and thereby extend the reversible regime. Note that the fact

that this was possible implies a dependence of the “irreversibility line” on the measurement

technique, showing that it is not an intrinsic feature (cf. also Sec. 5.2.5). The same technique

was also used to detect thermodynamic signatures of first order phase transitions of vortex

matter in regions inaccessible beforehand due to irreversibility [53, 54]. The effect of “shak-

ing” with an ac magnetic field perpendicular to the main (dc) magnetic field was recently

explained theoretically by the generation of a dc electric field by the ac magnetic field [55].

Note that the effect of this shaking technique is very different from the effects of performing

“minor hysteresis loops” (cf. Sec. 5.5.3), and leads to the true equilibrium vortex state, as

long as the pinning is not too high (which can be checked by examining the residual hysteresis

after shaking). The shaking technique is used in this work to extend the regime where the

anisotropy can be extracted from reversible torque data in MgB2, see Secs. 4.4 and 5.3.3.

Very recently, the piezoresistive technique was commercialised by Quantum Design (in

cooperation with the University of Zürich and IBM Rüschlikon) as a torque option (Tq-Mag)

in their physical properties measurement system (PPMS) [56]. In this version, the cantilevers

are larger, allowing the measurement of samples up to 1.5× 1.5× 0.5 mm3 in size. They are

also much more robust than the cantilevers shown in Fig. 7. However, their sensitivity is not

as good, only about 10−2 dyn cm [57]. The main advantage of this system, as compared to

the prototype system, is the higher field that can be obtained, and full automatization of the

measurement process. Parts of the measurements performed in this work were done with the

torque option of a Quantum Design (QD) PPMS equipped with a 90 kOe superconducting

magnet.

2.3 Comparing SQUID and torque measurements

Parts of the measurements described in this thesis were performed by SQUID (supercon-

ducting quantum interference device) magnetometry. Two SQUID magnetometers were used.

One was supplied with 55 kOe superconducting magnet and built by Quantum Design (model

MPMS5 [56]). The other one was home made and supplied with a 70 kOe magnet, but oth-

erwise of very similar design as the QD MPMS5. The SQUID magnetometers operate with a

radio frequency (rf) SQUID sensor able to detect magnetic moments of the order of 10−6 emu.

Such SQUID magnetometers are quite common in modern laboratories, and thus not de-

scribed in detail here. A brief description of the basic physics and operating principles can be

found, e.g., in Ref. [58], a comprehensive account of the state of the art of SQUID devices is

given in Ref. [59]. Details applying to the exact type of SQUID magnetometers used here can

also be found in Ref. [60]. Instead of a detailed description of the operation of SQUID sensors

and magnetometers, we briefly compare and contrast SQUID and torque magnetometry here.
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Anisotropy. Torque magnetometers are sensitive only to the part of the magnetization

transverse to the applied field, whereas the most commonly used SQUID magnetometers are

sensitive only to the longitudinal magnetization. Furthermore, while SQUID magnetometers

usually are not equipped with any mechanics to rotate a sample, measurements as a function

of the direction of the applied field are the prime mode of most torque magnetometers. All this

makes torque magnetometry an excellent tool for the accurate determination of anisotropic

properties of the superconducting state [61]. Measurements employing torque magnetometry

to determine anisotropic properties of the superconducting state are discussed in Secs. 4

and 5.3.3. On the other hand, torque magnetometry has the inherent disadvantage that

measurements with H‖c or H‖ab are not possible, since in these cases magnetic moment and

field are directed (anti)parallel, and the torque is thus zero. Conclusions about values for H‖c
or H‖ab can only be drawn indirectly by extrapolating measurements performed at various

directions in between.

Sensitivity and applied field. The sensitivity of SQUID magnetometers is independent

of the applied field. Furthermore, SQUID sensors give reliable results only in fields up to

about 70 kOe. In contrast, the sensitivity of torque magnetometers is, due to τ ∝ H, directly

proportional to the strength of the external field, and torque sensors give reliable results in very

high fields, up to at least 180 kOe [62]. The availability of measurements in high fields, up to

90 kOe, with high sensitivity, was very important for the measurements on MgB2, both for the

determination of the upper critical field (Sec. 4.3) and for the study of irreversible properties

and vortex matter (Sec. 5.5). On the other hand, since τ ∝ H, SQUID magnetometry is

superior for measurements in low fields. Therefore, the basic characterization (transition

temperature and width, etc.) of all crystals was done by SQUID magnetometry.

Sample movement. In most common SQUID magnetometers, the maximum sensitivity is

reached by using several pickup coils, in the form of a so-called second order gradiometer,

where the pickup coils are typically separated from each other by about 2.5 cm. With this

configuration, the magnetometer is sensitive not to the magnetic flux itself, but rather to

it’s second (spatial) derivative. The magnetic moment is then usually determined in the

following way [63]: the sample is moved, in discrete steps, through the pickup coils and back,

most commonly using a “scan length” of 4 cm. The output signal, as a function of position,

is then analyzed with the theoretical expression for a pure magnetic dipole moment [60]. The

increase of sensitivity comes at a price, however. Firstly, the scanning process takes time [64],

implying that fast dynamics cannot be tracked with such magnetometers. Secondly, the

external magnetic field is never completely homogeneous − therefore, movement of the sample

corresponds to small variations of the magnetic field, similar to “minor hysteresis loops”

(cf. Sec. 5.5.3). This tends to “blur” interesting features in the irreversible magnetization,

particularly when history effects are present [65]. In torque magnetometers, in contrast, the

sample remains stationary during the taking of a measurement point, and therefore torque
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magnetometry is very well suited to study history effects in the irreversible properties (cf.

Sec. 5.5).

Similarities, and other methods. SQUID and torque magnetometry share a number of sim-

ilarities, for example they both measure the dc magnetization, in contrast to ac susceptibility

magnetometry, which measures the magnetic response to high frequency alternating external

fields. Both SQUID and torque magnetometry measure the total or “bulk” magnetic moment

of a sample, in contrast to, e.g., microscopic Hall sensor or magneto-optic measurements,

which probe the local magnetization (see, e.g., Refs. [66–69]). Local magnetic measurements

have several advantages, for example certain thermodynamic features are “blurred” in global

measurements, due to the spatial variation of the induction in a sample [70]. In addition

to bulk and local techniques, magnetic properties can be studied on a microscopic scale, for

example by small angle neutron scattering (SANS; see, e.g., Refs. [71, 72]) or by muon spin

rotation (µSR; see, e.g., Refs. [73,74]). Both SANS and µSR can give a wealth of information

not accessible to local or global probes, but both require very large samples (of the order of

1 cm). All magnetic measurement methods described above have their specific advantages

and disadvantages and are complementary to each other.

We conclude this section by emphasizing again that the results described in this thesis

were made possible by two things: high quality single crystals, and very accurate magnetic

measurement techniques− particularly the torque magnetometers were instrumental for many

of the results described below.
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3 Anisotropic Ginzburg-Landau theory and equilibrium

magnetization

Here, we briefly review the anisotropic Ginzburg-Landau theory (AGLT) in it’s standard

form, with the effective mass model, and discuss the resulting equilibrium magnetization.

The purpose of this section is two-fold. It will allow to highlight deviations from the expected

behaviour that were found in measurements presented in Sec. 4 by direct comparison with

the predictions of the standard theory. Moreover, it gives also the theoretical background

connecting superconducting “first principles” with the “vortex matter” behaviour, discussed

in Sec. 5.

Even when the microscopic mechanism of a superconductor is known, phenomenological

theories are very useful to explain experimental results. It is particularly the theory developed

1950 by V. L. Ginzburg and L. D. Landau [3], which became essential for explaining the

magnetic properties of the superconducting state [75]. Starting point of the Ginzburg-Landau

(GL) theory is the expansion of the free energy density associated with superconductivity in

terms of a (complex) order parameter Ψ [3, 58]. GL theory is a phenomenological theory,

but in the case of conventional BCS superconductors, it was later shown [76] that it can be

derived from microscopic theory.

The superconductors studied here are so-called type II superconductors [58,77], and as such

have two superconducting phases − in low external magnetic fields the field is completely

expelled from the material (Meissner phase), while in higher fields, larger than the lower

critical field Hc1(T ), the field penetrates the material in form of vortices (mixed state or

vortex state) up to the upper critical field Hc2(T ), above which superconductivity disappears.

The vortices, which each carry a flux quantum [58] of the magnetic field penetrating the

superconductor, can be thought of being a cylinder in the direction of the applied field, with

of a normal conducting core of radius ∼ ξ (the coherence length), surrounded by screening

currents, which decay exponentially with distance from the vortex center on a length scale

∼ λ (the penetration depth). The creation of a vortex is associated with an energy ε1 ≈
(Φ◦/4πλ)2 ln(λ/ξ) per unit length, which also is the line tension in the view of the vortex

as a spaghetti-like object. When several vortices are present, there is also an interaction

energy; vortices pointing into the same direction repel each other [58]. This leads naturally

to the arrangement of vortices in a triangular lattice [78]. From such energy considerations,

the equilibrium magnetization in the mixed state can be calculated. In the so-called London

limit, Hc1 ¿ H ¿ Hc2 and κ ≡ λ/ξ À 1, the equilibrium magnetization is given by [79]

−4πM =
Φ◦

8πλ2
ln

(
ηHc2

H

)
, (3)

where η is a constant of the order of unity, depending on the lattice structure [80] and the

upper critical field is given by Hc2 = Φ◦
2πξ2 .
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Many superconductors, in particular the HTcSC cuprates, have a highly anisotropic struc-

ture, leading to anisotropic superconducting properties. To treat these, the theory is extended

to the anisotropic Ginzburg-Landau theory (AGLT) through replacing the effective mass m∗

in the Ginzburg-Landau free energy functional [3,58] by an effective mass tensor, with values

m∗
a, m∗

b , and m∗
c along the principal axes [81–83]. Mostly, these effective masses are derived

from measurements of superconducting state properties, but they are usually thought to be

equal to the band effective masses [84]. We will see in Sec. 4.2 that this does not always

hold. In the most usual case of uniaxial anisotropy, all anisotropy is incorporated into the

anisotropy parameter γ = (m∗
c/m

∗
ab)

1/2. From the free energy variation it follows that

γ = (m∗
c/m

∗
ab)

1/2 = λc/λab = ξab/ξc = H
‖ab
c2 /H

‖c
c2 . (4)

When the field H is not applied parallel or perpendicular to the c-axis or the ab-plane, scaling

relations apply, for example

Hc2(θ) = H
‖c
c2/ε(θ) (5)

with

ε(θ) =
(
cos2 θ + sin2 θ/γ2

)1/2
(6)

and θ is the angle between the field and the c-axis of the sample [85,86]. Since band effective

masses are temperature and field independent, at least as long as polaronic effects and the

thermal expansion of the lattice can be neglected, the anisotropy parameter γ is assumed

to be constant as well. The anisotropy of the superconducting state properties leads the

sample magnetization ~M to be not parallel to the magnetic field ~H in general. This implies

the existence of a finite torque ~τ = ~M/V × ~B ' ~M/V × ~H. In the London limit, Hc1 ¿
H ¿ Hc2 and κ À 1, calculations [87–89] of the magnetization components longitudinal and

perpendicular to the field lead to a torque given by [90]

τ =
V Φ◦H
64π2λ2

ab

(
1− 1

γ2

)
sin 2θ

ε(θ)
ln

(
ηH

‖c
c2

ε(θ)H

)
, (7)

where ε(θ) is given by Eq. (6), and V is the sample volume. Equation (7) has been used

with great success to determine the thermodynamic parameters of the superconducting state,

particularly the anisotropy parameter, of various HTcSC (see for example Refs. [51, 90–93]).

In this thesis, Eq. (7) is used in Secs. 4.4.2 and 5.3.3. In Sec. 4.4.3, a possible extension will

be discussed.

Most uniaxially anisotropic superconductors have a layered structure. An alternative

model, appropriate particularly for layered superconductors with extremely high anisotropies,

treats the material as a stack of two-dimensional (2D) superconducting layers, which are only

weakly coupled together by tunneling of Cooper pairs (similar to the Josephson effect [94]).

In this so-called Lawrence-Doniach model [95], superconductivity in the layers is described by
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the 2D version of the Ginzburg-Landau theory. The coupling term is similar to the missing

parts of AGLT, only that, due to the discreteness of the structure, the derivative in z-direction

is replaced by a non-infinitesimal difference. In the limit of low anisotropies, the Lawrence-

Doniach theory therefore reduces to the AGLT. The crossover, where the discreteness of the

layers starts to become important, occurs when the coherence length perpendicular to the

layers becomes comparable to the distance between the superconducting layers, ξc ≈ d.

It is important to stress the limits of the applicability of AGLT. The microscopic derivation

by L. P. Gor’kov [76] is valid near Tc, that is not too close to Tc - it has to be outside of

the regime of critical fluctuations [96, 97]. For type II superconductors in the so-called dirty

limit, that is when the mean free path ` is much shorter than the coherence length ξ◦, it is

even applicable down to T = 0 [79], if the parameters α and β are suitably defined. However,

in clean materials (ξ◦ ¿ `), non-local effects can play an important role. Non-locality arises

from the finite size of Cooper pairs, ξ◦ at zero temperature [98]. As already established

from experiments before the BCS theory, the critical current density at a given point
−→
j (−→r )

depends not only on the vector potential at the same point
−→
A (−→r ), but on the vector potential

in a region of size ∼ ξ◦ around −→r [99]. Instead of the inherently local relationship between
−→
j

and
−→
A of the Ginzburg-Landau theory, for example BCS theory provides an integral equation

with a kernel K extending to distances of the order of ξ◦ [58], provided the mean free path

is long compared to the coherence length. Transformed to the
−→
k −space, the relation is a

simple multiplication,
−→
j (
−→
k ) = K̃(

−→
k )
−→
A (
−→
k ), but with K̃ depending on

−→
k . Since non-local

effects are not covered by AGLT, deviations may be expected to occur at low temperatures

in clean superconductors.
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4 The new superconductor MgB2: Temperature and

field dependence of the anisotropy

Magnesium diboride MgB2 has been known since the 1950’s [14], but little attention was

paid to this compound. This changed dramatically in January 2001, when it was reported

that MgB2 becomes superconducting below Tc ≈ 39 K [15]. Particularly the high transition

temperature caused a lot of interest in this compound and it’s physical properties. A compre-

hensive review [100], covering the first months of research about this “new” superconductor,

counted 263 studies that between January and July either appeared in journals or were avail-

able to the community as e-prints. One and a half years later, research activities related to

MgB2 are still producing about one preprint per day.

A big part of the excitement is caused by the high transition temperature, was thought to

be close to the limit of what can be expected for a material exhibiting superconductivity with

a conventional, phonon mediated pairing mechanism [16]. The high Tc of MgB2 therefore im-

mediately raised speculations about an unconventional pairing mechanism. However, studies

of the boron isotope effect [17] and, e.g., the 11B nuclear spin-lattice relaxation rate [18] soon

indicated a BCS type s-wave phonon-mediated superconductivity. Still, MgB2 is far from be-

ing just an ordinary conventional superconductor, as many other experiments showed. Point

contact spectroscopy [101] indicated, for example, an energy gap to Tc ratio much lower than

predicted by BCS theory, and the results of specific heat measurements [102, 103] were also

at odds with BCS predictions. Experimental results can be reconciled with theory assuming

superconductivity involves two effective bands of different dimensionality and two different

energy gaps, each associated with one of the bands [20]. The structural properties leading

to this “two-gap” or “two-band” superconductivity are briefly sketched in Sec. 4.1. On the

phenomenological level, our torque measurements imply a breakdown of anisotropic Ginzburg-

Landau theory (AGLT, see Sec. 3), at least in it’s standard form. Therefore, various extensions

of AGLT are briefly discussed in Sec. 4.2. The availability of single crystals of MgB2 made

accurate studies of various anisotropic physical properties possible. We used torque magne-

tometry to determine the upper critical field Hc2 of single crystalline MgB2 as a function of

temperature and field direction [27]. These measurements and its’ implications are discussed

in Sec. 4.3. Additional torque measurements near Tc below Hc2 are discussed in Sec. 4.4.

Finally, some torque measurements showed a hysteresis peak for field directions very close to

‖ab. In analogy to findings in cuprate superconductors, this could be attributed to “intrinsic

pinning”, implying MgB2 to be a two-dimensional superconductor. These measurements [29],

and the dimensionality of MgB2, are discussed in Sec. 4.5.
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4.1 Two-band superconductivity in the 39K superconductor MgB2

4.1.1 Crystal structure, band structure, and electron-phonon coupling

Magnesium diboride MgB2 is a binary inter-metallic compound [14]. It has a layered structure,

with boron atoms forming a honeycomb lattice and hexagonal magnesium layers sandwiched

between the B layers (see Fig. 8). The relatively simple crystal structure (compared to,

e.g., the cuprates) and the lack of complications arising from spin-dependent interactions

or strong electron-electron correlations made accurate ab initio calculations of the electronic

structure [19, 104, 105] and of the lattice dynamics [106–108] possible. Magnesium atoms

Figure 8: Crystal structure of magnesium diboride MgB2. The structure consists of alternat-

ing layers of magnesium (large spheres) and boron (small spheres) atoms.

in MgB2 are effectively ionized [104], i.e., they serve mainly as electron donors, similar to

electron doping of graphite by intercalation. Like carbon atoms in graphite, boron atoms

are sp2 hybridized, with three of the four [109] valence electrons tied up in strong covalent σ

(px,y) bonds lying in plane, while the fourth electron is in nonbonding π (pz) states, which

are delocalized (like the π bonds in benzene).

Apart from doping the boron sublattice with electrons, Mg atoms, respectively Mg2+ ions,

have another crucial impact on the electronic structure of MgB2 : Since the Mg2+ attractive

potential is felt more strongly by the electrons in the π states than by the ones in the σ

states, magnesium induces charge transfer from the σ to the π states, accompanied by the

corresponding relative shift of the σ and π band energies.

This leads the σ bands of MgB2 to be incompletely filled, in contrast to graphite. The

covalent σ bonds are “driven metallic”, i.e. the corresponding carriers become mobile, by Mg

induced charge transfer. The calculated Fermi surface (FS), shown in Fig. 9a), consists of

four separate sheets. Two sheets, derived from the boron π (pz) bands, are (electronlike and

holelike) tubular networks. Since the smaller B−B in plane distance is compensated by a
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smaller (ppπ vs ppσ) hopping [19], they are virtually isotropic and clearly three-dimensional

(3D). The other two sheets, derived from boron σ (px,y) bands are holelike (approximate)

cylinders with axis Γ−A. The σ sheets show very little dispersion along Γ−A and are thus

nearly two-dimensional (2D), which could be expected from the covalent directed nature of the

associated intraplanar B−B bonds. Correspondingly, a high anisotropy of the Fermi velocity,

averaged over the σ sheets, was calculated [104,110]: 〈v2
ab〉σ/〈v2

c 〉σ ' 46, where 〈. . .〉σ denotes

the average over the σ Fermi sheets. The quasi two-dimensionality of the σ bands also leads

to a sizeable contribution to the density of states (DOS) at the Fermi level − despite the very

small hole doping level [105]. In fact, the contributions of the 2D σ bands to the total DOS at

the FS is almost equal in size to the one of the 3D π bands (44% vs 56% [111]). This feature

of sets of bands with different dimensionality, but comparable contribution to the DOS at the

Fermi level, is very peculiar.

For phonon mediated superconductivity, the phonon “band structure” and the electron-

phonon coupling (EPC) are just as important as the details of the structure of the electronic

subsystem. The layered structure of MgB2 is reflected in the phonon dispersion curves as

well, by weak dispersion of the optical branches along Γ − A, and by anisotropic acoustic

branches. Of the four distinct branches with non zero energy at the zone center Γ, three were

found to have no sizeable coupling to the electronic subsystem. This is not the case, however,

for the doubly degenerate mode with E2g symmetry at Γ. The E2g mode involves only in-

plane (hexagon distorting) movement of boron atoms and is strongly anharmonic [108, 112].

This movement leads to large variations in the overlap of orbitals of neighboring B atoms,

obviously modulating bond energies, particularly of the covalent σ bonds. Detailed zone-

center frozen phonon calculations [108] indeed find a coupling of the E2g phonon mode to the

σ bands, which is not only very large, but also strongly non-linear, suggesting even pairing

via two-phonon exchange [20].

With such an anisotropic (sheet− or, more general,
−→
k−dependent) EPC, the supercon-

ducting pairing (and order parameter, gap) should be anisotropic as well, at least in the clean

limit. An analysis of pairing, decomposed into the four Fermi sheet contributions, led A. Y.

Liu et al. [20] to propose the two-gap scenario for MgB2 : Similar anisotropic Fermi velocities

and EPC of the two σ Fermi sheets, and of the two π Fermi sheets, respectively, allow the

reduction to an effective two-band model. Allowing for different order parameters for each

of these two (σ and π) effective bands increases the effective coupling constant relevant for

superconductivity [113]. In the 2D σ band, the temperature dependence of the superconduct-

ing gap is BCS like, with slightly enhanced gap-to-Tc ratio, while the gap in the 3D π band

is about two to three times smaller, and the T dependence deviates from BCS predictions.
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Figure 9: a) Fermi surface of MgB2, consisting of four separate sheets (see text). The coloring

indicates the wave vector dependent energy gap at 4 K, with the color-coding given in b). On

the nearly-cylindrical σ sheets, the gap value is ∼ 6.5−7.5 meV, while on the 3D π sheets it is

∼ 1− 3 meV. b) Distribution of gap values at 4 K and color code used in a). c) Temperature

dependence of the superconducting gaps. Vertical filled curves represent the distribution of

gap values at various temperatures. Upper (lower) red curve is a fit of ∆◦(1− (T/Tc)
p)1/2 to

the average gap value on the σ(π) Fermi sheets. All panels taken from Ref. [111].

4.1.2 Historical remarks about two-band models of superconductivity

A two-gap scenario is not a completely new idea − a two-band or two-gap theory was actually

proposed just two years after publication of the BCS theory [114]. Fig. 10 shows the gap

dependences according to these predictions. Without any scattering of electrons by phonons

from one band to the other one, there would be two transition temperatures. In the case of

weak, but finite, interband phonon scattering, the lower Tc disappears and the temperature

dependence of the lower gap becomes strongly non-BCS, shown as a dashed line in Fig. 10.

With very large phonon interband scattering, Tc should follow BCS predictions, but there

should be still two gaps with temperature dependences similar to the dependences calculated

for MgB2 and shown in Fig. 9c).
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Figure 10: Gap dependences on temperature of two-band superconductors, as predicted by

Suhl et al. [114]. If there is no interband scattering of electrons by phonons, there are two gaps

with transition temperatures (full lines). With weak interband scattering, the T dependence

of the lower gap changes (dashed line) and the lower Tc disappears. Taken from Ref. [114].

The initial two-gap proposal was made in view of applications to s− d metals. However,

while some hints of “two-gap effects” were experimentally thought to be detected in form

of small deviations from BCS in transitions metals [115], no strong effects, unequivocally

attributable to two superconducting gaps, were found. It was pointed out [116] that, in order

to observe considerable two-band effects, it was not enough to have two overlapping bands

crossing the Fermi level. An additional requirement was that the bands in question have very

different physical origins, such as covalent vs metallic-type bonding, which is more likely to

occur in compounds. The most convincing observation of two-gap superconductivity before

MgB2 was made by tunneling experiments in Nb doped SrTiO3 [117], where clear double

peaks in the tunneling conductance were found. A two-band model was proposed to explain

the superconducting properties of alkali metal intercalated graphite [118, 119], compounds

with a structure quite similar to MgB2. Two- or multi- band models were also proposed

for the cuprate HTcSC (see, e.g., Ref. [120]), but strong electron-electron correlations and

magnetism make those materials quite difficult to tract with first principles calculations [121],

and unequivocal experimental evidence for any observable effects being due to multi band

effects is scarce. It was only after the discovery of superconductivity in magnesium diboride

that strong two-band effects were seen by a large number of different experimental techniques

(see below). Magnesium diboride is peculiar in that two sets of bands with very different

average gap values contribute to the DOS at the FS with similar strengths, and that they have

different “dimensionalities” (or more accurately very different Fermi velocity anisotropies) and

different coupling strengths to the phonon subsystem.
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4.1.3 First principles calculations and experimental evidence for two-band su-

perconductivity in MgB2

Recently, the full wave vector and temperature dependence of the superconducting gap,

∆(
−→
k , T ), has been calculated [111,122] from first principles, using a fully anisotropic Eliash-

berg theory [123, 124]. The results (see Fig. 9) qualitatively confirm the two-gap scenario as

proposed earlier by A. Y. Liu et al. [20]: The distribution of gap values at 4 K [Fig. 9b)] clearly

clusters around two values, 1.8 meV and 6.8 meV, associated with the 3D π and the 2D σ Fermi

sheets, respectively [Fig. 9a)] and both gaps stay open up to the bulk transition temperature

[Fig. 9c)]. However, one can see variations in the gap values both between sheets of the same

dimensionality, as well as substantial intraband anisotropy (
−→
k −dependence within one Fermi

sheet) of the gap. Comparing the calculation with the system with isotropic pairing, it was

seen that the inter-band pairing anisotropy is the source of the high Tc of MgB2 [122]. This is

not very surprising, it is quite well known for a long time that anisotropy in the pairing inter-

action raises Tc [125]. A similar hypothetical comparison indicates that the anharmonicity of

the E2g phonon mode has a negative influence on Tc [122]. However, since the anharmonicity

of this phonon mode is exactly due to the strong and nonlinear coupling to the σ bands, the

validity of such a comparison seems questionable and whether the anharmonicity in the end

is decreasing or raising Tc is controversial [112].

The inter-band anisotropy is the origin of the high Tc of MgB2 [122] as well as of the

incomplete isotope effect [17,122,126]. The two-gap scenario is meanwhile well verified exper-

imentally, from a large number of measurements both on polycrystalline material and single

crystals: The band structure calculations are in agreement with de Haas-van Alphen [127,128]

and angle resolved photoemission spectroscopy [129] results, and the strong coupling between

the E2g phonon mode and the σ bands is evidenced by inelastic neutron scattering [108]

and Raman [106] measurements. Spectroscopic measurements with various techniques, in-

cluding point contact spectroscopy [130, 131], scanning tunneling spectroscopy [132–135],

photoemission spectroscopy [136], break junction (“S−I−S”) tunneling spectroscopy [137],

and Raman scattering [138, 139]. The unusual temperature dependence of (zero field) ther-

modynamic properties of the superconducting state, as seen by bulk probes, particularly

specific heat [102,103,140] and thermal conductivity [141], can also be accounted for quanti-

tatively [111,140,142] with two-gap superconductivity, while the data are inconsistent with a

single isotropic BCS like gap. First principles calculations [143] are able to address all the su-

perconducting quantities, except those related to the presence of a magnetic field [111]. First

principles calculations of superconducting properties in an applied field of arbitrary strength

are lacking so far. However, much progress has been made recently on a phenomenologi-

cal level, partly starting with parameters obtained from ab initio calculations. The issue of

“two-gap superconductivity in a magnetic field” will be discussed in Secs. 4.3 and 4.4.
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4.1.4 Scattering: Clean or dirty limit of superconductivity?

The other major issue that is not completely resolved is the relation between impurities, scat-

tering, normal state resistivity, and superconducting properties. Although (not too strong)

scattering by non-magnetic impurities does not influence Tc in the case of isotropic s−wave

superconductors [144], this is not the case for two-gap superconductors, where a linear de-

crease of Tc with interband impurity scattering is expected [145]. The fact that different

samples of MgB2 have very different residual resistivities [100], but almost the same Tc im-

plies that interband scattering of electrons by impurities is essentially the same in these

samples, while intraband scattering of electrons by impurities varies, and that normal state

transport is determined mainly by the intraband scattering of electrons by impurities (and

phonons). Optical measurements indicate even high quality single crystals to be in the dirty

limit [146], in contrast to transport measurements, which indicate single crystals to be in the

clean limit (see, e.g., Refs. [38, 147]). The available data can only be reconciled by assum-

ing the interband impurity scattering to be much lower than the intraband one. In a recent

model, indeed Γσπ
imp ¿ Γσσ

imp < Γππ
imp was proposed [148]. The σ − π impurity scattering was

argued to be small because σ and π bands were formed from different local orbitals orthogonal

on an atomic scale and therefore σ − π hybridization was very small. The arguments were

supported by numerical calculations assuming Mg vacancies to be the sole source of defects,

because defects are thermodynamically much more favorable in the Mg layers than in the

B ones. Irradiation (for example by neutrons or heavy ions) is supposed to create defects

in the B layers as well as in the Mg ones. Indeed, irradiation experiments found (see, e.g.,

Refs. [149–151]) generally a decrease of Tc, indicating that such defects affect Γσπ
imp as well.

Although many details are still to be clarified, two robust conclusions can be drawn. Firstly,

with different coherence lengths (related to Fermi velocity and gap value) of the different

Fermi sheets, as well as various different impurity scattering rates within and between differ-

ent Fermi sheets, the seemingly clear question “clean or dirty” needs a lot of consideration

to even be properly formulated. Secondly, with regard to the (for superconductivity) most

important σ − π impurity scattering, most unirradiated high quality samples of magnesium

diboride, including the ones used in this work, have to be regarded as being in the clean limit,

i.e., the thermodynamic properties of the superconducting state are not significantly affected

by scattering.

4.2 Extensions of the anisotropic Ginzburg-Landau theory

Since no ab initio calculations are available for the superconducting properties of MgB2 in a

magnetic field, we have to use a phenomenological model to describe experimental results. As

we have seen in Sec. 4.1, both the crystal structure of MgB2 and it’s electronic band structure

are far from isotropic. In this situation, the anisotropic Ginzburg-Landau theory (AGLT),
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as outlined in Sec. 3, seems to be the natural choice. However, most samples of magnesium

diboride have to be considered as being in the clean limit, at least in some respects. Therefore,

we have to expect deviations from AGLT predictions. As we will show in Secs. 4.3 and 4.4,

such deviations are indeed observed in MgB2, in a very pronounced way.

As we will discuss in Sec. 4.5, the discreteness of the layered structure is not leading to

quasi two-dimensional superconductivity (in the sense of the LD model, see also Sec. 3) in the

case of MgB2. Therefore, the LD model is not the extension of AGLT appropriate for MgB2,

and is not able to explain the observed deviations.

The starting point of AGLT, the incorporation of all anisotropy in an effective mass

tensor ←→m ∗, given by “the” band effective mass components, ignores two important sources of

potentially observable effects [152]:

1. There is one (band) effective mass tensor ←→m ∗only in the case of parabolic bands − in

real materials, the effective mass tensor, and the ratio between any of it’s components,

varies over the Fermi surface (FS). In other words, the effective mass not only has

to be described by a tensor, but the tensor additionally depends on the wave vector:
←→m ∗(

−→
k ) [153].

2. The superconducting gap is not necessarily isotropic, even in s−wave superconductors

− in general it depends on the wave vector as well : ∆(
−→
k ) [153].

In MgB2, both sources are very important : The anisotropy of the Fermi velocity −→v F(
−→
k )

(closely related to the effective mass tensor by −→v F = ~(←→m ∗)−1−→k ) is very large on the σ Fermi

sheets, but small on the π Fermi sheets. The gap is also vastly different in magnitude on the σ

and π sheets. One of the reasons that AGLT, which ignores non-local effects, works well in the

dirty limit is that impurity scattering tends to “average” properties over the FS, particularly

an anisotropic gap becomes isotropic in the dirty limit. Such an equalization does not take

place between σ and π bands in MgB2, due to the very low interband impurity scattering rate

Γσπ
imp. Hence, we need extensions to the AGLT that take into account that both the effective

mass/Fermi velocity anisotropy and the superconducting gap depend on the wave vector
−→
k ,

as well as non-locality.

The first “breakdown” of AGLT due to microscopic anisotropies and non-local effects was

pointed out [154] to be the observed [155, 156] anisotropy of Hc2 in pure single crystals of

niobium. Having a cubic crystal structure, any Hc2 anisotropy can only arise due to non-

local corrections to the local approximation [154]. Consequently, the anisotropy of pure Nb

is temperature dependent, vanishing in the limit T → Tc, since in this limit non-local effects

are not important (cf. Sec. 3).

Accordingly, progress on non-local anisotropic theories (on the microscopic level of the

derivation [82, 83] of the AGLT) was made for cubic superconductors, focusing on the upper
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critical field anisotropy [154, 157]. The theory for cubic superconductors is based on a series

expansion of the quantities of interest in terms of cubic harmonics. Soon, the theory was gener-

alized, first to uniaxial superconductors [158], later to Fermi surfaces of arbitrary shape [159].

These theories all assume a “separable” pairing interaction, of the form V−→
k
−→
k ′ = ϕ−→

k
V (0)ϕ−→

k ′ ,

as introduced by D. Markowitz and L. P. Kadanoff [160]. The non-local corrections are of the

form 〈|(−→v F · −→π )n∆|2〉 (n ≥ 2), where −→v F is the Fermi velocity, −→π =
−→∇ − 2πi/Φ◦

−→
A , ∆ is the

gap function (order parameter), and 〈. . .〉 represents the average over the FS.

These theories could explain successfully the (moderate) temperature dependence of the

Hc2 anisotropy of NbSe2, which decreases from about 3.3 at zero temperature to 2.6 in the

limit T → Tc [161]. Furthermore, the in-plane angular dependence of Hc2 of the cuprate

HTcSC La1.86Sr0.14CuO4 was attributed to the d−wave symmetry of the superconducting

gap in the cuprates, using the same theories [162]. The small in-plane anisotropy of the

borocarbide superconductor LuNi2B2C could even be accounted for quantitatively by the

above theories [163]. Theory has been extended to incorporate strong-coupling effects as well

as non-locality and microscopic anisotropies [164, 165]. Extended calculations on niobium

found excellent agreement with band structure and experimental upper critical fields [164].

When multiple bands/Fermi sheets play a role, in the sense that interband anisotropy ef-

fects are much more important than intraband ones, two or n band models with no
−→
k −depen-

dence of −→v F or ∆ within a Fermi sheet may be better suited than the above theories. The first

calculations of Hc2 within a two-band model were inspired by Suhl’s two-band proposal, the

anisotropy or direction dependence of Hc2 was not considered though [166]. Later, calcula-

tions with two or n effective band models were developing separately from the series expansion

approach [167]. In a later, very general approach based on an expansion in “Fermi surface

harmonics” (FSH), both the series expansion models based on a separable interaction and

the effective n−band models were included as limiting cases, equivalent on the phenomeno-

logical level [168]. Although the FSH model is in principle able to handle Fermi surfaces of

arbitrary shape (including multiple sheets), it is mathematically rather intractable to use in

full generality. Calculations of the upper critical field anisotropy based on a simpler two-band

model, were applied to alkali intercalated graphite [119, 169], finding good agreement with

experimental data. More recently, the positive curvature observed in H
‖c
c2(T ) of LuNi2B2C

was analyzed in terms of a two-band model, although no mapping of the two effective bands

to the Fermi surface was attempted [170]. Early Hc2 data from polycrystalline MgB2 were

also investigated with an effective two-band model [171].

The unusual temperature dependence of the Hc2 anisotropy of MgB2 observed on single

crystals (see Sec. 4.3) prompted renewed interest in linking this macroscopic anisotropy to

the known pronounced microscopic anisotropies in this material. These latest theoretical

developments will be discussed in Sec. 4.3.4, together with the experimental results.

Of course, anisotropies of the Fermi surface and the pairing interaction do not only affect
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the upper critical field when non-locality is important, rather they affect the superconduct-

ing properties in the mixed state in general. The magnetization, for example, is affected

as well, as was already known in the 1970’s [156]. Later, a simple non-local extension to

the London model was used to explain the M(T, H) = m(H)A(T ) (instead of the expected

M(T, H) = m(H/Hc2)A(T )) scaling observed [172] in Bi2Sr2CaCu2O8 [173]. The same “non-

local London model” was also able to account for the field driven transition between a hexago-

nal vortex lattice and a square vortex lattice observed [174] on the borocarbide superconductor

LuNi2B2C [175]. In cubic superconductors, vortex lattice symmetry transitions, and their rela-

tion to crystal structure and microscopic anisotropies, have a long history [156]. Furthermore,

microscopic anisotropies, particularly of the superconducting gap, reflect themselves strongly

in the core structure of the vortices. For this reason and the presence of d−wave pairing

in the HTcSC cuprate superconductors, the different core structure of superconductors with

s− and d−wave pairing has been investigated intensively (see, e.g., Ref. [177], and references

therein). Due to the immense interest in the two-band superconductor MgB2, the core struc-

ture of two-band (s−wave) superconductors has also been calculated recently [178]. Good

agreement with field dependent specific heat data was found, but we defer the discussion of

magnetization and vortex structure of MgB2 to Sec. 4.4.

4.3 Torque measurements of the upper critical field of MgB2

Due to it’s layered structure, magnesium diboride is expected to have anisotropic supercon-

ducting properties and the determination of the magnitude of this anisotropy was intensively

investigated soon after the discovery of superconductivity in this compound. Most early mea-

surements on polycrystalline or thin film samples yielded values of the anisotropy parameter

γ = H
‖ab
c2 /H

‖c
c2 in the range of values of γ = 1.1 − 3 [100], but there were also reports with

γ ≈ 6− 9 [179,180]. When the measurements described in this section [27] were carried out,

there were only four reports on transport measurements of the upper critical field anisotropy

performed on single crystals, giving values of γ = 2.6 [39], 2.7 [38] and 3 [40, 181]. Mag-

netic measurements of the angular dependence of Hc2(θ), yielding γ = 1.6, were reported on

aligned crystallites [182], but not on single crystals. It should be emphasized that there were

no reports of any possible temperature dependence of the upper critical field anisotropy at

that time.

4.3.1 Torque measurements: Immediate implications of the raw data

In order to precisely determine the angle dependence and the anisotropy of the upper criti-

cal field of MgB2, we carried out torque measurements on several MgB2 single crystals with

volumes between about 4 × 10−4 mm3 and 2 × 10−2 mm3 [183]. Growth and basic charac-

terization of the crystals is described in Sec. 2.1. See Fig. 5b) for a low field magnetization
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Figure 11: Torque τ vs. angle θ data of an MgB2 single crystal (B), under four different

conditions. The raw data have been antisymmetrized around 90 deg in order to subtract a

symmetric background. θc2 indicates the angle for which the applied field is the upper critical

field. The schematic drawing in a) shows the definition of the angle θ.

curve in the region of the superconducting transition of one of the crystals used for the torque

study (crystal B [183]). Two different torque magnetometers were used in the study (see Sec.

2.2), and we were able to carry out measurements in fields up to 90 kOe [183]. The torque

~τ = ~m × ~B ' ~m × ~H, where ~m is the magnetic moment of the sample, was recorded as a

function of the angle θ between the applied field ~H and the c−axis of the crystal for various

fixed temperatures and fields. Additional measurements of the torque as a function of field,

at fixed angle and temperature, were also performed.

Four examples of torque vs angle curves are given in Fig. 11. Panels a) and b) correspond

to measurements at 22 K. For fields nearly parallel to the c-axis, both curves are flat, apart

from a small background visible in panel b). Only when H is nearly parallel to the ab−plane

there is an appreciable torque signal. The curve can be interpreted in a straight-forward

way: for H parallel to the c−axis the sample is in the normal state, while for H parallel to
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the ab−plane it is in the superconducting state. The crossover angle θc2 between the normal

and the superconducting state is the angle for which the fixed applied field is the upper

critical field. From the existence of both superconducting and normal angular regions follows

immediately that H
‖c
c2(22 K) < 19 kOe and 85 kOe < H

‖ab
c2 (22 K). In panel c), on the other

hand, the crystal is seen to be in the superconducting state for all values of the angle θ, and

therefore 4 kOe < H
‖c
c2(34 K). Finally, the data in panel d) show only a small background

contribution [184]. Therefore, the crystal is here in the normal state for any θ, and we have

H
‖ab
c2 (34 K) < 14 kOe.

From figure 11 we therefore have two limitations for the upper critical field anisotropy,

hereafter called γH , without any detailed Hc2 criterion, and without any model fits :

γH(22 K) >
85

19
' 4.47; γH(34 K) <

14

4
= 3.5. (8)

With the limitations of Eq. (8), the upper critical field anisotropy γH of MgB2 cannot be

temperature independent! As a consequence, the standard anisotropic Ginzburg-Landau theory

AGLT, as described in Sec. 3, does not apply for MgB2. The deviation is rather pronounced,

within a change of temperature of about 0.3 Tc, γH changes, at least, by a fifth of it’s value.

Concerning the real values of γH and Hc2(θ), we only have an estimation so far and a more

detailed analysis is necessary.

4.3.2 Determination of Hc2: Analysis based on fluctuations theory

Although, in the light of the discussion of Fig. 11, it is clear that AGLT, with it’s effective

mass anisotropy model, is not able the describe the data measured at different temperatures

consistently, the detailed analysis of the angle dependence of Hc2 is based on AGLT. We

will show that as long as we stay at a fixed temperature, AGLT is able to describe Hc2(θ)

remarkably well [185]. Although the location of θc2, for example in Fig. 11a), seems clear at

first sight, this clarity disappears, when examining the transition region in a scale necessary

for the precise determination of θc2 (see Fig. 1 in Ref. [27]). For a strict analysis, it is necessary

to take into account that the transition at Hc2 is rounded by fluctuations.

We therefore make a quick excursion to the theory of superconducting fluctuations. The

brief account of the phenomenological Ginzburg-Landau theory and AGLT given in Sec.

3 followed a “mean field” treatment, i.e., the order parameter Ψ(−→r ) was taken as always

being equal to the order parameter Ψ◦(
−→r ) with minimum free energy. However, thermal

fluctuations allow the system to sample order parameters with non-minimal free energy − in

fact, any function Ψ(−→r ) with an energy difference to the minimum free energy of less than

about kT has significant statistical weight in determining the superconducting properties.

There are measurable deviations from mean field behaviour even in low Tc compounds, but

the deviations are small outside of a narrow transition region (see, e.g., Ref. [58]). This

situation is, however, completely different for the HTcSC cuprates, where the unambiguous
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experimental definition of Hc2 is difficult because of the large influence of fluctuations. To

assess the importance of fluctuations in a superconductor, the so-called Ginzburg number

Gi = 1
2
(γkBTc/H

2
c (0)ξ3

ab(0))2 [186] can be evaluated. While this dimensionless quantity is of

the order of 10−10 to 10−7 in low Tc superconductors [187, 188], it can become larger than

10−2 in HTcSC cuprates [189], due to the higher Tc, the very short coherence length, and the

pronounced anisotropy. In the case of MgB2, with parameters we will obtain from Hc2(T, θ),

we can estimate Gi ≈ 10−5. Therefore, the importance of fluctuations in MgB2 is halfway in

between the one of fluctuations in HTcSC cuprates and the one of fluctuations in conventional

low Tc compounds.

Fluctuations are readily incorporated into the GL model by starting with the partition

function Z =
∫ DΨDΨ̄e−Fmf/T , where Fmf denotes the mean field GL free energy [3,58]. This

model is rather complex mathematically, and to the best of our knowledge, general analytical

solutions have not been obtained so far. Therefore, simplifications have to be made (see, e.g.,

Ref. [190]). In zero (and low) field and close to Tc, the model has been shown to observe critical

scaling according to the 3DXY universality class, with Tc(0) as an isolated critical point and

well established scaling relations (see Ref. [191], and references therein). In sufficiently high

magnetic fields, on the other hand, a different approach, the so-called “lowest Landau level”

(LLL) approximation, was used successfully, both in high and low Tc compounds, to describe

the effects of fluctuations around Hc2 [58, 192–195]. The basic physical idea [192] is that in

a uniform field H‖c, the fluctuating Cooper pairs are moving in quantized Landau orbits

characterized by kz and n. The mean field transition temperature Tc2(H) is the temperature,

at which the n = 0 (i.e., the lowest) Landau level becomes stable, since Cooper pairs do not

exist in higher fields, in the mean field approximation. Close to (and above) Tc2(H), the

lowest Landau level is expected to dominate the fluctuation contributions. For a field high

enough, H > HLLL, and temperatures close to Tc2(H), the approximation is well fulfilled,

but upon approaching, along Hc2(T ), the zero field critical temperature Tc, the contributions

from Landau levels with n > 0 can no longer be neglected (see Ref. [190] for a theoretical

discussion of the limits of the LLL approximation). At the same time, the critical region is

approached, and for low enough fields critical fluctuations dominate.

In the case of the HTcSC cuprates, the values of HLLL, and thus the field range where

LLL and where critical fluctuations dominate, are a very controversial issue [190,196–199]. In

the case of MgB2, we note that even with the theoretical criterion of Ref. [190], which led to

the high (in comparison with the findings of Refs. [197–199]) estimate HLLL ≈ 200 kOe in the

case of YBa2Cu3O7−δ, we obtain an upper limit [200] of HLLL ≈ 5 kOe. Therefore, we expect

a wider range of temperatures, where the LLL approximation should be valid near Hc2(T )

in MgB2. For the analysis, it is also necessary to consider the dimensionality of the relevant

fluctuations [195]. We are discussing the dimensionality of MgB2 in some detail in Sec. 4.5,

where we conclude that it is a three dimensional superconductor. Here, we only note that
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Figure 12: Selected rescaled torque P [see Eq. (10)] vs angle θ curves measured on crystal

B at 22 K. From left to right, curves shown were measured in H = 24, 30, 40, 55, 70, 80,

and 85 kOe. Two criteria used for the determination of θc2 are indicated by horizontal dashed

lines (see text). The θc2 values obtained employing the lower criterion are shown in Fig. 13

below.

measurements of the fluctuation diamagnetism above Tc, in fields up to 5 kOe [201], clearly

indicate that fluctuations are of a three dimensional character in MgB2.

For the θc2(H,T ) analysis, we therefore assumed that fluctuations are three dimensional

[202] and that the LLL approximation is valid. The fluctuation magnetization M of a 3D

system in the vicinity of the transition temperature Tc2(H) in the LLL approximation is given

by a universal function F of T − Tc2(H) [194]:

M

H
=

T 2/3

H1/3
F

(
A(T − Tc2)

(TH)2/3

)
, (9)

where A is a material constant related to the Ginzburg number. Eq. (9) applies for an

isotropic superconductor. It can, however, also be applied to the torque of an anisotropic

superconductor, by using a scaling transformation, as done by A. Buzdin and D. Feinberg for

arbitrary isotropic scaling laws [203]. We find that the rescaled torque signal

P = −τε1/3(θ)
/(

sin θ cos θH5/3(1− 1/γ2
H)T 2/3

)
(10)

with ε(θ) = (cos2 θ+sin2 θ/γ2
H)1/2, is, in the LLL approximation, a universal function of T−Tc2

with a fixed value P(0) at T = Tc2(H). Taking into account the F(0) value for the theoretical

dependence of the universal function for a 3D system [195], we can estimate that for a volume

of the sample of 8× 10−3 mm3 the rescaled torque P reaches at T = Tc2(H) a value of about

2× 10−10 dyn cmOe−5/3K−2/3. Figure 12 shows a selection of torque vs angle curves rescaled

according to Eq. (10), in different fields at 22 K. The crossing of the P(θ) dependence for

each field with the line of the constant value of 2× 10−10 dyn cmOe−5/3K−2/3 determines the

Hc2(θ) dependence as it is shown in Fig. 13 below. Since there are some uncertainties in

the determination of the volume of a small crystal, we also used an additional criterion of
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6× 10−10 dyn cmOe−5/3K−2/3, i.e., three times higher. The two criteria used are indicated by

dashed lines in Fig. 12. It is important to stress that the results obtained depend not very

sensitively on the criterion chosen and it will be shown later (see Fig. 15) that with both

criteria defined here, we get very similar temperature dependences of Hc2 and γ. Additional

τ(H) measurements at fixed angle give Hc2(θ) values corresponding well to those from τ(θ)

measurements.

Since, for the purpose of the determination of Hc2(θ), the transformation of the scaling

variable is not necessary, no full scaling analysis was performed. From the resulting Hc2(θ)

curve, the anisotropy parameter γH is then extracted by an analysis with AGLT, which

predicts the angular dependence of the upper critical field to be [85]

Hc2(θ) = H
‖c
c2

(
cos2 θ + sin2 θ/γ2

H

)−1/2
. (11)

We note that in the rescaling of the torque according to Eq. (10), the target parameter γH is

used, which is obtained only later with Eq. (11). Therefore, scaling analysis and determination

of γH with Eq. (11) had to be performed iteratively in order to self consistently find γH .

However, the θc2(H) and Hc2(θ) points obtained with the scaling analysis depend not very

strongly on the value of γH used in Eq. (10), and the iterative procedure converges rather

fast.

4.3.3 Angle and temperature dependence of the upper critical field

Figure 13, where all θc2(H) and Hc2(θ) points, obtained from the scaling analysis of the data

measured at 22 K on crystal B, are plotted, shows that the data obtained employing the LLL

scaling analysis are very well described by the AGLT formula [Eq. (11)], with an anisotropy

parameter γH = 5.1. Alternative curves from fits with Eq. (11), but using γH = 4 or 6, clearly

fail to describe the data. The figure also shows data points obtained from crystal C [204].

The irreversible properties of crystals B and C are different in a pronounced way (see Secs.

4.5 and 5.5), showing that they have a rather different defect structure. The good agreement

both in value and angular dependence of Hc2 of crystals B and C that is observable in Fig.

13 indicates that such differences in the defect structure do not influence the upper critical

field much, at least in the region between 22 and 34 K [204], and therefore cannot influence

our conclusion of a T dependent Hc2 anisotropy. We found the angular dependence of Hc2

to be well described by Eq. (11) at all temperatures investigated, but with a temperature

dependent anisotropy parameter γH(T ). This is shown in Fig. 14, which displays the angular

dependence of Hc2 scaled by H
‖c
c2 to directly compare the anisotropy at different temperatures.

The 15 K data are well described by the line corresponding to γH = 6, while the 34 K data

lie below the line for γH = 3.5. The data indicate an anisotropy systematically decreasing

with increasing temperature. To show this is not an artifact related to fitting, we present the
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Figure 13: Upper critical field Hc2 vs angle θ at 22 K. The data points were extracted with

a scaling analysis from τ(θ) data measured in fixed field (◦ from crystal B, ¥ from crystal C,

cf. Fig. 12) and from τ(H) data measured at fixed angle (¦), employing the lower of the two

criteria described in Sec. 4.3.2. Also shown are theoretical curves according to AGLT, with

anisotropy parameters γH = 5.1 (full curve), 4 (dashed curve), and 6 (dotted curve).

angular dependence of the torque P, rescaled with Eq. (10), for fixed H/H
‖c
c2 , in the inset.

The curves clearly shift to higher angles with increasing temperature.

Very small (but systematic) deviations from the angular dependence of Hc2 according to

Eq. (11) were only observed at temperatures close to Tc. The good approximation of Hc2(θ)

by Eq. (11) is in agreement with a recent theoretical study [110], but the calculations predict

the deviations to be larger at lower temperatures [205], contrary to our observations. Our

experimental limitation of fields up to 90 kOe may prevent the observation of deviations from

Eq. (11) at low temperatures. On the other hand, an independent investigation [206] of

Hc2(θ), determined from electrical transport measurements [207] in field up to 280 kOe, found

no deviations of the angular Hc2 dependence from the prediction of Eq. (11), even at 5.4 K.

The observation of small systematic deviations in the torque data close to Tc may indicate

that we are approaching HLLL in this region and the values of θc2(H) and Hc2(θ) obtained

from the LLL scaling analysis (see above) start to deviate from the mean field values.

The upper critical fields parallel and perpendicular to the layers obtained with the scaling

analysis and Eq. (11) are shown in Fig. 15a). Results obtained from two crystals in two

magnetometers and using three different Hc2 criteria are depicted as different symbols. It can

be seen that the values of H
‖c
c2(T ) and H

‖ab
c2 (T ) do not depend very sensitively on the exact
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Figure 14: Angular dependence of Hc2(θ)/H
‖c
c2 , employing the lower criterion, at various

temperatures. Curves correspond to Hc2(θ) according to Eq. (11) for γH = 3, 3.5, 4.5, and 6.

Inset: Some rescaled torque P [see Eq. (10)] vs angle θ curves, corresponding to H/H
‖c
c2 ' 2.67.

Hc2 criterion used. The T dependence of H
‖c
c2 is in agreement with (isotropic) calculations

by Helfand et al. [208], with H
‖c
c2(0) ' 31 kOe. On the other hand, H

‖ab
c2 (T ) exhibits a slight

positive curvature near Tc. These features are common to highly anisotropic (layered) super-

conductors. Although MgB2 as a whole is rather isotropic, superconductivity is dominant on

the quasi-2D bands, which may well account for the different T dependence of H
‖c
c2 and H

‖ab
c2 .

This may also be the origin of the positive curvature of Hc2 observed in other measurements

of bulk, thin film and single crystal MgB2 [100]. Due to the lack of low temperature data and

the variation of γH , only an estimation 180 kOe . H
‖ab
c2 (0) . 230 kOe can be given.

4.3.4 Temperature dependence of the Hc2 anisotropy: Discussion

The anisotropy data [Fig. 15b)] show that γH systematically decreases with increasing tem-

perature, as we already expected from Fig. 11. A change of the criterion used for the deter-

mination of θc2 leads to small shifts of the magnitude of γH , but the temperature dependence

is always the same. The highest upper critical field anisotropy γH ' 6 was obtained at 15 K,

the lowest anisotropy γH ' 2.8 at 35 K. From Fig. 15 we estimate γH(Tc) = 2.3− 2.7, while

at zero temperature, γH may become as large as 8.

Since the time our torque measurements were performed, many other authors observed

a temperature dependence of γH in MgB2 as well [147, 206, 209–215]. Before making any

quantitative comparisons, we note that electrical transport measurements [209, 210] yield
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Figure 15: a) Upper critical field Hc2 vs. temperature T . Open symbols correspond to H ‖ ab,

full symbols to H ‖ c, from fits of Hc2(θ) data to Eq. (11). Up triangles are from measurements

on sample A (with θc2 determined with a simple “straight line crossing” criterion) and squares

(circles) are from measurements on sample B, using two criteria of constant rescaled torque P

as defined in Sec. 4.3.2. Full lines are theoretical calculated curves (Ref. [110], see also text).

b) Temperature dependence of the upper critical field anisotropy γH = H
‖ab
c2 /H

‖c
c2 , determined

from fits of Hc2(θ) to Eq. (11). The full line is again from the theoretical calculation of

Ref. [110].

too high values of H
‖c
c2 , due to surface superconductivity (“Hc3”) [147] or more complicated

effects [211]. All bulk measurements (torque [27, 215], magnetization [147, 212–214], thermal

conductivity [211], and specific heat [147, 206]) agree well on the H
‖c
c2(T ) dependence and

value. Concerning H
‖ab
c2 (T ), and consequently γH(T ), however, reported values differ from

each other. It is difficult to say at this stage what part of the discrepancies is to be attributed

to the difference in experimental methods and procedures, and what part originates from the
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different samples used. Exchanging the samples between different groups could help to clarify

this issue. The values of H
‖ab
c2 (T ) and γH(T ) obtained in this work is closer to the upper

end of the spread. If the differences between reports is mainly due to sample differences,

we speculate that in our sample B [183, 216], a small number of stacking faults may reduce

the effective coherence length perpendicular to the planes (see Sec. 4.5) and hence increase

H
‖ab
c2 (T ), particularly at low temperatures.

Very recently, H
‖ab
c2 (T ), H

‖c
c2(T ), and γH(T ), have been calculated for MgB2 by P. Mira-

novic et al. [110]. For the calculation, they modeled the Fermi surface as consisting of two

separate sheets, approximated as simple spheroids, but with average characteristics taken

from first principles band and Eliashberg calculations (see Sec. 4.1). With this model, the

(comparatively small) in-sheet wave vector dependences of the effective mass/Fermi veloc-

ity anisotropy and of the superconducting gap are not taken into account, i.e., the two-gap

structure is the only deviation from the “AGLT model Fermi surface” (see Sec. 4.2). The

calculations by P. Miranovic et al. assume weak coupling, but fully take into account non-

locality. We compare the result of these calculations with our experimental data in Fig. 15

(the calculated results are shown as full curves). Very good agreement is seen for the upper

critical field perpendicular to the layers (‖c). Qualitatively, calculations and experiment also

agree for the upper critical field parallel to the layers (‖ab), but quantitatively, the agreement

is less good. However, as discussed above, there is some spread in the experimental H
‖ab
c2 (T )

curves reported, and the calculated curve is well within this spread. The good agreement of

the calculations with experimental results shows that the essential source of the deviations of

the upper critical field from AGLT predictions is captured with a simple effective two-band

model, while further details of the Fermi surface and superconducting gap are negligible.

In Fig. 15, we see good agreement between our torque results and the theoretical curve at

intermediate temperatures, in the range from 20 to 25 K. The deviations at 18, and especially

15 K, could be due to a small number of stacking faults, as discussed above and in Sec. 4.5.

There are two alternative explanations, however:

• As the field range available in the experiment was limited to below 90 kOe, only a limited

range of angles could be probed for low temperatures, where H
‖ab
c2 exceeded 90 kOe. This

inevitably decreased the accuracy of our analysis, especially if larger deviations of the

angular dependence of Hc2 from the prediction of Eq. (11) set in as the temperature is

decreased [205].

• Theoretically, Hc2 at low temperatures depends on the shape of the Fermi surface in

rather subtle manner, and the model Fermi surface used for the calculations [110] may

be too simple for a quantitatively correct description at low T .

The deviations at higher temperatures for crystal B can be due to a lowered sensitivity of the

torque magnetometer in lower fields [217] and/or the limitations of the LLL scaling approach
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(see above). The deviations for crystal A can be explained with the slightly lower Tc of this

crystal.

At low temperatures, the upper critical field is dominated by the Fermi sheets with the

larger superconducting gap, i.e., the σ sheets. These quasi two dimensional Fermi sheets

have an average Fermi velocity anisotropy of about 46 (see Sec. 4.1.1), corresponding to

an anisotropy parameter of about 6.8. The influence of the small gap three dimensional π

Fermi sheets is low, only slightly decreasing the value of H
‖ab
c2 (0)/H

‖c
c2(0). With increasing

temperature, thermally induced quasi-particles lead to a “mixing” of σ and π Fermi sheets,

suppressing the upper critical field anisotropy. In the limit T → Tc, an anisotropy of γH(Tc) '
2.6 results, according to the calculations [110], and in accordance with our earlier estimation

from the experimental data.

Close to Tc, non-locality is not important, and consequently, AGLT is expected to hold

even if this is not the case at lower T (see Sec. 3). Despite of this, Fig. 15 clearly indicates

that the variation of γH with temperature is the strongest close to Tc. Therefore, in MgB2,

AGLT seems to have a very limited range of applicability indeed. Still, AGLT should be

at least approximately valid for T close enough to Tc. As a consequence, Eq. (4) of Sec.

3 should hold in the limit T → Tc, i.e. with the definition γλ ≡ λc/λab, we should have

γH(Tc) = γλ(Tc) ' 2.6. At lower temperatures, where AGLT no longer holds, however, there

is no reason why γλ(T ) should be equal to γH(T ). Indeed, a calculation of γλ(T ) [218] with a

similar model as used in Ref. [110], found the penetration depth anisotropy to increase with

increasing temperature, from 1 at 0 K to 2.6 at Tc, exactly opposite to the behaviour of γH(T ).

Such a difference of anisotropies should influence the mixed state properties, particularly the

torque far below Hc2. This is discussed in the next section, Sec. 4.4.

4.4 Reversible torque near the transition temperature

4.4.1 Analysis based on anisotropic London model: Conditions for applicability

An alternative method to obtain the anisotropy parameter γ of a superconductor, used often

and with success in the case of HTcSC cuprates (see, e.g., Refs. [51, 90–93]), consists of mea-

suring the torque, as a function of angle, well below Hc2, and analyzing the data with Eq. (7)

in Sec. 3. This method is also applied here to the cuprate superconductor YBa1.64Sr0.36Cu4O8,

see Sec. 5.3.

Equation (7) for the angular dependence of the reversible torque was derived (by V. G.

Kogan et al. [87–89]) on the basis of the anisotropic London model, valid in the limits of fields

Hc1 ¿ H ¿ Hc2 (see also Sec. 3), the latter condition is important to exclude vortex core

overlap and to avoid the influence of fluctuations near Hc2 (see discussion of Hc2 fluctuations in

Sec. 4.3). We note that Eq. (7) is only approximately valid, since the London approach ignores

the contribution of the vortex cores. From studying a more elaborate variational model it was,
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Figure 16: Schematic Sketch of the influence of the various contributions to the measured

torque not covered by Eq. (7) (not to scale). Shaded in light grey are the regions of high

and low fields, where the London model is inappropriate due to core contributions [219]

(and Hc2 fluctuations). The dark grey shade denotes the region close to Tc, where Eq. (7)

is not applicable due to the dominance of critical fluctuations (of 3D XY type [191]). The

full vertical line denotes a (potential) 2D/3D crossover temperature, below which deviations

occur for angles near 90 deg. Finally, Eq. (7) can only be applied above the irreversibility line

(dashed). Also shown is the irreversibility line after “vortex shaking” (dotted), see text.

however, found that Eq. (7) still is a good approximation in a range of intermediate fields,

although with renormalized parameter η and renormalized penetration depth [219,220]. Too

close to Tc, Eq. (7) is not applicable in any field, because of critical fluctuations ( [96,97,191],

see also Sec. 4.3.2).

On the other hand, Eq. (7) describes the reversible equilibrium torque, whereas in low

fields and at low temperatures, the torque usually contains an irreversible part, that depends,

on the direction of the field change, or in constant field, on the direction of the change of the

angle between field and c axis of the sample. The irreversible part is caused by pinning due to

unavoidable point-like defects (see Sec. 5 for a discussion of irreversible properties). Whereas

pinning due to point-like defects is isotropic, the so-called “intrinsic pinning” observed in

cuprate HTcSC, and also pinning by extended defects such as stacking faults depends strongly

on the direction of the applied field (see Sec. 4.5).

The combination of these effects significantly restricts the region where Eq. (7) describes

measured torque data. In fact, it is quite possible to have a material where there is no
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Figure 17: Torque τ of MgB2 single crystal A vs angle θ at 32 K in 5 kOe. a) Raw data before

shaking (open circles). The full line is a fit of Eq. (7) to the average of data collected with

angle θ increasing and decreasing. For θ = 90 deg, a peak in the irreversible torque can be

seen, this will be discussed in Sec. 4.5. b) Raw data collected with a “shaking” procedure

(full squares). The full line is a fit of Eq. (7) to the “shaked data”.

region where Eq. (7) is strictly applicable. In the past, the equilibrium torque was often

approximated by just arithmetically averaging the measured torque for H/θ increasing and

decreasing. However, such a procedure was shown [51] to lead to systematic errors in the

deduction of the anisotropy. This point will be discussed in more detail below.

The various limitations of the applicability of Eq. (7) are sketched in Fig. 16: There is

but a small region of applicability (in other cases it may even be totally absent). Vortex

“shaking” [51] can lower the irreversibility line, thereby extending the region of applicability

of Eq. (7), see Sec. 2.2.

4.4.2 Effective anisotropy from reversible torque data

Figure 17 shows an example of one of the τ(θ) curves measured for an analysis with Eq.

(7). The comparison of panels a) and b) demonstrates the importance of the vortex shaking

technique for an accurate analysis. Whereas the curves obtained without shaking [panel a)]

show a substantial degree of irreversibility, this irreversibility is removed after shaking [panel

b)] and the data are well described by Eq. (7), with an anisotropy parameter γeff = 3.2. The

“unshaked” data of panel a), on the other hand, can be described by Eq. (7) as well, but with

a slightly higher least-squares deviation, and with a higher anisotropy parameter, γeff = 3.4.

Although the difference in γeff is not very large, the data seem to indicate that in MgB2, the

presence of irreversibility leads to an overestimation of the anisotropy [29], similar to earlier

findings in the case of YBa2Cu3O7−δ [51].

The result of the analysis of reversible torque τ(θ) data, measured at temperatures between

27 and 36 K in fields from 1 to 10 kOe, with Eq. (7) is presented in Fig. 18 (see also Refs.
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Figure 18: Field dependence of the effective anisotropy γeff, obtained from an analysis of

reversible torque τ(θ) data with Eq. (7).

[27,31]). There is a number of points worth noting:

• the effective anisotropy γeff is field dependent, increasing nearly linearly from γeff ' 2

in zero field to 3.7 in 10 kOe, in disagreement with the anisotropic Ginzburg Landau

theory (see Sec. 3).

• No clear temperature dependence of γeff is visible in the range of temperatures and fields

covered.

• The effective anisotropy γeff obtained from the analysis with Eq. (7) is different from

the upper critical field anisotropy γH (see Sec. 4.3).

Before proceeding with the discussion of these puzzling results, we check the applicability

of Eq. (7), with respect to the limitations sketched in Fig. 16. We note first that all data

were measured well above Hc1 and that the curves were well reversible after shaking [221].

We believe that due to the low Ginzburg number of MgB2 (as compared to the cuprates),

critical fluctuations should not appreciably influence the torque in the region of temperatures

measured (see also discussion of fluctuations in Sec. 4.3.2). On the other hand, such an

influence cannot be excluded with absolute certainty, and there are attempts to analyze the

torque data within the framework of 3D XY scaling theory (for an overview see Ref. [222];

cf. also Sec. 4.3.2). The observation of a peak in the irreversible torque for θ = 90 deg [see

Fig. 17a)] is reminiscent of the well known “intrinsic pinning” of cuprate superconductors,

and could therefore be taken as an indication of two dimensionality. However, we will show

in Sec. 4.5 that MgB2 is an anisotropic, but clearly three dimensional superconductor, at all

temperatures. The remaining limitation is the influence of Hc2 fluctuations and vortex core

contributions in high fields. The upper field limitation of the applicability of Eq. (7) is not any

well defined line in the H-T diagram, but a comparison with the results of Ref. [220] indicates
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that for the data shown in Fig. 18, Eq. (7) should be a good approximation, with the possible

exceptions of the points H = 10 kOe/T = 32 K and H = 5 kOe/T = 34 K. Note, however,

that MgB2 has a rather low value κ = λ/ξ (≈ 4.7 at Tc, see Ref. [213]), compared to the

HTcSC cuprates, which tends to increase the importance of the vortex core contributions, and

puts doubt into the approximation κ À 1 common in theoretical treatments. In this context,

we note that a later report of an analysis of torque data measured on a small MgB2 crystal

measured at 5 K with Eq. (7) concluded that in that case, γeff was field independent [223].

However, much of the data used in that analysis clearly is measured in fields above the

applicability region of Eq. (7), and an analysis of the remaining data can support a field

dependent γeff [29].

4.4.3 Different anisotropies of penetration depth and upper critical field

All in all, it seems unlikely that there is any explanation for the main observations apparent

from Fig. 18 in terms of the restrictions to the applicability of Eq. (7) as discussed in Sec.

4.4.1. Apart from the field dependence of γeff, a major question concerns the difference to the

upper critical field anisotropy, γH , discussed in Sec. 4.3. Since AGLT in it’s standard form is

not applicable for MgB2, as shown both by the field dependence of γeff, and the temperature

dependence of γH , there is also no reason why Eq. (4) of Sec. 3 should hold. In particular,

the anisotropy of the penetration depth, γλ, may well be different from the upper critical

field anisotropy γH . In this context, it is instructive to check the meaning of γeff and the

anisotropies appearing in Eq. (7) in detail. The anisotropy parameter (denoted just γ in Sec.

3) enters Eq. (7) twice via Eq. (6). In a first approximation [224], the appearance outside

of the logarithm can be thought of as due to the λ anisotropy, while the appearance in the

logarithm is linked to the Hc2 anisotropy. Therefore, after dropping the assumption γλ = γH ,

the full equation corresponding to Eq. (7) should read as [224]

τ =
V Φ◦H
64π2λ2

ab

(
1− 1

γ2

)
sin 2θ(

cos2 θ + sin2 θ/γ2
λ

)1/2
ln

(
ηH

‖c
c2(

cos2 θ + sin2 θ/γ2
H

)1/2
H

)
. (12)

Recent theoretical calculations of γλ(T ) of MgB2 [218, 225] found indeed values of γλ much

lower than the upper critical field anisotropy values. The until now only direct experimental

study of the penetration depth on a MgB2 single crystal [226] is at variance with the theoretical

studies, but also finds a small anisotropy.

The effect that a difference of γλ and γH has on the reversible torque is illustrated in Fig.

19, where torque curves were calculated with Eq. (12) for different fields, using different, but

fixed γλ = 1.5 and γH = 8.0 (shown as full lines in the main panel). Note the small difference

between a curve (dashed) fitted with Eq. (7), using a common anisotropy γeff to one of the

curves calculated with Eq. (12). Interestingly, the fitted effective anisotropy γeff now becomes

field dependent (see inset), in a manner similar to the measured data. Thus, a difference
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Figure 19: Torque curves calculated with Eq. (12), using different (constant) anisotropies for

the penetration depth and the upper critical field, for various fields (full lines, see inset for

the values of reduced fields used). Also shown is a fit to Eq. (7), using a common effective

anisotropy γeff to one of the calculated curves (broken line). Inset: Field dependence of the

effective anisotropy γeff obtained from fits to the calculated curves shown in the main panel.

Figure taken from Ref. [31].

between γλ and γH can qualitatively explain our results. Note that a direct fitting of the

present data, using separate γλ and γH , was not possible, since the full Eq. (12) is rather

ill conditioned numerically. However, attempts to describe the data with fixed anisotropies,

with γH as measured (see Sec. 4.3), and γλ set to values according to Refs. [218,225,226] still

failed. Therefore, we conclude that while the difference of γλ and γH certainly is important,

it is not sufficient to explain the experimental results.

4.4.4 Implications of the two-band nature of superconductivity in MgB2

Another likely cause of the field dependence of γeff observed in our data is the two-band nature

of superconductivity in MgB2 (cf. Sec. 4.1). Field dependent point-contact spectroscopy

measurements [130] indicate that the small gap disappears in fields of the order of 4 to

5 kOe, i.e. superconductivity in the (3D) π Fermi sheets is rapidly suppressed by even low

fields, whereas it persists in the (2D) σ sheets up to much higher fields. Consequently, in

low fields, the additional superconducting carriers on the π sheets exert a strong influence

on the mixed state properties, visible for example in the field dependence of the specific

heat [102, 103, 227, 228] and the thermal conductivity [229], both of which can be explained

by the two-band model [178]. The impact of two-band superconductivity on the mixed state

properties is also seen by scanning tunneling spectroscopy [135], where the coherence length

as estimated from the vortex core diameter is much larger than the estimate from the upper
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critical field.

However, the suppression of superconductivity on the three dimensional π sheets, also

seen by recent specific heat measurements [230] to occur in fields of about 4 kOe, leaving

superconductivity only on the two dimensional σ sheets, should result in an increase of the

effective (bulk) anisotropy. Similar conclusions were also drawn from the analysis of spe-

cific heat data measured on a single crystal [230]. At low temperatures, there are only few

thermally induced quasi-particles, which could lead to an averaging of the superconducting

properties in the two effective bands. Therefore, the effective anisotropy in low fields is a

compromise between the nearly isotropic π Fermi sheet and the σ Fermi sheet with a Fermi

velocity anisotropy of about 46 (corresponding to γ ≈ 6.8). With increasing fields, π sheet

superconductivity is becoming more and more negligible, and as a result the anisotropy is

closer to the one intrinsic to the σ sheets, therefore also dominating the anisotropy of the bulk

Hc2. At higher temperatures, “band mixing” by thermally induced quasi-particles likely re-

duces these effects, but they should still be non-negligible in the temperature and field region

covered by the measurements presented in this section. The exact interplay of the diverse

effects, “π → σ crossover”, difference between γλ and γH , core contributions, etc., is rather

complicated. For example, the scanning tunneling spectroscopy results [135] indicate a strong

vortex core overlap (in the π bands) already in relatively moderate fields, which in turn puts

additional doubt into the “negligible core contribution” approximation. Thus, further studies

of the anisotropic mixed state properties of MgB2 are clearly needed for a complete under-

standing of the origin of these properties. On the other hand, we think that we identified the

main sources of the anomalous behaviour of the reversible torque in the mixed state.

4.5 Dimensionality of MgB2 : Is there a lock-in effect or “intrinsic

pinning”?

The σ sheet of the Fermi surface, which dominates the bulk Tc and Hc2 is strongly anisotropic

and commonly referred to as two dimensional (2D) or quasi two dimensional. Therefore, it is

natural to ask whether MgB2 may be better described as a two dimensional superconductor

in terms of the Lawrence-Doniach model [95], at least for certain values of temperature and

external fields.

The hallmark of 2D superconductivity in layered compounds is a “lock-in” transition

at angles θ close to 90 deg, i.e., H‖ab, where vortices align themselves perfectly parallel to

the ab plane, with the vortex cores located between the superconducting layers [231–233].

Closely related is the so-called intrinsic pinning of vortices by the strong modulation of the

order parameter by the layered structure (again for θ ≈ 90 deg) [233–235]. Both effects are

well studied experimentally in the cuprate HTcSC (see for example Refs. [90, 236–243]). The

intrinsic pinning is particularly well visible in the angular dependence of the torque, where
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it manifests itself by a sharp hysteresis peak at θ ≈ 90 deg, i.e., for the field aligned nearly

parallel to the ab plane [90, 244]. Such a sharp hysteresis peak at θ ≈ 90 deg is indeed

visible in our MgB2 torque data, for example in Fig. 17a) in Sec. 4.4, indicative of the two

dimensionality of superconductivity in MgB2. A similar observation has also been made by

K. Takahashi et al. [223], who took it as proof that superconductivity was “occurring in the

boron layers”, similar to to the superconducting CuO2 layers in the HTcSC cuprates.

As mentioned in Sec. 3, the quasi two dimensional (2D) layered superconductors are usually

described with the Lawrence-Doniach (LD) model [95]. Within the model, the discreteness

of the layered structure is important whenever the coherence length perpendicular to the

layers, ξc, is smaller than the distance between the superconducting layers, ds. In the other

case, ξc & ds, the discreteness of the layered structure is not important, as modulations

smaller than the coherence length are smoothened out. In fact, for ξc & ds the LD model

reduces just to AGLT, i.e. superconductivity is effectively three dimensional (3D), although

anisotropic. Close enough to the transition temperature, all layered superconductors are three

dimensional, since the coherence length diverges at Tc. If ξc(0) < ds, this leads, then, to a

temperature driven 2D/3D crossover at a temperature Tcr, defined by ξc(Tcr) ≈ ds [245]. In

the case of HTcSC La1.925Sr0.075CuO4, for example, torque measurements [241] indicated a

2D/3D crossover at Tcr ' 25 K ≈ 0.8 Tc, in good agreement with the estimate from the ξc/ds

criterion. In the (anisotropic) 3D region of temperatures, a lock-in transition cannot take

place. Also, the pinning potential due to the layered structure becomes strongly renormalized

[246]. Although even the renormalized and therefore very weak periodic pinning potential can

still lead to measurable effects [246], especially in electrical transport measurements [247], the

typical hysteresis peak at θ ≈ 90 deg of the low temperature 2D regime is no longer observed

as a prominent feature in torque measurements [248].

However, in our case, hysteresis peaks at θ ≈ 90 deg were observed in the whole region

of temperatures and fields investigated, even at temperatures less than 10% below the (zero

field) transition temperature. Two examples of these observation are shown in Fig. 20. The

situation becomes even more puzzling when we try to estimate the 2D/3D crossover from the

upper critical field data of Sec. 4.3. From H
‖c
c2 ' 31 kOe, we obtain ξab = [Φ◦/(2πH

‖c
c2)]

1/2 '
103 Å, and with an estimated γH(0) ≈ 7 we have ξc(0) ≈ 14.7 Å, more than four times

larger than the c-axis parameter of the unit cell, 3.52 Å [249], which is an upper limit of the

effective separation of the superconducting layers, ds. Therefore, according to LD theory and

the estimated parameters, MgB2 should be clearly in the anisotropic 3D limit even at zero

temperature. This is even more clear for the conditions of the torque curve shown in Fig.

20a). At T = 35.7 K, we estimate from Fig. 15 of Sec. 4.3 ξc(35.7 K) ≈ 120− 190 Å, 35 to 55

times higher than the c lattice parameter. In such a situation, even a residual renormalized

pinning of the layered structure [246] can hardly account for the peak observed in Fig. 20a).

From subsequent studies of different single crystals of MgB2, we found that such a peak
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Figure 20: Torque τ vs angle θ curves with H nearly parallel to the ab plane. a) at 35.7 K in

2 kOe (crystal A) b) at 15 K in 90 kOe (crystal B).

is present in some MgB2 crystals, but not in all: Figure 21 presents τ(θ) near H‖ab for

two different crystals, one showing a large lock-in effect, and the other one practically none.

To show that the presence or absence of the peak for H‖ab is not related to the speed of

measurements, the inset of panel a) of Fig. 21 shows a repetition of the measurement of the

main panel a), with a five times slower speed [250]. Neither the shape nor the magnitude of

the peak for H‖ab are affected by the speed of the measurement. For both quick and slow

measurements at 15 K in 75 kOe, the peak is present on crystal B, but absent on crystal C.

On the base of this observation, we conclude that the presence of the peak is not an

intrinsic property of MgB2. This is in accordance with the ratio ξc/ds being larger than one,

suggesting that MgB2 should be in the anisotropic 3D limit at all temperatures, as discussed

above. Where present, the peak for H‖ab may be due to a small number of stacking faults,

for example. Stacking faults of MgB2 have been observed in polycrystalline material [251].

A very small number of stacking faults in single crystals is difficult to observe in standard

structural analysis, but could already lead to the effect discussed here, and affect the upper

critical field as well (see Sec. 4.3). Detailed X-ray structural refinement analysis on one of the

crystals showing a peak of the irreversible torque for H‖ab are in progress. Regardless of the

exact micro-structural origin, Fig. 21 shows that the effect is not due to “intrinsic pinning”,

and therefore does not evidence a two-dimensional nature of bulk superconductivity in MgB2.

The absence of any hysteresis peak for H‖ab in crystal C [Fig. 21b)] at the relatively low

temperature of 15 K ' 0.4 Tc instead indicates 3D superconductivity in MgB2. The torque

measurements presented in Sec. 4.3 give further evidence in favor of the 3D scenario. In

thin films and cuprate superconductors in the 2D region it was observed (see for example

Refs. [252–254]) that the angular dependence of the upper critical field deviates markedly
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Figure 21: Torque τ vs angle θ near H‖ab for two different MgB2 crystals, one showing a peak

in the irreversible torque near H‖ab [a)], the other one not showing such a peak [b)]. The

inset of panel a) shows the same data as in the main panel a), but with a five times slower

measurement speed (see text). Adapted from Ref. [29].

from the AGLT expression [Eq. (11] in Sec. 4.3). Instead, Hc2(θ) shows a cusp for H‖ab,

and can be described by a formula developed by M. Tinkham for thin films [255]. The

standard Lawrence-Doniach model [95] yields the same Hc2(θ) dependence as AGLT, but

a calculation [256] with extended LD model found both the cusp-like dependence and the

normal AGLT dependence realized, with a 2D/3D crossover between them, in agreement

with experimental findings [253,254]. As we discussed in Sec. 4.3, the angular dependence of

Hc2 follows well AGLT predictions (see Fig. 13), and is thus incompatible with the angular

variation predicted and observed in the 2D case. This shows that MgB2 is behaving as a

3D superconductor, at least down to 15 K, the limitation given by the experimental restraint

to fields below 90 kOe. Various other superconducting properties of MgB2 are also better

explained within a three dimensional approach, for example fluctuation diamagnetism above

Tc, in fields up to 5 kOe [201].

The 3D superconducting behaviour is different from the behaviour of the cuprate HTcSC.

Even in YBa2Cu3O7−δ with a moderate anisotropy not much higher than the anisotropy of

MgB2 at low temperatures, a 2D/3D crossover occurs at temperatures of the order of 0.9 Tc.

The principal difference of MgB2 from the cuprate superconductors is the much lower coher-

ence length in the latter ones. Unlike in the cuprate HTcSC, the coherence length of MgB2

is not quite so small as to be comparable with interatomic distances, and therefore a con-

tinuum anisotropic description is possible and appropriate. MgB2 rather is comparable to

NbSe2, a longer known layered superconductor, which is also anisotropic, but also describable

as a 3D superconductor. As mentioned earlier, NbSe2 also has a temperature dependent Hc2

anisotropy, albeit the effect there is much smaller than in MgB2.
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In summary, we can conclude that MgB2 is a three dimensional superconductor, but with

pronounced and very unusual anisotropic properties [27], resulting from the two-band nature

of superconductivity with bands of different dimensionality involved. The influence of two-

band superconductivity is so high that MgB2 very well may serve as the textbook example of

the effects of multiple sheets involved in superconductivity can have.
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4.6 Related publications

The following publications are related to this section:

• Temperature and Field Dependence of the Anisotropy of MgB2

M. Angst, R. Puzniak, A. Wisniewski, J. Jun, S. M. Kazakov, J. Karpinski, J. Roos,

and H. Keller

Phys. Rev. Lett. 88, 167004 (2002).

• Comment on “Superconducting anisotropy and evidence for intrinsic pinning in single

crystalline MgB2”

M. Angst, R. Puzniak, A. Wisniewski, J. Roos, H. Keller, and J. Karpinski

submitted to Phys. Rev. B; preprint on cond-mat/0206407.

The following publications are related both to this section and to Sec. 5:

• Section 5 in MgB2 single crystals: high pressure growth and properties

J. Karpinski, M. Angst, J. Jun, S. M. Kazakov, R. Puzniak, A. Wisniewski, J. Roos,

H. Keller, A. Perucchi, L. Degiorgi, M. R. Eskildsen, P. Bordet, L. Vinnikov, and

A. Mironov

Supercond. Sci. Technol. 16, 221 (2003).

• Torque Magnetometry on MgB2 Single Crystals: Basic Anisotropic Properties and Vor-

tex Matter Phase Diagram

M. Angst, R. Puzniak, A. Wisniewski, J. Roos, H. Keller, P. Miranović, J. Jun, S. M.

Kazakov, and J. Karpinski

Physica C 385, 143 (2003). (special issue on MgB2 invited paper)
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5 Disorder-induced “melting” of the Abrikosov vortex

lattice in YBa2−xSrxCu4O8 and MgB2

The mixed state picture of the arrangement of vortices in a perfect triangular lattice (see Sec.

3) is a simplified one. In reality, defects, which are to some extent unavoidable, lead to distor-

tions of the perfect periodicity of the lattice, and may even destroy it. The interplay between

vortex line and interaction energies (see Sec. 3) on the one hand, and disorder and thermal

fluctuations on the other hand, leads to a complex behaviour of vortices as a function of

temperature and applied field, including phase transitions of this “vortex matter” [257, 258].

Vortex physics is important for two reasons. Firstly, vortex behaviour is crucial in deter-

mining the maximum current density the material can carry without appreciable dissipation.

Secondly, vortex matter is a unique model system to study phase transitions, particularly

transitions where disorder is important.

In Sec. 5.1, various phases of vortex matter and transitions occurring between them are

introduced, focusing on the order-disorder transition between a “Bragg glass” and a “vortex

glass”. The relations between irreversible magnetization, current density, pinning by defects,

and the different phases of vortex matter are described in Sec. 5.2. These two introductory

subsections provide the background [259] used for the discussion of the experimental results

in the later subsections.

In Sec. 5.3, we present SQUID measurements on the cuprate HTcSC YBa2−xSrxCu4O8

and discuss the effect of the Sr substitution on the anisotropy (determined by torque magne-

tometry, Sec. 5.3.3), the critical current density and the irreversibility line [26]. The effect,

which the relatively strong disorder due to the Sr substitution has on the order-disorder

transition [26] is the focus of Sec. 5.4. In Sec. 5.5, we discuss the observation, by torque

magnetometry, of a peak effect and history dependent critical current density in MgB2, and

show that these are manifestations of the order-disorder transition of vortex matter in this

material [28], which has in many respects properties intermediate between low and high Tc

superconductors. Section 5 is concluded with a comparison of the vortex matter phase di-

agrams of YBa2−xSrxCu4O8 and MgB2, and a discussion of the origins of the pronounced

differences (Sec. 5.6).

5.1 Vortex matter phase diagrams: The Abrikosov lattice and it’s

enemies

5.1.1 Influence of point-like disorder: The “Bragg glass”

Real crystals always contain defects. Defects can be either localized and point-like, e.g.,

vacancies or interstitials or departures from stoichiometry on an atomic scale. On the other
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hand, more extended defects, like stacking faults or twin-boundaries or even artificially added

columnar irradiation defects may be present. The latter kind of defects, so-called “correlated

disorder”, can be avoided by proper synthesis, and will not be considered here [260]. Point-

like defects are unavoidable to some degree, particularly in non-stoichiometric material. The

effects of point-like defects are most pronounced in the HTcSC, due to the short coherence

length of these materials. In the ideal case, they are randomly distributed over the crystal,

which leads to the concept of weak, random, point-like disorder. Point-like defects can interact

with vortices in different ways (see Ref. [257] and Sec. 5.3), but generally, a vortex can gain

energy by adjusting it’s position onto a defect, i.e., the vortex is pinned by the defect.

A perfectly periodic and rigid Abrikosov vortex lattice would not be pinned effectively

by any random collection of point-like defects [261], but the vortex lattice is not rigid. The

effects of line tension and interaction can be described by an elastic (interaction) hamiltonian

Hel containing elastic moduli for bulk compression (c11), tilt (c44), and shear (c66) (see, e.g.,

Ref. [257]). For extremely anisotropic layered superconductors, it is better to view the vortex

”lines” as stacks of (“zero dimensional”) pancake vortices, coupled together by Josephson

and electromagnetic coupling. For the description of the superconductors investigated in

this project, however, the elastic (three dimensional) approach is sufficient, which makes the

incorporation of disorder more easy [262].

The point-like impurities acting as pinning centers can be modeled by a random potential

V (~r) coupling directly to the vortex line density, resulting in a disorder-interaction hamil-

tonian Hdis. To solve the combined hamiltonian H = Hel + Hdis is a highly non-trivial

problem. A. I. Larkin [263] showed that below d = 4 dimensions the disorder always leads

to a finite lengthscale Ra, at which displacements are of the order of the lattice spacing

a ' (Φ◦/B)1/2. In their theory of collective pinning (see also Sec. 5.2), A. I. Larkin and Y. N.

Ovchinnikov [263,264] considered short length scales with small displacements ~u and applied

perturbation theory, obtaining a positional order correlation . The perturbative analysis yields

in three dimensions for the displacement correlation function C( ~K,~r) = ei ~K~u(~r)e−i ~K~u(~0) ( ~K is

a vector of the reciprocal lattice) proportional to e−r, i.e., order is decaying exponentially.

Later work found a slower, but still exponential decrease of order at large length scales [265].

The seeming decay of positional order at large length scales led to a picture of a disor-

dered lattice “broken” into crystallites of size Ra. It also seemed clear [266] that on large

length scales, dislocations (see below) would always enter and destroy whatever order was

left. Therefore, an alternative starting point for the description of the low temperature phase

of superconductors was used, centered on the phase of a vortex, and analogies to spin glasses

were proposed [266].

On the other hand, scaling arguments suggested only logarithmic roughness at length

scales greater than Ra (ignoring effects of possible dislocations) [267]. The effects of disorder

are much weaker at large length scales due to the periodic nature of the lattice. Displacements
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of vortices larger than a are not favorable, because there is already another vortex line within

a distance of a of any impurity. In other words, each vortex line takes care of the random

potential within the distance a around it.

Solutions of the full problem H = Hel +Hdis [268] showed indeed three length scales [269],

with the positional order decreasing asymptotically (r À Ra) as C(r) ∝ r−η: The order decays

only algebraically, not exponentially as in a completely disordered phase. The algebraic decay

of order is “marginal” between perfect long range order (LRO) (C(r) going asymptotically to

a finite value) and absence of LRO (C(r) decaying exponentially) [270].

This quasi long range order leads to “algebraically divergent Bragg peaks” [271], recently

unambiguously confirmed by neutron scattering experiments [72]. Important for the thermo-

dynamics, the energy landscape is of a complex nature with many low-lying metastable free

energy minima separated by barriers, implying a breakdown of ergodicity and characteristic

of a glass [272–274]. Both the typical separations of the metastable states in terms of energy,

and the energy barriers U separating them, scale with length U ∝ rθ [272, 275]. In the dy-

namics, this leads to a sub-linear response to small driving forces (such as an applied current,

see Sec. 5.2), which is considered to be the most unambiguous criterion for “glassiness” in

vortex phases [266, 272]. The common occurrence of Bragg peaks and glassy features led to

the phase being called Bragg glass.

5.1.2 Topological defects and the vortex matter phase diagram of cuprate HTcSC

The “Berezinski-phase” [270] of the 2D XY model can get destroyed by topological defects

under certain conditions. Since the initial treatment of the Bragg glass was based on a

purely elastic description, assuming absence of any topological defects, the stability/instability

boundary of the Bragg glass is a critical issue. The most important topological defects in

vortex matter are thought to be built of edge- and screw dislocations [276], particularly dislo-

cation loops of a mixed type [277,278], but other defects like vacancies and interstitials [279]

may play a role too. Energy considerations, scaling arguments, and numerical simulations pro-

vide strong support that for weak enough disorder at low temperatures the Bragg glass phase

is stable against formation of unbounded topological defects [271, 280–283], i.e., in addition

to positional quasi-order, the Bragg glass also shows perfect topological order. Experimen-

tal support for the absence of equilibrium topological defects comes from recent decoration

experiments [284].

The Bragg glass phase is only stable for certain conditions of external fields and tempera-

tures. Experimentally, using various methods, phase diagrams similar to the one sketched in

Fig. 22, have been found for HTcSC cuprates [285], e.g. for YBa2Cu3O7−δ using magnetiza-

tion and electrical transport measurements [286,287]. In the following, we briefly discuss the

physics leading to the phase diagram shown in Fig. 22.

In order to determine the phase boundaries of the Bragg glass, it is necessary to con-
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Figure 22: Sketch of the generic phase diagram of a very weakly disordered cuprate super-

conductor with moderate anisotropy. The Bragg glass phase of a “quasi-ordered” lattice is

stable only in low fields and at low temperatures. Critical current densities (see Sec. 5.2.4)

are low in this phase. At high temperatures, the Bragg glass melts into a fluid phase with

vanishing critical current density. Upon rising the field at low temperatures, the Bragg glass

melts into a disordered phase with high critical current density. The exact nature of this

phase, and whether it is really a thermodynamic phase distinct from the fluid, is not well

understood - we term it here simply “highly disordered glass”. If there is a bona fide phase

transition between the “highly disordered glass” and the fluid, it is likely located close to the

irreversibility line (see Sec. 5.2.5). In this case, the three phases meet at a tricritical point.

sider the impact of thermal fluctuations as well. Due to the high transition temperatures,

short coherence lengths and considerable anisotropies, thermal fluctuations are particularly

important for the HTcSC cuprates, as expressed by their large Ginzburg number (see Sec.

4.3). Recognizing this and the broad resistive transition in magnetic fields observed exper-

imentally, a melting transition of the vortex lattice into an entangled liquid was suggested

soon after discovery of the HTcSC [288–290]. For relatively clean samples, the transition was

found to be of first order, at least in some range of fields [22, 66, 71, 291]. The temperature

dependence of the melting field can be accounted for by use of a Lindemann criterion [292],

where the crystal melts when the root-mean-squared thermal fluctuations have reached a cer-

tain fraction of the lattice spacing, (〈~u2〉)1/2 = cLa, where 〈 〉 denotes the thermal average and

cL ≈ 0.1− 0.3 is empirically determined [257,290]. This criterion is, however, not well based

in thermodynamics. On the one hand, it is clear that when thermally induced displacements
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of vortices are much larger than the lattice spacing, the lattice cannot self-consistently sur-

vive. On the other hand, neither is the actual mechanism of melting given, nor is it clear how

the Lindemann number cL is determined. Although the actual mechanism of melting is not

elucidated for both vortex matter and normal atomic matter, a general consensus is emerging

that thermally induced topological defects play a crucial role in both cases [277, 293–296].

Indeed, in the case of atomic matter it was proposed even 50 years ago that the liquid can

be viewed as a crystal saturated with topological defects [297], and a similar view of vortex

liquid was advocated soon after the discovery of the cuprate superconductors as well [277].

When topological defects are present in the vortex system, they can have two main effects:

They can renormalize the shear modulus c66 to lower values, softening the lattice [277, 294].

They can also lead to entanglement [257,277,279,288]. In turn, the downward renormalization

of the shear modulus makes the creation of additional topological defects easier, which can

lead to a feedback cycle [294]. Additionally, the entropic creation of single dislocations is

not favored due to the logarithmic divergence of their energy, while, on the other hand, in

a dense ensemble of dislocations the divergence can be screened [293]. This naturally leads

to a first order transition, where the equilibrium dislocation density changes discontinuously

upon melting from 0 to a finite non-zero density.

Dislocations may not only be thermally induced, but also by the disorder itself. Quenched

point-like disorder promotes transverse wandering of the vortex lines. The resulting elastic

stress can be lessened by the creation of dislocations, which can thus become favorable as

soon as the disorder becomes strong enough. The effective disorder in Hdis is proportional

to the average vortex density. Therefore, increasing the applied magnetic field has the same

effect as increasing the disorder. Thus, even at zero temperature, the Bragg glass should

eventually “melt” into a topologically disordered, entangled state with non-zero dislocation

density [271, 280–283, 293, 298, 299], as was indeed found numerically [300] and interpreted

from experiments (see e.g. [23,301]). Since the same arguments concerning stability of single

dislocations apply as in the case of thermal melting, the phase transition can be expected to be

of first order as well, of which there is considerable experimental support [54,68,302–305]. The

exact nature of the high-field phase into which the Bragg glass transforms upon this disorder-

induced melting is not settled. It could be either a bona fide vortex glass [266] with unbounded

barriers between metastable states leading to a sublinear response or just a strongly pinned

viscous liquid not separated thermodynamically from the liquid phase of higher temperatures

- or even a glass very similar to atomic glasses (“window glass”) [24, 306]. Recent studies

indicate that there is no sublinear response and no transition with “glass-scaling” [307–309].

On the other hand, specific heat measurements [310] found the signatures of a continuous

phase transition, which may separate a liquid with no line-tension at high temperature from

one without line tension at low temperature.

For the exact determination of the phase boundaries, the effects of both thermal fluctua-
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tions and disorder-induced line wandering have to be considered together. At high tempera-

tures, the additional destabilization of the lattice by the disorder leads to a slight depression

of the melting line [287, 310], as sketched in Fig. 22. At intermediate temperatures, where

disorder is already the prime factor in destroying the Bragg glass, thermal fluctuations can

cause to a “smearing” of the disorder potential, leading to a transition line increasing with

increasing temperature, i.e., the Bragg glass “melts” upon lowering the temperature [54]. At

low temperatures, theoretical treatments predict a more or less horizontal transition line.

We note already here, however, that the experiments discussed in Sec. 5.4 provide evidence

against such a simple low T behaviour (see specifically Sec. 5.4.2). Despite these complica-

tions, it seems that dislocations are the direct “enemy” of the vortex lattice (respectively the

“almost as ordered” Bragg glass).

5.1.3 Metastability

As mentioned above, crossing the phase boundaries of the Bragg glass occurs via first order

transitions. A common feature of first order transitions is the occurrence of phase co-existence

on a macroscopic scale, like for example water and steam co-exist at the vapor pressure. Fur-

thermore, superheating the low-temperature phase above the equilibrium transition temper-

ature, or supercooling the high-field phase below, are possible. In this case, the supercooled

(or superheated) phase is only metastable, and usually transforms into the stable phase upon

perturbation. Both the macroscopic phase coexistence of a Bragg glass and a disordered

phase and supercooling of the disordered phase have been observed in the mixed state of

superconductors, the former with scanning Hall probe microscopy [305] and the latter with

electrical transport [311] and time resolved magneto-optics [69] measurements.

5.2 Critical current density, irreversibility line, and the vortex

matter phase diagram

The defining property of a superconductor is it’s ability to carry a persistent electrical current

density j without dissipation. However, when an external field penetrates the superconductor

in form of vortices, dissipation can occur. Between the current flowing in the superconductor

and the flux threading through it there is a Lorentz force density ~FL = ~j ∧ ~B/c, causing the

vortices to move [58]. This vortex motion induces an electric field parallel to the current,

acting like a resistive voltage. Therefore, in the absence of any additional forces acting on the

vortices, dissipation always occurs, i.e., there is a non-zero ohmic resistivity above Hc1. The

corresponding vortex dynamics was first investigated by J. Bardeen and M. J. Stephen [312],

who obtained a flow resistivity ρflow ≈ ρnH/Hc2, where ρn is the normal state resistivity.
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Figure 23: a) Transport characteristics, either velocity of the vortices v vs driving force F , or

voltage V vs current density j. b) flux density profiles B(x), according to the Bean model,

in a superconducting slab of thickness d with an increasing (left) and afterwards decreasing

(right) magnetic field H applied parallel to the plane of the slab.

5.2.1 Pinning vs flux flow: Transport characteristics

Phenomenologically, the effect of the disorder landscape on the dynamics of a driven vortex

system is captured by the macroscopic pinning force density Fpin, acting like a stiction. In

the limit of zero temperature, the vortices are pinned into their positions [313] if the driving

force F is smaller than Fpin [see Fig. 23a)]. When F = Fpin, the vortices are “depinned” and

start to move. For large driving forces the average velocity of the vortices asymptotically

approaches the velocity they would have without pinning [dashed line in Fig. 23a)], since

the driving force “smears” the effective disorder landscape. A current density flowing in the

superconductor exerts a Lorentz force density FL. To the pinning force or critical driving

force therefore corresponds a depinning current density or critical current density jc, which is

the maximum current density the superconductor can carry without dissipation, and above

which a resistive voltage V appears.

At non-zero temperatures, vortices will move even for driving forces much lower than

the depinning force, due to thermally activated hopping over the potential barriers. The

driving force has the effect of “tilting” the pinning landscape. When we assume a typical

barrier height of U (in the undriven case), the dissipative voltage is roughly proportional

to e−U/kT jB, i.e., the resistivity is exponentially small, but still there is a non-zero linear

resistivity. This regime [257] is called “thermally assisted flux flow” TAFF or “creep”. If the

underlying state of vortices is a glass (see Sec. 5.1), a “typical barrier height” does not exist,

due to the unbounded distribution of barrier heights. In this case the effective barrier height is
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strongly current dependent with U(j) →∞ for j → 0 and the resistivity ∝ e−U(j)/kT vanishes

in the limit of small current densities. We recall that this is exactly the most commonly

accepted definition of “glassiness” of a vortex matter phase (see Sec. 5.1). This regime is also

called creep, but the expression TAFF is reserved for non-zero linear resistivity.

Before going more into the issue of what is actually determining jc etc., we should make the

connection to what is actually measured. Often performed are electrical transport measure-

ments, usually with a four contact method, where a constant (direct or alternating) current is

applied through two of the contacts and the resulting voltage between the other two contacts

monitored. This allows in principle to map out V (j) and thus v(F ) characteristics, but is lim-

ited for low currents by the sensitivity of the voltmeter and for high currents by self-heating

due to the current. It can be seen in Fig. 23a) that jc is only well defined at T = 0. For

non-zero temperatures, the crossover between creep at low current densities and flux flow at

high current densities is not necessarily very sharp. Usually, jc is then defined experimentally

(and somewhat arbitrarily) via a constant voltage criterion.

5.2.2 Critical current density from magnetic measurements: The Bean model

Another often used method, also applied in this work, is to deduce jc from magnetic mea-

surements. If pinning is present, different vortex structures can be achieved in the same field.

In this case, the magnetization M as a function of the applied field H can be approximated

by M = Mrev + Mirr, where Mrev can be approximated by Eq. (3) (in intermediate fields and

ignoring anisotropy) and Mirr is due to the pinning. Contrary to Mrev, the irreversible mag-

netization Mirr depends not only on the value of the magnetic field, but also on it’s history.

This is seen by looking, e.g., at C. P. Bean’s critical state model [314].

Consider a superconducting slab of thickness d and an external magnetic field being swept

up and down again [“hysteresis loop”, see Fig. 23b)]. When the field is initially raised, flux

immediately penetrates the sample at the edges [315] and the local flux density B(x) falls off

rapidly with distance to the edges. The spatial flux inhomogeneity implies a current density

j = (c/4π) dB/dx. For too large a fall-off of the field in the slab, the corresponding Lorentz

force density exceeds the pinning force Fpin. Therefore, flux will penetrate further inside until

jH/c ≈ d/dx (B2/8π) ≤ Fpin everywhere. The simple approximation by Bean of Fpin ∝ B (or

jc = const) leads to flux density profiles being straight lines with slope 4πjc/c. This situation

is called the Bean critical state.

Ignoring the reversible part, the magnetization for a high enough external field Hx (larger

than the field of complete establishment of the critical state Hs) is M = (Bave − Hx)/4π =

−Hs/2 = −πjcd/c. Sweeping up to a much higher field Hmax and down back to Hx, the

magnetization is Hs/2 and the hysteresis width ∆M ≡ M(H↑) −M(H↓) is ∆M = 2πjcd/c.

A model taking into account the more realistic sample shape of a thin platelet with lengths
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a and width b < a gives finally [316]

jc =
20

a(1− a/3b)
∆M, (13)

where jc is in Acm−2, ∆M in G, and a and b in cm. Note that Eq. (13) is still valid when

the reversible magnetization is non-zero, as the reversible part simply cancels out. However,

for Eq. (13) to hold, it is necessary that the critical state is fully reversed, which after a

change of the direction of the field sweep is only the case after the field has been changed

by 2Hs. Furthermore, the linear flux density profiles are only an approximation; in general,

jc depends on the (local) induction and experimentally measured flux density profiles have

shown various deviations from linear profiles (see, e.g. [68, 317]). Nonetheless, comparison of

global magnetization measurements and local probes (e.g. Hall arrays) found a remarkable

agreement between jc deduced directly from flux profiles and determined from Eq. (13) [318],

which can be expected generally for situations where dB/dH is small in comparison with B.

However, it is also necessary to consider the time scales involved in a measurement. Once,

after a field change, a critical state is established, the magnetization decays towards Mrev,

due to thermal (and quantum) creep (see above). SQUID measurements, for example, involve

time scales of the order of minutes - considering the “giant creep” of HTcSC this implies that

the persistent current density deduced from hysteresis loops can already be much lower than

the “true” critical current density.

5.2.3 Another source of hysteresis: Barriers to vortex entry

Finally, it has to be taken into account that there is a source of hysteresis in addition to bulk

pinning, namely barriers to flux penetration. One such barrier was considered by C. P. Bean

and J. D. Livingston [319]. Two forces act on a vortex near the sample surface: The boundary

condition that no current flows through the surface is fulfilled by an imaginary vortex outside

of the sample with opposite sign - this imaginary vortex exerts an attractive force, impending

the entrance of flux into the sample. The external field penetrates into the sample as H−x/λ,

where x is the distance to the surface, pressing the vortex toward the sample interior. The

first force outweighs the second one for small exterior fields H < Hp, where Hp ≈ Hc À Hc1

is called the field of first penetration. Since surface defects weaken the Bean-Livingston

barrier, and edge effects can lead the local field to reach Hp before the applied field, Hp is

usually much smaller than Hc. Even more important is the thermally activated relaxation

of vortices over the barrier. Detailed calculations of the activation barrier [320, 321] lead to

Hp ∝ (Tc − T )3/2/T , always between Hc1 and Hc, and an irreversible magnetization due to

the Bean-Livingston barrier proportional to H2
p/H in increasing fields, while the barrier to

flux entry disappears exactly for H = B, i.e. the total magnetization for decreasing H is zero

(in absence of relaxation processes), except at very low values of the external field [322]. For
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all crystals with a non-elliptical shape, there is a second kind of barrier, called “geometrical

barrier” arising from the incomplete balancing of the vortex line tension by the Meissner

screening currents near the sample edges [323–325]. This (macroscopic) barrier also leads

to retarded flux entry and to irreversibility in the magnetization similar to the case of the

Bean-Livingston barrier, although the irreversibility is restricted to lower fields.

The total measured magnetization can then be approximated by M ' Mrev + Mbulk
irr +

Mbarrier
irr − barrier effects have been observed to yield a dominant contribution to M in cer-

tain situations [326–329]. Moreover, even transport properties can be dominated by surface

barriers when the sample is in the mixed state [330–332]. In the remainder of Sec. 5.2, we

link the theoretical treatment of critical current densities and their expected value with the

vortex matter phase diagram sketched in Fig. 22.

5.2.4 Critical current density inside and outside of the Bragg glass

Within the Bragg glass phase, the elastic description is available for the calculation of jc. Since

only distortions of the range of the pinning forces of the individual point-like impurities, ξ, are

relevant for the determination of jc, the appropriate length scale is the pinning length Lc. The

key idea of the collective pinning theory by A. I. Larkin and Y. V. Ovchinnokov ( [264], see also

Ref. [257]) is to describe the lattice distortion in terms of correlation volumes Vc = R2
cLc (Rc '

(c66/2c44)
1/2Lc is the pinning length transverse to the vortex lines), considered individually.

Assuming an average individual pinning force of the impurities f , the macroscopic pinning

force density is Fpin = f(n/Vc)
1/2, where n is the density of pinning centers. This leads to a

critical current density of [264]

jc =
cn2f 4

2Bc44c2
66ξ

3
. (14)

The term n2f 4 appearing in Eq. (14) is a measure of the disorder strength, according to

G. Blatter et al. [257]. According to Eq. (14), jc is inversely proportional to the square of

the shear modulus c66. Since c66 goes to zero at H = Hc2 or when the lattice melts, this was

considered to be an explanation of the peak in critical current densities observed near Hc2

in some conventional superconductors or at the melting transition in some HTcSC [264,333].

Since it is difficult to pin (collectively) a lattice, critical current densities in the Bragg glass

phase are low.

In the liquid state or generally in the presence of a substantial density of dislocations, how-

ever, linear elasticity theory is not a good starting point to describe critical current densities.

Flux motion in the liquid state can be approached from the opposite side, i.e., by starting from

the pinning free flux flow and examining corrections to the vortex velocity due to the pinning

potential, which is treated perturbatively (see, e.g., Ref. [257]). At high enough temperatures,

the pinning potential can be almost completely neglected and the dynamics is qualitatively

the same as the one of a pin-free superconductor (i.e., flux flow). Correspondingly, in the high
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temperature high field liquid phase, the critical current density vanishes.

On the other hand, at low enough temperature [but with field and disorder conditions

such that the Bragg glass is destroyed, i.e. in the region called “highly disordered glass” (to

clearly distinguish it from the quasi-ordered Bragg glass) in Fig. 22], magnetic and transport

studies indicate very high critical current densities, caused by efficient pinning of vortices

by the disorder potential. The difference in the pinning efficiency of the disorder can be

explained by noting that thermal fluctuations are not only detrimental to the elastic forces

stabilizing a lattice (respectively the Bragg glass). Thermal fluctuations of vortices also leads

to a smearing of the disorder potential experienced by the vortices, similar to the effect of

a high driving force [see Fig. 23a)]. Therefore, upon increasing the temperature the V − j

(or v − F ) characteristic approaches the linear line [dashed in Fig. 23a)] of the disorderless

case. This approach is accompanied by a lower depinnning threshold of the driving force, i.e.,

a smaller critical current density. The limiting case jc → 0 defines a “depinning line”, the

position of which follows, in a rough approximation, from equating the pinning energy and

the energy of thermal fluctuations, Epin = kT [334].

5.2.5 “Irreversibility line”: Definition and theoretical meaning

In magnetic hysteresis measurements, an experimental “irreversibility line” Hirr(T ) is defined

by the field, where the two branches of the magnetization loop [M(H↑) and M(H↓)] meet

(see Fig. 26 in Sec. 5.3.4 for an example). Hirr(T ) corresponds to the depinning line only if

the hysteresis in this region is of bulk origin, i.e., not due to Bean-Livingston or geometric

barriers. Experimentally, the irreversibility line or depinning line in elevated fields was often

found to be located in the vicinity of the putative transition from a “vortex glass” to the liquid

phase, determined by applying theoretically predicted scaling relations of current-voltage

characteristics (see, e.g., Refs. [286, 287]). The existence of a “vortex glass” phase without

any long-range positional order, but an unbounded distribution of the heights of barriers

versus vortex movement and thus truly zero linear resistivity was proposed by M. P. A.

Fisher [266] for disordered HTcSC and later assumed to hold at least for high fields and low

temperatures.

However, more recently, serious doubts have been raised about the existence of such a

vortex glass transition. The most common and direct evidence of a phase transition to

a low temperature vortex glass state is given by the apparent “glass scaling” of the V (j)

dependences, with the first experimental report dating back to 1989 [335]. On the other hand,

calculations based on models without a phase transition resulted in scaling as well (see, e.g.,

Refs. [309,336]). Recent numerical simulations suggested a glass state more akin to “window

glass” [274], with a rapid slowdown of dynamics, but without a real phase transition with

diverging coherence lengths [24]. In another report, a criterion to judge the validity of a data

collapse in evidencing a glass transition was proposed, and none of the published data found
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to satisfy it [307]. Finally, recent sensitive transport measurements on a YBa2Cu3O7−δ film

indicate a continuous crossover rather than a glass transition [308]. On the theoretical side,

studies taking into account the effects of screening found no glass transition in 3 dimensions

(see, e.g., Ref. [337]). At the moment, the existence of a phase transition between a disordered

vortex glass and a liquid is neither proven nor disproven conclusively. However, experimental

evidence against the presence of such a transition seems to be mounting [338]. Note that

an absence of a true vortex glass phase would also imply that the linear resistivity does not

vanish anywhere outside of the Bragg glass, i.e., there would be a TAFF regime even at low

temperatures. Despite of this, the usual experimentally defined critical current density can

be very high at low temperatures outside of the Bragg glass, as indicated in Fig. 22. Due to

the uncertainty regarding a phase transition near Hirr, this line is dashed in Fig. 22. Despite

these theoretical uncertainties, the irreversibility line is certainly important from a practical

point of view, as it limits the available field range for most potential applications.

5.2.6 Critical current density and the order-disorder transition

Let us focus now on the transition out of the Bragg glass at relatively low temperatures, i.e.,

the transition to a disordered vortex glass if such a phase exists, or simply the transition into

the pinned liquid under conditions such that it is driven mainly by disorder, not thermal fluc-

tuations. We will call this transition under these conditions briefly order-disorder transition

below (denoted by HOD in Fig. 22). Since increasing the field increases the effective disorder,

the transition out of the Bragg glass can be expected to be field driven.

As stated above, the critical current density is low in the Bragg glass, since the vortex

lattice needs to be pinned collectively. When, upon rising the field, the lattice is destroyed

by the proliferation of dislocations, the vortex system has additional “dislocation degrees of

freedom” [339], and vortices can much better adapt to local minima in the pinning potential.

This results in a higher effective pinning force and thus a higher critical current density jc

and relaxation barrier [340]. Additionally, the entanglement resulting from a high dislocation

density was also suggested to increase critical current densities, due to an increased intervortex

viscosity [341], provided the barriers to flux cutting are high enough [298,339].

These considerations agree well with experimental findings on Bi2Sr2CaCu2O8 single crys-

tals: Local magnetic measurements revealed a sharp increase in |M(H)|, followed by a mono-

tonic decrease afterwards [23]. This so called “second peak” (or “fishtail” or “arrowhead”)

effect in Bi2Sr2CaCu2O8 can thus be accounted for by the order-disorder transition.

5.2.7 Effect of metastability: A history dependent critical current density

As mentioned in Sec. 5.1.3, the first order nature of the order-disorder transition leads to the

possibility of phase coexistence and metastability, i.e., superheating and supercooling. We
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have outlined above that , at low temperatures, the critical current density is expected to be

much higher in the high field disordered phase than in the Bragg glass. In combination, this

leads to a history dependence of jc in the metastability region. As an example, consider a

point in the H-T phase diagram, where the Bragg glass is the stable phase, but the disordered

phase can coexist as a supercooled metastable phase. If the point is reached from the Bragg

glass (low fields), jc is low, but if the point is reached from the disordered phase (high fields),

jc is high, since the vortex configuration is the one of the supercooled disordered phase in this

case. Such history effects can serve to identify the order-disorder transition (see Sec. 5.5.3).

5.3 Critical current density and irreversibility line in

YBa2−xSrxCu4O8: Influence of chemical disorder

5.3.1 Introduction

Intentionally disordering a compound can have two different effects. Firstly, with the increased

pinning higher critical current densities are expected, which is desirable for many applications.

Secondly, the vortex matter phase diagram should be affected. In the past, these effects were

mainly studied by introducing disorder by irradiating a sample, e.g. by neutrons [342] or

electrons [301]. Up to orders of magnitude increases of jc were found due to intentional

disorder [342]. The effect of disorder on jc was also studied by chemically disordering a

compound with partial substitutions [343].

For partial substitution studies of cuprate HTcSC, the generally varying level of oxygen

within samples, which is difficult to measure and control, constitutes a serious problem.

YBa2Cu4O8 (Y124) is a compound very well suited for studying the effects of chemically

introduced disorder, because in this compound the oxygen content is fixed to 8 per unit cell.

Another advantage of Y124 is that twinning, which leads to strongly correlated disorder, does

not exist in this compound [33]. Finally, Y124 has got an intermediate anisotropy γ ≈ 12 [33],

which, as compared to YBa2Cu3O7−δ (Y123), shifts the low temperature disordered phase

down to fields more easily attainable experimentally. To exclude or at least to minimize

concurrent sources of disorder in the system it is advisable to use single crystals for any

measurements.

We studied the influence of a partial substitution of isovalent Sr for Ba in YBa2−xSrxCu4O8

on the critical current densities and the irreversibility line, as well as on the order-disorder

transition [26]. Below, we first briefly describe the experimental procedures and discuss

how the partial substitution increases the structural disorder and affects on the anisotropy

parameter γ. Then we present and discuss the effects of this chemically introduced disorder

on the critical current densities and irreversibility lines, providing evidence of an enhancement

of the maximum current density in the glass phase jmax
c by more than an order of magnitude.

The substitution influence on HOD and the phase diagram will be discussed in Sec. 5.4.
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5.3.2 Experimental details and relation between partial substitution, structure,

and disorder

Single crystals of Y124, with and without Sr substitution, were grown using a high-pressure

technique. Crystal growth and basic characterization of the samples are described in Sec.

2.1. All crystals chosen for further measurements had a well-resolved diamagnetic transition

with a transition width (10% to 90%) smaller than 2 K [see Fig. 2b)]. Measurements of the

dc magnetization were performed with two SQUID magnetometers (see Sec. 2.3), with the

external magnetic field, parallel to the c axis of the crystal, being swept up and down at

constant temperature. After each change of the field, we waited for a time of 5 min before

measuring the magnetic moment four times. A scan length of 2 cm was used to minimize the

effects of involuntary “minor hysteresis loops” (see Sec. 2.3). The critical current density jc

was calculated from the width of the hysteresis loop, using the Bean model described in Sec.

5.2.2 [Eq. (13)]. Further experimental details can be found in Ref. [26].

Figure 24: Structure of YBa2−xSrxCu4O8. The large (yellow) spheres mark the position of Y,

the smaller (blue) spheres the position of Ba, respectively Sr (the substitution is indicated by

arrows). Cu and O atoms are not indicated by spheres. Rather, the basic CuO subunits are

indicated by pyramides and squares. The blocking layer db is the largest distance between

superconducting CuO2 planes, as denoted in the figure (the arrows signify the decrease of

db upon Sr substitution. Inset: Blocking layer thickness db as a function of Sr content (the

straight line is a linear fit).
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Figure 25: a) Torque τ of a YBa1.64Sr0.36Cu4O8 single crystal vs angle θ at 76.4 K in 5 kOe.

The inset shows the raw data during collection. the enveloping curve roughly corresponds to

the unshaked torque. The main panel a) shows the shaked torque data (open circles). The

full line is a fit of Eq. (7) to the shaked data. b) Anisotropy parameter obtained from the

analysis with Eq. (7), as described in panel a) vs temperature, for various fields, yielding an

average anisotropy of 9± 0.5, independent of temperature and magnetic field.

The structure of YBa2−xSrxCu4O8 is shown in Fig. 24. Sr substitution increases the disor-

der in the structure, evidenced for example by a dramatically increased NQR line width [35].

No evidence for an introduction of correlated disorder was found and since twin boundaries

are absent in YBa2−xSrxCu4O8 the assumption of the disorder in our crystals to be purely

random and point-like seems justified. The Sr substitution also induces a variation of struc-

tural parameters, such as various bond lengths, the unit cell volume and the orthorhombic

distortion. A detailed tabulation and discussion of the structural changes induced by Sr

substitution can be found in Ref. [35]. For example, the induced structural changes cause a

charge redistribution, as indicated by bond valence sum calculations and nuclear quadrupole

resonance measurements [35]. An important structural modification due to Sr substitution

is a decrease of the thickness of the blocking layer db separating the superconducting CuO2

planes, linear with Sr content (see Fig. 24). A substitution of 30% Sr for Ba causes the

blocking layer to shrink by about 1%, improving the coupling between the superconducting

planes.

5.3.3 Reduction of anisotropy by Sr substitution

To determine the effect of Sr substitution on the anisotropy of Y124, torque magnetometry

was applied to a single crystal of YBa1.64Sr0.36Cu4O8. The anisotropy was determined by

an analysis of reversible torque data with Eq. (7) in Sec. 3. This corresponds to the second

method used in the case of MgB2, described in Sec. 4.4. For details of the experiment, such
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as a discussion of the range of applicability of Eq. (7), the reader is therefore referred to Sec.

4.4. As in the case of MgB2, vortex shaking was used to extend the reversible region, see Sec.

2.2.

Figure 25a) shows an example of one of the (shaked) τ(θ) curves measured for an analysis

with Eq. (7), yielding an anisotropy of 9. The inset of Fig. 2.2a) shows the raw data collected

with the shaking procedure. Before shaking, the hysteresis is rather large, and has a “fishtail”

like form. This feature is also clearly discernible in the field dependent magnetization, studied

below by SQUID magnetometry for H‖c (see, e.g., Fig. 26).

In contrast to the MgB2 results of Sec. 4, no significant field or temperature dependence

of the anisotropy parameter was observed in the case of YBa1.64Sr0.36Cu4O8. This is shown in

Fig. 25b). Instead, within experimental uncertainty, all data are consistent with an anisotropy

γ = 9. Since the anisotropy of unsubstituted Y124 is about 12 [90], Sr substitution led to a

reduction of the anisotropy by 25%. The origin of this decrease is most likely the observed

decrease of the blocking layer thickness (cf. Fig. 24), which promotes the Josephson coupling

between superconducting layers [344]. Josephson coupling works similar to normal state

tunneling and therefore it’s characteristics depend exponentially on the barrier width, i.e., on

the blocking layer thickness. Hence, it is not a big surprise that a 1% change in the blocking

layer thickness can lead to a 25% reduction of the anisotropy parameter [345].

5.3.4 Hysteresis loop

Figure 26 shows one of the half hysteresis loops measured. A broad “fishtail” or second peak

is clearly discernible and dominates M(H). Note that the first peak, associated with flux

entering the crystal upon raising the field above Hc1, is not resolved in the figure and is

not of particular concern here. In all crystals, the second peak was observed over the whole

temperature range measured, even just 1 K below Tc. In the second peak region, hysteresis is

large and symmetric, indicating that it is due to bulk pinning. Conversely, in low fields up to

about 1 kOe, hysteresis is much smaller and the loop is rather asymmetric, i.e., even on the

field decreasing branch of the loop, M < 0 except at the very lowest fields. This indicates

that in the low field region, bulk pinning is weak, and the main source of hysteresis is due

to barriers to vortex entry (see Sec. 5.2). Low-field hysteresis loops with a similar form were

found on unsubstituted YBa2Cu4O8 by M. Xu et al. [328], who attributed these forms to

Bean-Livingston barriers. The part of the low field critical current density (as deduced from

the magnetic hysteresis with the Bean model) not due to barriers gives an indication of the

degree of disorder in the system. This is most transparently seen by employing the collective

pinning theory in the form as described by G. Blatter et al. [257]. In fields low enough that

vortices do not interact very strongly (in the so called “single vortex pinning” regime), the

critical current density is proportional to the disorder parameter, raised to the power of 2/3,

jc ∝ γ̃2/3 [cf. Eqs. (2.45) and (2.151) of Ref. [257]]. The disorder parameter γ̃ describes the
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Figure 26: M(H) hysteresis loop of a YBa1.8Sr0.2Cu4O8 single crystal measured at 65 K (from

Ref. [26]). The direction of the field change is shown by arrows. The onset of the second peak

(The first peak close to the lower critical field is close to zero in this scale, and not resolved in

the figure), the second peak maximum and the kink in M(H) between them are denoted as

Hon, H2p and Hk, respectively. Note that there are small differences between the respective

fields between the two directions of field change (see text). The irreversibility field, where

field increasing and decreasing branches meet, is denoted as Hirr.

influence of the disorder. We will return to γ̃ in Sec. 5.4.2. For our samples, measurements

of the critical current density at reduced temperatures of T/Tc = 0.4 and 0.7 in fields of 1

and 2 kOe suggest that the disorder is increasing monotonically up to the highest substitution

level measured, in accordance with the NQR results discussed in Ref. [35].

Upon raising the field, the critical current density increases. This can be linked to the

transition from the Bragg glass to a disordered phase, as discussed in Sec. 5.2. However, as we

will see in Sec. 5.4, the order-disorder transition corresponds to the kink in the magnetization

(denoted Hk in Fig. 26), i.e., jc increases with H even in the disordered phase. This is different

from the situation in Bi2Sr2CaCu2O8+δ [23], but very similar to observations on untwinned

Y123 crystals [346]. Independently of vortex matter phase transitions, the second peak or

fishtail effect in Y123 was attributed to a crossover from elastic to dislocation-mediated plastic

creep [347,348]. This is closely connected to the order-disorder transition though, since in the

Bragg glass, dislocations are strongly suppressed, while in the disordered phase dislocations

proliferate, as mentioned in Sec. 5.1. From collective creep theory a rise of the experimentally

observable critical current density with the field is expected [257,348], as long as elastic creep

can be assumed and the bulk pinning is relevant. From the shape of the hysteresis loop shown

in Fig. 26 follows that in YBa2−xSrxCu4O8 the situation is similar to the one in Y123.
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Figure 27: Maximum critical current densities [determined from the magnetic hysteresis with

Eq. (13)] and pinning force densities in YBa2−xSrxCu4O8 (adapted from Ref. [26]). a) Maxi-

mum critical current density jmax
c ≡ jc(H2p) vs reduced temperature for different Sr contents.

Inset: jmax
c ≡ jc(H2p) vs Sr content x at T/Tc = 0.7. b) Dependence of the maximum pinning

force density Fmax
pin = H2pjc(H2p) on Sr content, at a temperature of 65 K. Upper left inset:

Second peak field vs Sr content at T/Tc = 0.7. Lower right inset: Maximum pinning force

density vs. Sr content, at T/Tc = 0.7.

With regard to the hysteresis loop shown in Fig. 26, it is important to note that upon

Sr substitution, the significant fields shift, but the qualitative form of the hysteresis loop

remains the same. This is in contrast to the influence of defects created by fast neutron

irradiation, which were found to suppress the second peak by drastically increasing jc below

H2p [349]. The different behaviour can be explained by the different defect structure: Fast

neutron irradiation leads to improved pinning properties due to collision cascades (extended

defects of spherical shape, which act as strong pinning centers) and agglomerates of smaller

defects, whereas in the case of Sr substitution, defects are point-like and uncorrelated, as

discussed above.

5.3.5 Maximum critical current density: An order of magnitude increase by the

substitution

Both fast neutron irradiation and Sr substitution increase jc, the former mostly in the low

field region. The enhancement of the critical current density with Sr substitution is most

pronounced in medium fields, in the second peak region. The maximum critical current

densities there, jmax
c (T ) ≡ jc(H = H2p, T ), increase dramatically upon Sr substitution, as can
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be seen in Fig. 27a). At the temperature of 60 K, the critical current density reaches almost the

values of critical current densities for Y123: For the crystal with 32% Sr substitution jmax
c (T =

60 K) = 6×104 Acm−2, while for a Y123 single crystal jmax
c (T = 60 K) = 6.3×104 Acm−2 [318].

This is not the case, however, at the lower temperature of 50 K, where Y123 crystals have

a maximum critical current density roughly three times higher [349] than the one measured

on Sr substituted YBa2−xSrxCu4O8. Figure 27b) shows the dependence on Sr content of

the maximum pinning force density Fmax
pin = H2pjc(H2p) corresponding to the critical current

densities measured at T = 65 K. It can be seen that Fmax
pin increases by more than an order of

magnitude upon Sr substitution. The lower right inset of Fig. 27b) shows the Sr dependence of

Fmax
pin at a fixed reduced temperature. The initially approximately linear rise of the maximum

pinning force density saturates for x ≈ 0.4 indicating that increasing the substitution level

to x = 0.64 does not increase the pinning drastically any more. The critical current density

itself also shows saturation behaviour, but for lower Sr content [see inset of Fig. 27a)]. The

difference is due to the substitution dependence of the second peak field, shown in the upper

left inset of Fig. 27b). The dependence H2p(x) is similar to the substitution dependence of

Hk, discussed in Sec. 5.4.

5.3.6 Irreversibility line

The closure of the hysteresis loop (see Fig. 26) experimentally defines the irreversibility line

Hirr(T ), as we discussed in Sec. 5.2. As mentioned there, the irreversibility line may be

influenced by surface barriers. Although the irreversible magnetization in the second peak

region of Sr substituted Y124 is clearly mainly of bulk origin, barriers, especially of the Bean-

Livingston type can still influence the position of the irreversibility line as deduced with the

above criterion. This is the case, because with increasing field, bulk hysteresis goes to zero

much faster than Bean-Livingston barriers [321,350,351]. In high fields, bulk critical current

densities were found to go to zero exponentially (See, e.g., Ref. [352]). A linear relationship

between jc and ln H is indeed followed, for example in YBa1.8Sr0.2Cu4O8, as shown in Fig.

28a). Figure 28a) shows also, however, that there are systematic deviations below a certain

temperature dependent threshold of critical current densities. For higher temperatures the

deviation appears at larger critical current densities. This may indicate that the irreversibility

lines are indeed influenced considerably by barrier hysteresis at higher temperatures.

The irreversibility line Hirr(T ) of YBa1.8Sr0.2Cu4O8 is shown in Fig. 28b), both as deduced

from the linear extrapolation of jc(ln H) to zero (full squares), and with a more conventional

constant critical current density criterion of jc = 50 Acm−2 (open circles). The latter criterion

yields an irreversibility line located in slightly higher fields, which may be due to the influence

of Bean-Livingston barriers, as discussed above. Since the difference is not very large, we may

conclude that bulk pinning is the most important factor in determining Hirr in this case.

However, the importance of barriers strongly depends on sample shape, particularly for
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Figure 28: a) Critical current density [determined from the magnetic hysteresis with Eq. (13)]

vs logarithm of the magnetic field for YBa1.8Sr0.2Cu4O8, from Ref. [26]. The relationship is

linear for high critical current densities. Below a temperature dependent threshold, deviations

appear. Dashed lines extrapolate the linear relationship to jc = 0. b) The corresponding

irreversibility line Hirr(T ), from the extrapolation jc → 0 in a) (¥) and with a constant

jc = 50 Acm−2 criterion (◦).

geometrical barriers. Furthermore, the relative importance of barriers is increased when

bulk pinning is weak. We cannot be completely sure to what extent barriers influence Hirr,

especially in the case of the unsubstituted crystal, where bulk pinning is very weak. Another

important factor determining the relative importance of barrier hysteresis is temperature,

since bulk hysteresis is depressed by thermal depinning, while the hysteresis due to geometrical

barriers is much less affected by temperature [353].

The irreversibility lines for crystals with various Sr substitution levels are presented in

Fig. 29. There is no clear trend visible in the Sr substitution dependence of the measured

irreversibility fields. Differences between Hirr of the different samples measured are relatively

small, and the details depend on the temperature as well. This may be explained by influence

of barrier hysteresis, which depend on the detailed sample shape, as discussed above. Since

the relative contribution of barrier hysteresis is expected to be higher at higher temperatures,

it is advisable to compare Hirr(T ) at not too high reduced temperatures. A comparison of

Hirr(T ) at T = 0.7 Tc is shown in the inset of Fig. 29. The position of the irreversibility

field is not changed much, but the general trend that Hirr rises with x is consistent with the

also rising maximum critical current density. The only irreversibility field that does not fit

into this trend is the one of the unsubstituted crystal, which may be attributed to barrier

effects that still are not negligible at this temperature for this weakly pinned compound. An

increasing irreversibility line with increasing disorder can be expected, since Hirr depends on

the relation between the pinning energy and the thermal energy, and because the pinning

energy is increased upon introducing more disorder into the system.
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Figure 29: Irreversibility fields Hirr vs reduced temperature T/Tc for YBa2−xSrxCu4O8 crystals

with various substitution levels x. The inset shows the dependence on the Sr substitution

level of Hirr(0.7 Tc).

The dependence of the irreversibility line and the glass to fluid transition (determined

resistively by scaling) on disorder was studied, for electron irradiated Y123, by T. Nishizaki

et al. [287]. They found the two lines Tg(H) and Hirr(T ) to coincide. T. Nishizaki et al. find

the opposite disorder dependence of the glass to fluid transition, in their case Hg and Hirr

decrease with increasing fluence of electron irradiation.

There are different possible explanations for the opposite behaviour of the glass to liquid

transition line when the disorder is increased between the present measurements and those of

T. Nishizaki et al..

Firstly, the disorder introduced by substituting 10% or more Sr for Ba in Y124 is much

stronger than the disorder introduced by an irradiation of 2.5 MeV electrons with a fluence

of up to 2× 1018 electrons/cm2 in untwinned Y123. This can be seen by comparing the phase

diagrams. The irradiated Y123 crystals show a first order melting transition in fields up

to 50 − 100 kOe, while all of our Sr substituted Y124 crystals show no first order melting

transition at all up to temperatures very near Tc. T. Nishizaki et al. note that the decrease of

Hg upon increasing disorder they measured is consistent with a theoretical prediction made

for systems with weak pinning [354]. The disorder in our substituted crystals may be too big

for this to be applicable.

Secondly, the rise of Hirr with Sr substitution could also be explained by a decreased

anisotropy of the substituted crystals, since Hirr was found to scale with γ−2s−1, where s

is the distance between two adjacent superconducting planes [355]. If the rise of Hirr in
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YBa2−xSrxCu4O8 with x for x > 0.2 is due to a decreased anisotropy caused by the decreased

blocking layer thickness (see Sec. 5.3.3), the initial drop for x < 0.2 may be due to the

disorder, in which case the dependence of Hirr on disorder would be qualitatively the same as

the one found by T. Nishizaki et al..

In summary, relatively strong point-like disorder introduced by partial Sr substitution on

Y124, increases the maximum critical current density in the disordered phase by an order of

magnitude, but for higher substitution levels a saturation behaviour is found. In contrast,

the Sr substitution does not affect the positions of the irreversibility fields significantly.

5.4 Strong structural disorder and the order-disorder transition:

A case study

Since the order-disorder transition is driven by quenched random disorder, and the disordered

phase is located in high fields, the transition line HOD(T ) can be expected to shift to lower

fields with the introduction of additional disorder into the crystal structure. This expectation

is confirmed both by calculations [298, 334, 339, 340] of HOD(T ), based on a Lindemann type

criterion, and by studies [287, 301] of the effect of electron irradiation on HOD(T ). An alter-

native way to introduce structural disorder into a system is to partially substitute an element

of the compound. We study the influence of relatively strong disorder introduced by partial

substitution on the order-disorder transition in single crystalline YBa2−xSrxCu4O8 [26]. We

will see that such chemically introduced disorder has rather drastic effects on the location in

the H-T plane and temperature dependence of the order-disorder transition, as well as on

the metastability region where the Bragg glass and the disordered phase can coexist. The

choice of this compound and the basic experimental procedures (SQUID magnetometry) are

explained in Secs. 5.3.1 and 5.3.2, where the effects of Sr substitution on the critical current

densities and the irreversibility line are discussed.

5.4.1 Location of the order-disorder transition: A “kink” in the magnetization

What is the connection between the measured hysteresis loops, as shown in Fig. 26, and the

order-disorder transition? As discussed in Sec. 5.2.6, the critical current density, and thus

the width of the hysteresis, is expected to rise upon passing from the Bragg glass into the

disordered phase, at least at low temperatures. This scenario explains the “arrowhead” like

second peak observed in Bi2Sr2CaCu2O8+δ [23]. However, in our case, the second peak is not

sharp with an arrowhead like shape, but rather broad around the peak maximum. This broad

peak maximum can be explained by a crossover in the creep mechanism, as discussed in Sec.

5.3.4. What is not explained by such a crossover is the relatively sharp “kinks” (denoted Hk

in Fig. 26) in the magnetization, between the onset and the maximum of the second peak.
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Figure 30: M(H) curves for increasing field near the onset of the second peak. Dashed lines

are guides for the eye pinpointing the (blurred) “kink” in the magnetization H↑
k . The inset

shows a magnification of the onset region of a M(H) curve and it’s derivative at T = 58 K.

H↑
k is located at the position of the steepest increase of dM/dH (adapted from Ref. [26]).

Figure 30 shows a selection of magnetization curves measured in increasing magnetic field,

in the region where the kink is located. We observed this feature in all crystals and at tem-

peratures up to less than a degree below Tc, although at high temperatures the kink is less

pronounced. The inset of Fig. 30 shows the onset region of one of the curves enlarged and

the derivative of the magnetization (average of the four scans), which can help to locate H↑
k .

Within a range of a few Kelvin below Tc the unambiguous determination of H↑
k becomes

difficult nonetheless. Similar kinks, even sharper, were observed by local magnetic measure-

ments on Nd1.85Ce0.15CuO4−δ [67] and on untwinned YBa2Cu3O7−δ [286, 302, 346] crystals.

In the case of Nd1.85Ce0.15CuO4−δ, the induction profiles were shown to change from a form

characteristic for barrier effects (see Sec. 5.2.3) and weak bulk pinning below the kink field

to typical Bean profiles above [67]. Furthermore, the dependence of the activation energy for

flux creep on the current density was also shown to change in the same fields [67]. All these

effects are expected at the order-disorder transition. In the case of Y123, Y. Radzyner et

al. [302] deduced from the detailed observation of the history dependence of magnetic hys-

teresis measurements the existence of a region of metastability located in the same fields as

a very sharp kink that was visible in full hysteresis loop measurements, also expected for

the order-disorder transition. It seems therefore justified to assume that the fields where

the “kinks” are observed, Hk, in the cases of Nd1.85Ce0.15CuO4−δ and Y123, as well as the

ones we observed in the case of YBa2−xSrxCu4O8 correspond to the order-disorder transition

fields, similar to the correspondence of the second peak maximum in Bi2Sr2CaCu2O8+δ to

this transition. In Nd1.85Ce0.15CuO4−δ and YBa2Cu3O7−δ, as well as in our case, it seems to
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Figure 31: Hysteresis loops of YBa1.36Sr0.64Cu4O8 in the field region where a kink in the

magnetization is located, at three different temperatures (from Ref. [26]).

be the combination of order-disorder transition and a crossover in the creep mechanism that

leads to a kink indicating the order-disorder transition instead of the second peak maximum.

In Ref. [302], it was argued that the equilibrium phase transition corresponds to the kink

in M(H) in decreasing field, i.e., HOD = H↓
k , while the kink in increasing field corresponds

to the upper limit of metastability of the lattice phase. However, since the pinning is much

stronger in the glass phase, the equilibrium transition can be expected to be located quite

close to the upper limit of metastability (see also Sec. 5.4.4 below). This was indeed found

from the measurements of Ref. [302]. Also in our case, while we have more data on the field

increasing branch, the kink in H decreasing was checked at representative temperatures and

the difference between H↓
k and H↑

k was found to be rather small indeed (see Fig. 31). We

mention that the actual equilibrium transition HOD is a little bit lower than H↑
k , which we

call HOD in Fig. 32 in Sec. 5.4.2..

Furthermore, it is interesting to note that generally the kink positions Hk (for both direc-

tions of field changes) do not depend on the waiting time (we tested between 30 s and 10 min)

after changing the the field. Additionally the kink fields Hk do not depend on the field change

step size and not on the small inhomogeneities of the magnetic fields (∼ 0.02%) tested by

using different scan lengths, but the shape of the M(H) curve around the kink does depend

on step size and scan length. On the other hand, the onset fields Hon, defined as the fields

where the absolute value of the magnetization has a minimum, have a slight tendency to shift

to lower fields upon increasing waiting time, while the absolute value of the magnetization

at the onset is decreased significantly upon increasing waiting time. Additionally the onset

measured in decreasing fields can be much lower (up to 50% at low temperatures) than the

onset measured in increasing field. This is strongly indicative that the onsets and maxima

of the second peak cannot be related to the equilibrium phase transition HOD(T ), while it
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suggests that the kink fields may very well be related to HOD(T ).

The increase of the absolute value of the magnetization just below Hk observed in our

measurements is hardly sharp enough to be called a “jump”, as might be expected for an

abrupt phase transition. One reason for this is the spatial averaging of the inhomogeneous

induction inside the sample. Additionally, the difference between the onset of the second peak

in increasing fields H↑
on, defined as the minimum of the absolute value of the magnetization

before the second peak, and the kink field H↑
k can be explained by the existence of a region

of metastability around the phase transition [302]. Recent experiments [68,304] indicate that

an abrupt change of the field injects a transient disordered vortex phase at the sample edges.

If the thermodynamically stable phase is the lattice phase, the transient disordered vortex

phase then decays. This decay happens with a rate decreasing to 0 as the field reaches HOD.

In our measurements, the fields H↑
on, H↓

on and H↓
k (= HOD) were found to follow the same

dependence on temperature and Sr content as H↑
k). Below the onset, both the magnitude of

the critical current density and the average value of the magnetization for the two branches

of the hysteresis loop suggest that in this region surface and geometrical barriers are more

important than bulk pinning in our samples, i.e. bulk pinning seems to be relevant only if the

vortex matter is in the glass phase. The opposite is true as well, of course.

5.4.2 Temperature dependence of the order-disorder transition

Order-disorder transition HOD(T ) lines, as determined by the kink in the M(H↑) [356] curves

for the measured samples are shown, for comparison together with the irreversibility lines

Hirr(T ), in Fig. 32. For all samples, HOD decreases monotonically with increasing temperature.

A monotonically decreasing HOD was also found on Nd1.85Ce0.15CuO4−δ [67], but measure-

ments on Y123 [286,287,302,346] showed an HOD increasing with temperature. The position

of the order-disorder transition is determined by the interplay between elastic and pinning

energy, as discussed in Sec. 5.1.2. The exact temperature dependence of the order-disorder

transition depends on the way, defects interact with the vortices. According to G. Blatter et

al. [257], defects can interact with the vortices in two different ways. They may cause a spatial

variation of the transition temperature (δTc-pinning), described by a modulation of the term

proportional to |Ψ|2 of the Ginzburg-Landau free energy functional [3,58]. Alternatively, they

can cause a spatial modulation of the mean free path (δ`-pinning), described by a modula-

tion of the gradient term of the free energy functional [3, 58]. In both cases, the influence of

disorder is described by a disorder parameter γ̃, proportional to the defect density. However,

the temperature dependence of γ̃ is different for the two cases. For δTc-pinning, γ̃ ∝ 1/λ4
ab,

while for δ`-pinning, γ̃ ∝ 1/(λabξab)
4, where λab and ξab are the in plane [357] penetration

depth and the coherence length [257]. The order-disorder transition position was calculated

analytically by using a Lindemann criterion [298,334]. For the case of not too big anisotropy

γ and disorder γ̃, following the calculation of Ref. [334] (but with slightly different notation),
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Figure 32: Kink fields H↑
k ' HOD vs temperature (open symbols), for different Sr contents

in YBa2−xSrxCu4O8 (adapted from Ref. [26]). Also shown are the irreversibility fields Hirr

(full circles). Error bars have been omitted for clarity. Full lines are fits of the HOD(T )

data to Eq. (16). Except for x = 0, fitting was restricted to the range 0.65 ≤ T/Tc ≤ 0.9.

Dashed lines are guides for the eye indicating an exponential temperature dependence of HOD

at lower temperatures. HOD(T ) of the unsubstituted crystal is located in much higher fields

than HOD(T ) of all substituted crystals and for high temperatures is practically located in

the region of the irreversibility fields.

it is

HOD = H◦

(
U◦
Uc

)3

, (15)

with H◦ = 2c2
LΦ◦/ξ2, U◦ = Φ2

◦cLξ/(16
√

2π2λ2γ) and the collective pinning energy Uc =

[(γ̃Φ2
◦ξ

4)/(16π2λ2γ2)]1/3. Here, Φ◦ is the flux quantum and cL ≈ 0.1 − 0.2 the Lindemann

number. HOD is inversely proportional to both the anisotropy γ and the disorder parameter

γ̃. Concerning the temperature dependence, as long as we are below the depinning temper-

ature Tdp ≈ Uc/kB, we get from Eq. (15), the above mentioned expressions for the disorder

parameter [257], and using the two-fluid approximation [58] for the T dependence of the basic
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superconducting parameters

HOD ∝ ξ−3 ∝ [1− (T/Tc)
4]3/2 (16)

in the case of δTc-pinning and

HOD ∝ ξ ∝ [1− (T/Tc)
4]−1/2 (17)

in the case of δ`-pinning [358]. The calculation following Ref. [298] leads to qualitatively very

similar results, just with an exponent 14/9 instead of 3/2 in Eq. (16) and with an exponent

−2/3 instead of −1/2 in Eq. (17). Since HOD decreases with temperature in our case, the

pinning in YBa2−xSrxCu4O8 cannot be δ` pinning. The temperature dependence of HOD

of the unsubstituted crystal agrees satisfactorily with the formula proposed for δTc pinning.

In the case of the substituted crystals, however, the agreement is limited to values of T/Tc

between about 0.65 and 0.9 [see Fig. 32, the full bold lines are fits to Eq. (16)]. The lowered

HOD in the vicinity of Tc may be attributed to the non-zero transition width.

However, at low temperatures, the temperature dependence is rather exponential in the

case of the substituted crystals, as indicated by dashed lines in Fig. 32, with some indications

of a flattening at the lowest temperatures measured. This behaviour is clearly at odds with

Eq. (16). Although we are not able to provide a convincing positive explanation of this phe-

nomenon, we would like to discuss a number of possibilities, and hope to convince the reader

that the observation cannot be easily brushed off. An exponential upturn with decreasing

temperature in the onset field H↑
on at low temperatures was also found on a Nd2−xCexCuO4−x

single crystal by M. C. de Andrade et al. [359], who attributed it to Bean-Livingston surface

barriers. However, since the observed magnetic hysteresis is the sum of bulk and barrier

hysteresis, it is difficult to imagine why the kink in M(H) at HOD ' Hk should be influ-

enced by surface or geometrical barriers, and in our case a clear kink is observable at low

temperatures where HOD has already clearly departed from the [1 − (T/Tc)
4]3/2 dependence

observed at higher temperatures. Additionally, the kink fields on the two branches of the

hysteresis loop are located close to each other, as discussed above, and surface barriers are

expected to play a role only on the field increasing branch (see Sec. 5.2). We note that a low

temperature upturn of HOD was also observed in other cuprate HTcSC, such as Y123 (see,

e.g., Ref. [346]). However, in these cases the deviation of low temperature behaviour from the

theoretical expectation was generally dismissed as surface barrier influenced, with reference

to M. C. de Andrade et al. [359], but without discussion of how surface barriers can affect the

location of a sharp kink.

A possible cause for a changed temperature dependence is a dimensional crossover. Due

to the layered structure of the cuprate superconductors, vortex lines should be thought of

being composed of stacks of “pancake” vortices [257]. Only below the 2D/3D crossover field

H2D ≈ Φ◦/(γ2s2), where s is the distance between two adjacent layers, is the interlayer
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Figure 33: HOD and Hirr in the vicinity of Tc, for substitutions of 10% and 32% Sr. (adapted

from Ref. [26]).

interaction between pancake vortices larger than their intralayer interaction and the pancakes

form well defined vortex lines. For all our crystals at all temperatures, H2D & 77 kOe is

estimated well above the upper limit of the fields attainable in our magnetometers. Also,

HOD ∝ ξ−5/2(ξ5/2) for 2D and δTc(δ`) pinning [334], i.e., the temperature dependence should

be even flatter in the 2D regime. A dimensional crossover can therefore not be responsible for

the observed upturn of HOD at low temperatures. In principle, a second pinning mechanism,

which is very effective at low temperatures, could be overlaid. However, point-like disorder

should rather (additionally) suppress HOD, while the influence of correlated disorder should

be more visible at high temperatures or low fields [360].

Recent measurements [361] on La2−xSrxCuO4 found a temperature dependence of HOD

similar to the one reported here on Sr substituted Y124. The authors propose a crossover

between disorder-induced and thermal melting as an explanation for the unusual T depen-

dence. In this model (see also Ref. [362]), it is the combination of disorder induced vortex line

wandering and thermal fluctuations that lead to a single transition out of the Bragg glass.

However, this model predicts a rapid decrease of the unified transition field for the case of

very weak disorder, whereas upon increasing disorder, the low temperature slope approaches

a horizontal line. We point out that in our case, the unusual upturn of HOD at low temper-

atures is stronger in crystals with higher disorder, in clear contrast to the model proposed

in Ref. [361]. We also note that no traditional features of the melting line were reported in

Ref. [302], indicating that their crystal is quite disordered as well.

Figure 33 shows HOD and Hirr of two of the substituted crystals in the vicinity of the

transition temperature. No sign of a tricritical point, where the two lines would meet, can be
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Figure 34: Sr dependence of HOD at temperatures of 0.7 Tc (open diamonds) and 0.4 Tc (open

circles), and of Hirr(0.7 Tc) (full diamonds). The x error bars have been omitted for clarity.

(adapted from Ref. [26]).

seen. A tricritical point would have to be located very near Tc, where reliable measurements

become increasingly difficult. Therefore, also no crossover to a predominantly thermally

induced melting was found, which may be attributed to the relatively large disorder in the

crystals.

5.4.3 Variation of HOD with the amount of structural disorder

It was shown in Fig. 32 that any substitution of Sr lowers HOD very significantly. For two

values of T/Tc, HOD vs. strontium content x is shown in Fig. 34. After a substitution of just

10% Sr for Ba, HOD drops roughly by a factor of 5, at both temperatures. A further increase

of Sr substitution, however, does not reduce the magnitude of HOD any more. Rather, HOD(x)

remains essentially constant. We do not consider the peak at x ≈ 0.4 as big enough to be

significant.

The initial decrease of HOD upon Sr substitution does not come unexpected. It follows

from Eq. (15) that HOD ∝ (γγ̃)−1. Sr substitution increases the disorder parameter and

decreases the anisotropy (see Sec. 5.3). The large decrease of HOD upon substituting 10%

of Sr indicates that the influence of the Sr substitution on disorder is much bigger than it’s

influence on the anisotropy.

What is more surprising is the apparent saturation of the influence of the additional

disorder for a substitution level x & 0.2, while the maximum pinning force is still linearly

increasing up to x ≈ 0.4. In the case of weak point-like pinning HOD ∝ γ̃−1 ∝ n−1
dis, where γ̃ is
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the disorder parameter and ndis the defect density, is expected [257]. It would seem natural

to assume the defect density to be proportional to the Sr substitution level x. The blocking

layer thickness on the other hand, which is the structural factor with the biggest influence on

the anisotropy, decreases linearly with x [35]. A large initial decrease of HOD, followed by an

almost independence on x, is therefore difficult to explain.

A downward shift of HOD upon introducing more disorder was also found in electron

irradiated crystals of BSCCO [301] and Y123 [287]. The notable difference between both of

these irradiation experiments and Sr substitution in Y124 is that in both cases of electron

irradiation there is no sign of any saturation of the disorder induced lowering of HOD. As

discussed above, the disorder induced by Sr substitution is probably, even for the lowest

substitution level of x ≈ 0.2, already much higher than the disorder induced by the electron

irradiation with the largest fluence presented in Refs. [287, 301]. It may be that in our

substituted crystals the disorder is already too big for the applicability of formulas derived

for weak disorder.

5.4.4 Vortex matter phase diagram and metastability

The resulting phase diagrams for YBa2Cu4O8 and YBa1.36Sr0.64Cu4O8 are contrasted in Fig.

35. The glass phase of YBa1.36Sr0.64Cu4O8 has, as compared to YBa2Cu4O8, expanded dra-

matically from a rather small part of the easily experimentally accessible phase diagram to

the phase covering the biggest area in fields H ≤ 55 kOe. The most dramatic shift is the

lowering of HOD, which is to be expected as the (quasi-)ordered phase should become smaller

upon introducing more disorder into the system.

The figure also displays the region of metastability, where superheating and supercooling

are possible (cf. Sec. 5.1.3). Equilibrium transition field and boundaries of the metastability

region were deduced by identification of the four features of the kink and onset fields (cf. Figs.

26 and 31), in analogy to Ref. [302]. We note that the equilibrium transition field is quite

close to the upper boundary of the metastability region. Therefore, the extent of supercooling

of the disordered phase is much larger than the extent of superheating of the Bragg glass.

This is in qualitative agreement with the findings on Y123 [302]. The finding of a large region

where the disorder phase can exist as a supercooled metastable phase in unsubstituted Y124,

as shown in Fig. 35a), is similar to reports of large supercooling in Bi2Sr2CaCu2O8+δ [69].

The region of metastability is much smaller for the substituted crystal, indicating that

strong disorder tends to reduce over-heating and especially under-cooling effects. We speculate

that this may be connected to our observation that for unsubstituted Y124 with very weak

disorder HOD depends strongly on the exact amount of disorder, while for substituted Y124

with rather strong disorder it almost does not depend on the exact level of disorder. In

real crystals, the disorder density depends on the position on a mesoscopic scale. Soibel et

al. [363] observed that for melting supercooling exists only at local maxima of the transition
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Figure 35: Phase diagrams of the crystals with the lowest [a)] and the highest [b)] Sr substitu-

tion (adapted from Ref. [26]). The quasi-ordered lattice phase at low temperatures and fields

is separated from the highly disordered glass phase by the transition line HOD = H↓
k (full

down triangles, thick line). Around the transition is a region of metastability [302], where

both phases can coexist (shaded). The lower limit of metastability is marked by H↓
on (open

down triangles) and the upper limit, very close to the equilibrium transition, by H↑
k (full up

triangles). Also shown is H↑
on (open up triangles). The irreversibility field Hirr (full circles) is

assumed to correspond roughly to the transition line between glass and fluid phases, if these

are really two thermodynamically distinct phases. Both HOD and Hirr are decreasing mono-

tonically with increasing temperature. For the crystal with x = 0 the region of a possible

tricritical point was not measured and is blurred in the figure. For the crystal with x = 0.64

a tricritical point could not be detected and would have to be located very near Tc.

field. In a first approximation the width of metastability can be linked to the difference

between maximal and minimal transition fields within the sample. In our case the same

spatial variation of disorder should produce a much bigger variation of the local transition

field for the unsubstituted crystal than for the substituted ones.

In summary, relatively strong point-like disorder introduced by partial Sr substitution

on Y124, drastically decreases the order-disorder transition field. When disorder is already

strong, however, additional disorder has no large effects. Meta-stability effects are reduced

in strongly disordered systems. The temperature dependence of the order-disorder transi-

tion field in strongly disordered crystals is at variance with currently published theoretical

formulas.
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5.5 Manifestation of order-disorder transition in MgB2: Peak ef-

fect and history effect

5.5.1 Introduction

The disorder-induced phase transition out of the Bragg glass was observed also in low-Tc

superconductors. It was studied particularly extensively in NbSe2. In this superconductor,

there is a pronounced peak in the critical current density jc in the vicinity of the upper critical

field Hc2. Scanning ac Hall probe measurements demonstrated unambiguously both that this

peak effect in NbSe2 is due to a disorder driven phase transition out of the Bragg glass and

that this transition is a first order transition [305]. Magnetic hysteresis loop studies on NbSe2

found pronounced history effects of jc in the peak effect region [364].

The new superconductor MgB2 is, particularly concerning the importance of thermal fluc-

tuations (cf. Sec. 4.3.2) and the value of κ = λ/ξ, intermediate between the high Tc cuprates

and low Tc superconductors. Studying the vortex matter phase diagram of MgB2 may thus

help in understanding the phase diagrams of various superconductors in a unified way, as we

will discuss in Sec. 5.6.

However, the vortex matter phase diagram of MgB2 has not been studied comprehensively

yet. Most “phase diagrams” published contain only the upper critical fields Hc2. The mea-

surements presented in Sec. 4.3 and measurements by other authors clarified the situation

concerning Hc2 insofar, as a pronounced temperature dependence of the upper critical field

anisotropy was found.

In single crystals of MgB2, a quasi-ordered vortex structure has been observed in low fields

by scanning tunneling spectroscopy [135], suggesting that at least under some conditions a

Bragg glass is the stable vortex phase. Since, by tuning the amount of quenched random

point-like disorder, the stabilization of a highly disordered phase can always be favored, an

order-disorder transition in fields below Hc2 should be observable in MgB2 as well, at least

for certain impurity concentrations. Although a phase transition distinct from Hc1 or Hc2 has

not been suggested yet [365] in MgB2, a peak effect, and accompanying history effects have

been observed in electrical transport measurements for H‖c [147].

Here, we report the observation of a pronounced, sharp peak effect (PE) by torque magne-

tometry in fields close to, but clearly distinct from, Hc2 [28]. A minor hysteresis loop (MHL)

study shows pronounced history effects in the region between the onset and the maximum of

the peak, similar to the situation in NbSe2 [364]. Angle and temperature dependence of the

characteristic fields is also reported, the resulting vortex matter phase diagram of MgB2 will

be discussed in Sec. 5.6.

The measurements were performed on homogeneous single crystals of MgB2 (see Sec.

2.1). The same crystals (crystal B and crystal C) were used for parts of the measurements

presented in Sec. 4.3 and for the measurements presented in Sec. 4.5. The T dependence of
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Figure 36: Torque τ/H vs field H at 14 K and θ = 77.5 deg. a) Full curve for crystal B. The

direction of the field change is indicated by arrows. Inset: τ/H vs angle θ in 75 kOe at 15 K

(crystal B) b) magnification of the peak effect region of crystal B. The irreversibility field

Hirr and the onset and maximum fields Hon and Hmax of the PE for the H increasing (↑) and

decreasing (↓) branch are marked. Inset: Curve obtained under the same external conditions

for crystal C.

the magnetization [see Fig. 5b) in Sec. 2.1] shows a sharp (0.3 K with a 10%− 90% criterion)

transition to the superconducting state at 38.2 K, indicating the absence of minority phases

or inhomogeneities in the crystal. Measurements to study the PE were carried out with the

torque option of a Quantum Design 9T PPMS, see Sec. 2.2. Measurement runs consisted in

varying the field H at fixed angle θ between
−→
H and the c-axis of the crystal, and recording

the torque. Additional measurements of τ(θ) in fixed magnetic field H were also performed.

5.5.2 Peak effect in MgB2

One of the torque vs field curves measured on crystal B is shown in Fig. 36a). For better

comparison with magnetization curves, τ/H vs H is shown. A pronounced and sharp peak

effect (PE) in fields close to, but clearly distinct from, Hc2, can be seen. We note that the

peak effect was observed in τ vs θ measurements in fixed field as well, an example is shown

in the inset of Fig. 36a). However, several features of the PE are better manifest in τ vs

H measurements at fixed angle, on which we concentrate below. A magnification of the PE

region of the τ(H) curve shown in Fig. 36a) is presented in Fig. 36b). The peak is well

pronounced and very sharp (full width at half maximum of about 4 kOe in comparison to the

location in fields of about 78 kOe). Various characteristic fields are indicated: The maximum

of the peak for field increasing (H↑
max) and decreasing (H↓

max) branch of the hysteresis loop,
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and the onsets of the peak, H↑
on and H↓

on. The separation of the two onset fields is larger

than the separation of the maximum fields, similar to the case of YBa1.8Sr0.2Cu4O8 (see Fig.

26). Also indicated is the irreversibility field Hirr, where the two branches of the hysteresis

loops meet. The peak resembles qualitatively the peaks observed in NbSe2 [188, 364] and

CeRu2 [366].

The inset of Fig. 36b) shows a measurement on crystal C with the same external conditions

as in the main panel. In this crystal, the PE is less pronounced, but still clearly discernible.

It is located in slightly higher fields, H↑
max ' 82.4 kOe. Crystal C was grown with the same

technique as crystal B, but under slightly different conditions. In contrast to crystal B, there

is no hysteresis peak present for H‖ab, as we discussed in Sec. 4.5. We therefore conclude

that stacking faults are absent or at least negligible in crystal C. The presence of the PE in

two crystals with such pronounced differences strongly indicates that the PE, or rather it’s

underlying mechanism, is an intrinsic feature of MgB2. That this is indeed the case is also

supported by the recent observations of similar peak effects on single crystalline MgB2 from

other sources by electrical transport [147, 206], ac susceptibility with a Hall probe [206, 367],

and torque magnetometry [215]. Differences in the peak effects observed in crystals B and C

will be further commented in Sec. 5.5.4 below, in the context of the angular variation of the

peak height.

The peak effect shown in Fig. 36 is similar to the peak effect in NbSe2, where it is attributed

to the order-disorder transition, as we mentioned above. According to our discussion in Secs.

5.1.3 and 5.2.7, the order-disorder transition region is accompanied by history effects in the

critical current density, a feature observed experimentally for example in NbSe2 [364], and

very useful to identify the transition.

5.5.3 Minor hysteresis loop study: History dependent critical current density

To investigate possible history dependences of the critical current density, we performed

several minor hysteresis loop (MHL) measurements in and around the peak of crystal B:

The field is cycled up and down by a small amount (1.2 kOe in steps of 200 Oe) several times,

ideally until the loops retrace each other, indicating that the vortex system reached a stable

pinned state in the given field [364, 366]. MHL measured, within full loops, in four different

regions of the PE are indicated in Fig. 37a) (A-D).

Torque τ/H values of MHL A [Fig. 37b)] vary significantly as the MHL is cycled through

repeatedly. Partly, this may be explained by relatively strong normal relaxation processes.

However, a pronounced difference can be seen between MHL started from the field increasing

(H↑) branch of the full hysteresis loop (FHL), and the one started from the field decreasing

(H↓) branch. The latter has a significantly higher width initially. This effect can be explained

by a difference in the vortex configuration between H↑ and H↓ in the region of MHL A. In

the configuration on H↓, jc (proportional to the width of the MHL [368]) is higher, i.e., the
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Figure 37: a) Torque τ/H vs field H for crystal B at 14 K and 77.5 deg. The characteristic PE

fields are labeled as in Fig. 36b). Also shown are some of the MHL (see text) measured, labeled

A−D. b),c),d) magnification of MHL A, B, and D. MHL started from the field increasing

branch of the full hysteresis loop are shown as dotted lines, whereas those started from the

field decreasing branch are shown as full lines. d) Width of the hysteresis of MHL B started

from the field increasing/decreasing (◦/•) branch of the full hysteresis loop, as a function of

cycling.

vortices are pinned stronger. Repeated cycling causes the width of the MHL started from H↓

to approach the one started from H↑, indicating that the vortex configuration on H↓ is only

metastable. History effects are even more pronounced for MHL B [Fig. 37c)]. Here, the initial

H↑ branch of the MHL started from the H↓ branch of the FHL (full line indicated by arrows)

clearly is below the H↑ branch of the FHL (thick dashed), indicating larger hysteresis. This

behavior contradicts Bean’s critical state model, discussed in Sec. 5.2, where the hysteresis of

partial hysteresis loops can never be higher than the one of the full loop. It can be explained

by the vortex configuration on the H↓ branch of the FHL (where the MHL was started) having

a higher jc than the vortex configuration on the H↑ branch. The variation of the hysteresis

width with cycling [Fig. 37e)] demonstrates the metastable nature of the vortex configuration

on the H↓ branch of the FHL, while the vortex configuration of the H↑ branch of the FHL is

stable, or close to. In contrast, no clear deviations in the cycling behavior between H↑ and

H↓ branch started MHL are visible for MHL C and MHL D [Fig. 37d)], as well as for a MHL

measured in the region around 68 kOe (not shown).

The findings of our minor hysteresis loop study of the peak effect in MgB2 can be sum-

marized as follows: Between H↓
on and H↑

max, pronounced history effects occur. They can be
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accounted for by the coexistence of a metastable high-field vortex configuration with high

pinning and a stable low-field, low pinning configuration. Above H↑
max and below H↓

on, no

significant history effects are observed, indicating that there is only one vortex configuration,

which is stable. The larger hysteresis width of MHL started from H↓ indicates pinning in

the configuration stable above H↑
max to be stronger than pinning in the configuration stable

below H↓
on. This is exactly what is expected for the order-disorder transition (cf. discussion

in Secs. 5.1.3 and 5.2.7). Both the existence of two metastable vortex configurations and the

association of the high field configuration with a higher jc than the low field configuration

is most directly seen in the overshoot of the MHL B started from high fields over the full

hysteresis loop started from low fields. This behaviour is difficult to explain without a “two

metastable vortex configurations” scenario. Specifically, it cannot be explained by relaxation

effects, since this should always lead to lower hysteresis of the MHL with respect to full

hysteresis loops.

5.5.4 Angular and temperature dependence of the peak effect

Figure 38a) shows the irreversible part ∆τ(H) = τ(H↓) − τ(H↑) of the torque, scaled by

H sin 2θ, vs field, at 18 K for various angles. The scaling was chosen to minimize the angle

and field dependence intrinsic to the torque (see Sec. 2.2). Since the peak is not visible at

all temperatures and angles as well as in Fig. 36, onsets and maxima were determined from

irreversible torque curves as those shown in Fig. 38a). The Hon was defined as the field, where

the irreversible torque starts to deviate from a straight line behaviour, as indicated in the

figure for the curve measured at 71.5 deg. The onset defined in this way is close to H↓
on as

indicated in Fig. 36b), but we note that with the determination of onsets and maxima from

the irreversible torque, the fine details of the differences in the field increasing and decreasing

branch of the hysteresis loops are lost.

It can be seen in Fig. 38a) that the height of the peaks varies in a pronounced way with

the angle θ. The peak height is shown in panel b) of the figure, with and without subtraction

of an extrapolated linear background (respectively, part of the irreversible torque not due to

the PE). It indicates that the peak effect is most pronounced in the region of angles between

about 70 and 80 deg. This angle region is independent of temperature, as shown in the inset

of Fig. 38b).

One possible explanation for this behaviour is an influence of stacking faults (which may

be present in crystal B, according to Sec. 4.5) on the peak effect. Although the presence of

the peak effect, and it’s location, are not affected by stacking faults, the extent of hysteresis

may be. The difference of how pronounced the peaks of crystals B and C are [see Fig. 36b)]

supports such a scenario. The location in higher fields of the peak effect in crystal C indicates

that there is less point-like disorder present in this crystal than in crystal B, if we accept

the PE as a signature of the order-disorder transition (see Sec. 5.5.5). What is difficult to
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Figure 38: a) Variation of the irreversible torque, scaled by H sin 2θ, vs field, at 18 K. The

curves were measured at angles (from left to right) θ = 15.5, 31.5, 41.5, 51.5, 56.5, 61.5,

66.5, 71.5, 73.5, 75.5, 77.5, 80.5 and 83.5 deg. Horizontal lines indicate zero and the criterion

chosen for the determination of the irreversibility line [369]. For the curve measured at

71.5 deg, peak maximum and onset are indicated (see text). b) Height of the peaks visible in

a) vs angle. The peak heights both from zero, and from the extrapolated background signal

without peak are shown. Inset: Comparison of the angle dependence of the peak height at

different temperatures.

explain with only one sort of disorder varying is the smaller ratio of the hysteresis width

within to the hysteresis width below the PE, τirr(Hmax)/τirr(Hon), of crystal C, as compared

to crystal B. This observation may be explained as follows. According to the discussion in

Sec. 4.5, we assume the presence in crystal B of a small amount of stacking faults as a second,

different type of disorder. The stacking faults act as sparse, but strong pinning centers acting

on individual vortices, not unlike twin boundaries in cuprate HTcSC. It seems reasonable to

assume that such individual strong pinning is much more efficient in the disordered phase than

in the Bragg glass with it’s nearly perfect ordered lattice, since in the latter case the strong

elastic forces disfavour non-collective pinning. Similar ideas were discussed by A. I. Larkin

et al. [370] in the context of HTcSC with twin boundaries. In Ref. [370] it was additionally

proposed that strong pinning centers weaken collective pinning. It can therefore be expected

that the presence of a small amount of stacking faults, amplifies the difference in the critical

current density between Bragg glass and disordered phase, consistent with the experimental

observations. If the peak height observed in crystal B is affected by stacking faults, a more

pronounced PE close to H‖ab is natural, since the pinning efficiency of stacking faults, similar

to twin boundary pinning, is strongly direction-dependent. We note that similar observations

were made on a YBa2Cu3O7−δ crystal containing two twin boundaries [371], although in that



90 Disorder-induced “melting”

Figure 39: Angle dependence of various characteristic fields at 18 K. Shown are the upper

critical field Hc2 (♦, see Sec. 4.3), the irreversibility field Hirr (•) [369], the peak maximum

field Hmax (N), and the peak onset field Hon (H). Full lines are fits of the theoretical Hc2(θ)

dependence [Eq. (11) of Sec. 4.3]. Dashed lines are guides for the eye. Inset: Angle dependence

of reduced [divided by Hc2(θ), cf. Sec. 4.3] characteristic fields.

case the angular dependence of the peak height was much more pronounced.

On the other hand, the peak height may be influenced by the natural angle dependence

of the torque, despite the scaling made. This is the case, because the sin 2θ scaling is only

appropriate approximately for field directions close to ‖ab or ‖c. Due to the pronounced

anisotropy of MgB2 at 18 K (γH ' 5.7, see Fig. 15 in Sec. 4.3.3), −→m tends to be directed

almost perpendicular to the planes, except at very high angles. Therefore, the maximum

effective sensitivity of the torque magnetometer is achieved at angles in the region of 75 to

80 deg, rather than around 45 deg.

The variation of the peak onsets and maxima with angle at 18 K is shown, together

with Hc2(θ) and Hirr(θ) [369], in Fig. 39. These characteristic peak fields follow the angular

dependence of Hc2, as indicated by fits to the theoretical Hc2(θ) dependence according to the

anisotropic Ginzburg-Landau theory [Eq. (11) of Sec. 4.3], while the angular scaling of the

irreversibility field is less clear. This can be seen also in the inset, displaying the θ dependence

of the characteristic fields, reduced by the upper critical field. The onset field is approximately

constant at about 0.8 Hc2 and the maximum field at about 0.85 Hc2. Hirr is located at about

0.9 Hc2, but seems to get slightly lower as θ → 0. The good angular scaling of the peak onset

and maximum fields supports the conclusion that they are unaffected by stacking faults. The

angular variation of the irreversibility field is compatible with an influence of stacking faults
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Figure 40: a) M(H) curves measured with SQUID magnetometry on crystal B, in fields

perpendicular to the ab planes, at various temperatures. b) to d) comparison of torque [b)],

SQUID [c)], and ac susceptibility [d)] measurements on crystal B at 20 K. The PE, visible in

panels b) and d) is indicated by an arrow.

on the magnitude of hysteresis.

As discussed in Sec. 2.3, torque measurements are not possible for H‖c or H‖ab. There-

fore, SQUID measurements were performed on the same crystal with H‖c and H‖ab, a few

examples are shown in Fig. 40a) and c). In Fig. 40a) and c), no PE is visible in the data.

Generally, no sign of a peak effect was observed by SQUID magnetometry at any temper-

ature, for both field directions. This is likely due to insufficient sensitivity of the SQUID,

and field inhomogeneities in the SQUID magnetometer, which, due to the movement of the

sample, tend to smear such features (see discussion in Sec. 2.3). However, very recently, ac

susceptibility measurements were also performed on the same crystal [372]. The preliminary

data suggest the presence of a peak effect both for H‖c and H‖ab. The presence of the

PE both in torque and ac susceptibility measurements, and the absence of a PE in SQUID

measurements at the same temperature is clearly seen, for T = 20 K, by comparing panels

b), c), and d), of Fig. 40. This and the good angular scaling of both onset and maximum of

the peak with Hc2 leads us to conclude that the PE (or rather it’s underlying mechanism)

is a feature for all directions of
−→
H , and not just for the angular region where it is readily

discernible by torque magnetometry. This conclusion is supported also by recent reports of

other authors, in the case of H‖ from transport data [147, 206] and ac susceptibility with a

local Hall probe [206,367], in the case of H‖ab from transport data [206].

The temperature dependence of the peak effect is shown in Fig. 41, for 77.5 deg, which

corresponds roughly to the angle where the PE is most visible, as discussed above. In panel

a), scaled irreversible torque vs H curves are shown. The magnitude of the peaks is reduced



92 Disorder-induced “melting”

Figure 41: a) Variation of the irreversible torque, scaled by H sin 2θ, vs field, at 77.5 deg.

The curves were measured at temperatures (from left to right) T = 27, 24, 22, 20, 18, 16, and

14 deg. b) Phase diagram of MgB2 single crystal at an angle of 77.5 deg between the c-axis

of the crystal and the applied field: The temperature dependence of the characteristic fields

Hc2, Hmax, and Hon is given. They mark boundaries between the normal state and the various

phases of vortex matter. The irreversibility field Hirr is also shown. The inset shows the T

dependence of the characteristic fields scaled by Hc2.

quickly by increasing the temperature. Panel b) shows the temperature dependence of the

characteristic fields. The abrupt end of Hon(T ) and Hmax(T ) is due to the decreased sen-

sitivity of the magnetometer (see Secs. 2.2 and 2.3). In fact, the peak effect is discernible

at temperatures up to almost 30 K in preliminary data from ac susceptibility measurements

with a frequency of 10 kHz [372]. The inset shows that the positions of Hon and Hmax relative

to Hc2 are approximately constant. It is, therefore, unlikely that they would merge with the

upper critical field at some higher temperature. In contrast, Hirr shifts to lower fields relative

to Hc2 as T increases, most likely due to a smearing of the effective pinning landscape by

thermal fluctuations, as discussed in Secs. 5.1.2 and 5.2.4.

5.5.5 Peak effect in MgB2: A signature of the order-disorder transition of vortex

matter

We propose that the observed peak effect corresponds to the order-disorder transition of vortex

matter. First, we show that alternative scenarios are unable to explain our observations. We

already excluded the possibility of an extrinsic origin due to extended defects. A further

possibility would be a change of the elastic constants of the vortex lattice when H approaches

Hc2, not associated with a phase transition [333]. However, the specific form of the history

effects observed in the PE region are hard to explain without a phase transition.



5.5 Order-disorder transition in MgB2 93

On the other hand, the history effects can be accounted by a disorder-induced first order

phase transition out of the Bragg glass, as we discussed in Secs. 5.1 and 5.2. For example,

jc is higher in the disordered phase. This naturally explains the observed [Fig. 37e)] higher

critical current density on minor hysteresis loops started on the field decreasing branch of the

full loop, as well as the “overshoot” of the minor loop started from the H↓ branch shown in

Fig. 37c), which is in contrast to Bean’s critical state model. From the MHL experiments we

can conclude that the region of metastability is roughly bounded by H↓
on and H↑

max, with the

equilibrium transition field being located close to H↑
max, as indicated by the fast depression of

the hysteresis of the MHL B started from the H↓ branch upon cycling [Fig. 37e)].

In HTcSC cuprates, a peak effect has been found also at the transition out of the Bragg

glass at high temperatures, where the transition is believed to be mainly driven by thermal

fluctuations (see, e.g., Refs. [373, 374]). However, thermal fluctuations are less important in

MgB2, as will be discussed in Sec. 5.6 (see also discussion of fluctuations in the vicinity of

Hc2 in Sec. 4.3).

G. P. Mikitik and E. H. Brandt [189] have given an expression for the (thermal) melting

field Hm(T ), valid for H‖c (we are dropping here the field direction parallel to c superscripts

on all fields), as long as Hm(T ) is not much lower than Hc2(T ), and direct influence of disorder

on the melting can be neglected:

1− Hm(T )

Hc2(T )
=

(
1.78

2πc2
L

)2/3

t2/3

(
Gi

1− t2

)1/3

, (18)

where t ≡ T/Tc, Gi = 1
2
(γkBTc/H

2
c (0)ξ3

ab(0))2 is the Ginzburg number (cf. Sec. 4.3.2), and cL

is the (phenomenological) Lindemann number of the order of 0.1 to 0.3. Evaluating Eq. (18)

for MgB2 at 14 K, with cL = 0.25 and Gi = 10−5 (see Sec. 4.3.2), we obtain Hm ≈ 0.97 Hc2.

This is much closer to Hc2 than the experimentally determined maximum field of the PE,

Hmax ' 0.85 Hc2. Setting the phenomenological Lindemann number to cL = 0.1 instead of

0.25 lowers the calculated melting field to 0.9 Hc2, which is still far above Hmax.

Since combined ac susceptibility and dc magnetization measurements found the PE max-

imum to be located in fields equal to or even higher than the magnetization step signifying

melting [373,374], thermal melting cannot account for the peak effect observed in MgB2. The

situation is rather similar to the one in the low Tc superconductor NbSe2, where conclusive evi-

dence was presented that the peak effect corresponds to the order-disorder transition [305,375].

Concerning MgB2, a very recent report based on ac susceptibility measurements with a local

hall probe [367] comes to similar conclusions.

In summary, using torque magnetometry, we observed a pronounced, sharp peak effect

in single crystalline MgB2. Onset and maximum of the peak are located at about 0.8 Hc2

and 0.85 Hc2, with little dependence on the temperature or the direction of the applied field.

The location of the PE with respect to Hc2, together with the history effects studied and
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the observation of a higher critical current density in the high field vortex configuration,

indicate that the PE in MgB2 marks the transition between the Bragg glass and a highly

disordered phase, which may be termed “amorphous” or “pinned liquid”. Further discussion

of the vortex matter phase diagram of MgB2, and a comparison with the phase diagram of

YBa2−xSrxCu4O8 and MgB2 as an example of cuprate HTcSC will be made in Sec. 5.6.

5.6 Phase diagrams of YBa2−xSrxCu4O8 and MgB2: A stark con-

trast

Here, we will further discuss the vortex matter phase diagram of MgB2 (see Sec. 5.5), compare

it with the one of YBa2−xSrxCu4O8 (see Sec. 5.4), and put it into the context of the phase

diagrams of other (high and low Tc) superconductors, as well as of recent theoretical proposals

of unified descriptions of the vortex matter phase diagrams of the various superconductors.

5.6.1 Vortex matter phase diagram of MgB2 for H‖c and H‖ab

In Sec. 5.5, we established the vortex matter phase diagram (VMPD) of a MgB2 single crystal

(crystal B) for an angle of 77.5 deg between the applied field and the c-axis of the crystal.

For the purpose of comparisons with other systems, we should have the VMPD for H‖c and

H‖ab instead. However, we have seen in Sec. 5.5.4 that the angular dependence of the onset

and maximum peak fields, Hon and Hmax, follows the simple relation established before for

the upper critical field (see Sec. 4.3.3). The establishment of the VMPD for H‖c and H‖ab

is therefore straight forward. In addition to data obtained from τ(H) measurements at fixed

angle, we use here also data from τ(θ) measurements in fixed field [cf. inset of Fig. 36a)]. The

interpretation of the features in the latter case is less straight forward than in the former case,

but on the other hand the PE is still discernible in τ(θ) at higher temperatures and allows us

to extend the phase diagram up to 27 K.

5.6.2 Thermal melting of vortex matter in MgB2?

The phase diagrams resulting from the projection to H‖c and H‖ab are shown in Fig. 42a)

and b). The irreversibility line is missing because the angular scaling of Hirr is not as clear as

in the case of the other fields. In fact, the irreversibility line seems to cross the characteristic

peak fields as the direction of H approaches the direction of the c-axis of the crystal (see

Fig. 39). Therefore, Hmax and Hirr cannot both correspond to a phase transition. If the

irreversibility line would correspond to a phase transition on both sides of the crossing point,

it would mark the boundary of the Bragg glass, where it is lower than the (extrapolated)

Hmax(T ) line, i.e., it would correspond to a thermal melting line (see Secs. 5.1.2 and 5.2.4),

in severe disagreement with the theoretical estimation of Hm with Eq. (18). Only the part of
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Figure 42: Vortex matter phase diagram of MgB2 (crystal B) for H‖c [a)] and H‖ab [b)].

Data points shown are from the projection of the torque data presented in Sec. 5.5 and the

projection of additional τ(θ) measurements in fixed H. The dashed line is a calculation [110]

of Hc2(θ) (see Sec. 4.3.3), the dotted lines are guides for the eye. The different phases of

vortex matter are labeled (see text).

the irreversibility line located above Hmax might correspond to a phase transition − between

a highly disordered vortex glass and the vortex liquid (cf. Sec. 5.2.5). The crossing of Hirr and

Hmax would then correspond to a tricritical point located at about 0.62 Tc and 0.88 Hc2(T ).

If the part of the irreversibility line located above Hmax does not correspond to any phase

transition, the reduced hysteresis (peak height) at higher temperatures [cf. Fig. 41a)] still

indicates that the importance of disorder in driving the “melting” of the Bragg glass is strongly

reduced by thermal smearing. In this case, melting of the Bragg glass would change it’s

character from disorder-induced at low temperatures to thermal induced at about 0.62 Tc,

and the melting line should move much closer to Hc2 at higher temperatures.

A single “melting” of the Bragg glass, predominantly disorder-induced at low tempera-

tures, but gradually changing it’s character to thermal melting with increasing temperature

would be in agreement with findings on Bi2Sr2CaCu2O8+δ by N. Avraham et al. [54], based on

measurements employing a similar vortex shaking technique as we used in the measurements

presented in Secs. 4.4 and 5.3.3. Employing a “shaking technique” very similar to the one

used in this work, they found the peak of the “arrowhead” feature to coincide with a step in

the (shaked) equilibrium magnetization, which transforms upon increasing the temperature

to the step visible without shaking (attributed to thermal melting of the Bragg glass) at

higher T . The crossover from disorder-induced to thermal melting in Bi2Sr2CaCu2O8+δ was

found [54] to be associated with a pronounced maximum of the (unified) transition line. Such
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a maximum is expected theoretically, originating from the “smearing” of the disorder poten-

tial by thermal fluctuations. It may be anticipated for MgB2 as well, particularly since Hm

as calculated with Eq. (18) is located much closer to Hc2 than the experimentally determined

Hmax ' 0.88 Hc2 (at 27 K).

So far, direct evidence for thermal melting in MgB2 has not been demonstrated, although

there is a recent report [367] on the observation in ac susceptibility data (in a narrow tem-

perature range) of a “step-like feature resembling the flux-lines lattice melting observed in

Y123” [376]. In fact, the cuprate HTcSC are the only superconductors where thermal melting

has been demonstrated yet. Thermal melting cannot be observed in the traditional low Tc

superconductors, because in that case the low importance of thermal fluctuations leads to a

melting transition too close to the upper critical field to be resolved by the presently available

experimental techniques. In this respect, we note that the observation of thermal melting

was recently claimed in niobium [377], but the observed transition was later shown [187] to

correspond to disorder-induced melting, not thermal melting.

We discussed the importance of thermal fluctuations in MgB2 in Sec. 4.3.2, in connection

with the determination of the upper critical field. We briefly recapitulate that the importance

of thermal fluctuations in MgB2 is intermediate between the low and high Tc superconductors.

This is quantified by the value of the Ginzburg number Gi, a dimensionless quantity, which

is of the order of 10−2 in the case of cuprate HTcSC, but only of the order of 10−10 to 10−7

in low Tc superconductors. From the results of Sec. 4, we can estimate Gi ≈ 10−5 for MgB2.

On the one hand, this is still three orders of magnitudes below the values of typical cuprate

HTcSC. On the other hand, it is two orders of magnitude higher than values of the low Tc

superconductors with the highest Ginzburg numbers. We therefore think that MgB2 is a

prime candidate for the observation of thermal melting in a non high Tc superconductor.

5.6.3 Order-disorder transition and metastability

According to the discussion in Sec. 5.5, Hmax corresponds to the equilibrium oder-disorder

transition [378]. We will therefore call the field Hmax as derived from the irreversible part of

the torque (Sec. 5.5.4) HOD hereafter. Between 14 and 27 K, HOD ' Hmax is located at about

0.85 Hc2, slightly approaching Hc2 with increasing temperature. In contrast, transport and ac

susceptibility measurements by other groups [147,206] found a peak effect located much closer

to Hc2. The discrepancy may be related to a higher level of point-like disorder in our case.

A difference in the disorder level can also explain (cf. Sec. 5.1.2) the different HOD (Hmax) in

our crystals B and C.

In comparison with MgB2, the order-disorder transition field HOD of the cuprate HTcSC

YBa1.36Sr0.64Cu4O8 [see Fig. 35b)] is located in very low fields, which is not unexpected

due to the strong disorder in YBa1.36Sr0.64Cu4O8, as shown in Sec. 5.4. However, even in

the (nominally) unsubstituted YBa2Cu4O8, HOD is much lower relative to Hc2 than HOD of
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MgB2 [379]. The basic reason for the low value of HOD/Hc2 often observed on cuprate HTcSC

is the short coherence length, which reaches the order of interatomic distances. Therefore,

small defects on an atomic scale are very efficient in pinning the vortices. In ultra-pure

YBa2Cu3O7−δ crystals, the order-disorder transition is shifted up to fields not easily attainable

experimentally. MgB2 has the advantage of a much lower Hc2. A study of the influence of a

controlled introduction of point-like disorder, similar to what was presented in Sec. 5.4 in the

case of YBa2−xSrxCu4O8, is highly desirable to facilitate the direct comparison with cuprates.

point-like disorder may be introduced, for example, by electron irradiation.

On the other hand, the phase diagram presented in Fig. 42a) resembles quite much phase

diagrams published for NbSe2, e.g., in Ref. [380]: the phase diagram of our crystal B resembles

closely (above 0.6 Tc, which is the lowest reduced temperature considered in Ref. [380]) the

phase diagram of their “sample Y”, a crystal with intermediate disorder level. Above 0.6 Tc '
23 K, the difference between Hmax and Hon in our crystal is rather small, which again is in

agreement with the phase diagram of sample Y of Ref. [380]. At lower temperatures, on the

other hand, the difference between Hmax and Hon is larger, as can be seen in Fig. 42a). At

lower temperatures, the effect of disorder is increased, because the “smearing” of the disorder

potential by thermal fluctuations is less pronounced. Therefore, an increasing disorder seems

to correspond to a broadening of the PE in MgB2. In the case of MgB2, this will need to be

confirmed by controlled tuning of the disorder level directly.

In Sec. 5.5.2, the coincidence of H↓
on with the lower limit of the region where history

effects are observable was noted. Furthermore, Hon as shown in Fig. 42 is located close to

H↓
on. Together with the discussion of history-dependence and metastability in Sec. 5.2.7, it

follows that Hon in Fig. 42 corresponds roughly to the lower limit of metastability of the

supercooled disordered phase. The increase of Hmax−Hon with increasing (effective) disorder

therefore points to a key role of the disorder not only on the position in the H-T plane of

the order-disorder transition, but also on the extent of supercooling of the disordered phase

that is possible. Large disorder prevents the supercooled vortex system to fully explore the

phase space, as long as external annealing forces, such as a “shaking” of the vortices, are

absent [381]. In the case that thermal fluctuations are large, they may allow the vortex

system to access more of the phase space and thus have an annealing effect. Therefore, it

is the ratio of the magnitude of disorder and thermal fluctuations determining the extent of

supercooling and how pronounced the observed history effects in the critical current density

are.

On the other hand, the above picture may be too simplified to apply to the diverse ma-

terials available. Differential magneto-optic imaging on Bi2Sr2CaCu2O8+δ of the transition

out of the Bragg glass where it is mainly driven by thermal fluctuations revealed a strong

correlation between local supercooled domains and local maxima of the melting field [363].

This strongly indicates that the supercooling, including the macroscopically observed one,
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depends crucially on positional fluctuations of the disorder potential on a mesoscopic scale.

In this scenario, the extent of supercooling can be linked approximately to the extent of meso-

scopic variations in the disorder, as opposed to the (averaged) strength of the disorder. Such

a rather complex scenario is not needed to qualitatively explain the width of the metastability

region in MgB2. However, we emphasize that the opposite dependence of the metastability

width on disorder strength observed in YBa2−xSrxCu4O8 (Fig. 35) can not be explained with

the simpler scenario discussed before, while it is consistent with the more complex scenario

involving mesoscopic fluctuations in the disorder potential (see discussion in Sec. 5.4.4). The

reason for the opposite disorder-dependence of the metastability region between MgB2 and

YBa2−xSrxCu4O8 then is that in the former case, the disorder is relatively weak and the tran-

sition field HOD strongly depends on the exact amount of disorder. Meanwhile, in the latter

case of strong disorder, HOD does not depend strongly on the exact amount of disorder.

5.6.4 Comparison of experimental results with theoretical proposals of a univer-

sal vortex matter phase diagram in low and high Tc superconductors

For a long time, the peak effect in low Tc superconductors, particularly in NbSe2, and mani-

festations of vortex matter phase transitions in cuprate HTcSC, such as the “arrowhead-like”

second peak in Bi2Sr2CaCu2O8+δ were thought to be expressions of the same generic transi-

tions of a universal vortex matter phase diagram. However, detailed calculations and models

with the aim to explain experimentally observed vortex matter phase diagrams of all super-

conductors with a common set of parameters, were made only recently [189,382].

G. P. Mikitik and E. H. Brandt [189] extended earlier theoretical work on the phase dia-

gram of HTcSC [293,298,334,339], by taking into account the influence of thermal fluctuations

even when the transition is mainly disorder driven, and performed analytical and numerical

calculations of the order-disorder and thermal melting transitions. They propose a universal

phase diagram determined by only two parameters, the Ginzburg number (see Sec. 4.3), and

the ratio of the zero-temperature zero-field critical current density to the so-called “depairing

current density” j◦ = cHc/(3
√

6πλ) [257]. Our experimental phase diagram for MgB2 [Fig.

42a)] agrees with the results of the calculation in Ref. [189] assuming relatively weak disorder

and the approximation Gi = 0. According to Ref. [189], the influence of the thermal fluctua-

tions becomes, for a Ginzburg number of the order of 10−5 becomes noticeable only at about

0.8 Tc, therefore a more detailed comparison is not possible with the data obtained so far. The

comparison of this theory with the order-disorder transition measured on YBa2−xSrxCu4O8

(Sec. 5.4) is much less satisfactory, as the strong low temperature up-turn of HOD observed

cannot be explained within the framework of Ref. [189].

A universal phenomenology of the phase transitions of vortex matter in low and high

Tc superconductors that is more different from the “standard approach” (see Sec. 5.1) was

recently proposed by G. I. Menon [382]. According to Ref. [382], the Bragg glass phase gener-
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ically transforms via two separate phase transitions into a glassy phase that is topologically

disordered. Between the two transitions, the vortex matter is in a “multidomain glass” with

significant short range order. The origin of the model is the study of the peak effect in low

Tc superconductors, and the peak effect anomalies, such as the history dependent current

density, are explained by the properties of the intermediate “multidomain glass”, rather than

metastability effects of a single phase transition. Our MgB2 data could be explained by this

alternative model as well as by the more conventional calculations of Ref. [189]. However, as

in the former case, the phenomenology proposed in Ref. [382] cannot explain the temperature

dependence of the order-disorder transition in Sr substituted Y124. For the disorder depen-

dence of the width of the metastability region of YBa2−xSrxCu4O8 (respectively, the width of

the “multidomain glass” phase), the predictions of Ref. [382] are opposite to the experimental

observations we have made.

In summary, the vortex matter phase diagram of MgB2 for H‖c is very dissimilar to the

phase diagram of YBa2−xSrxCu4O8, but rather similar to phase diagrams observed on NbSe2

with rather moderate disorder. The order-disorder transition in MgB2 could be tracked up to

about 0.7 Tc. At higher reduced temperatures, differences to NbSe2 may be expected, due to

the larger influence of thermal fluctuations in MgB2. The intermediate influence of thermal

fluctuations makes this compound a prime candidate for the observation of thermal melting

on a non high Tc superconductor. The phase diagram of MgB2 up to 0.7 Tc is compatible

with recent theoretical proposals of a unified description of high and low Tc superconductors

− however, these theoretical models cannot account for the temperature dependence of the

order-disorder transition observed on YBa2−xSrxCu4O8.
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• Torque Magnetometry on MgB2 Single Crystals: Basic Anisotropic Properties and Vor-

tex Matter Phase Diagram

M. Angst, R. Puzniak, A. Wisniewski, J. Roos, H. Keller, P. Miranović, J. Jun, S. M.

Kazakov, and J. Karpinski

Physica C 385, 143 (2003). (special issue on MgB2 invited paper)
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6 Conclusions and outlook

In this thesis, I have presented various magnetic properties of two superconductors, the

cuprate high Tc superconductor YBa2−xSrxCu4O8 and the recently discovered superconductor

MgB2. Standard SQUID magnetometry and highly sensitive torque magnetometry was ap-

plied to investigate basic anisotropic superconducting properties and “vortex matter” phase

diagrams. All investigations described in this thesis were carried out on high quality single

crystals. I wish to emphasize that none of the conclusions described below could have been

obtained on polycrystalline material, attesting to the importance of single crystals in basic

research. A major part of the investigation concentrated on different aspects of supercon-

ductivity in magnesium diboride MgB2, a compound known for long, but only very recently

discovered to be a superconductor, with the remarkably high transition temperature of 39 K.

Torque measurements of the anisotropic properties of MgB2 were presented and discussed

(Sec. 4). The study of the angular and temperature dependence of the upper critical field

Hc2, determined with a scaling model of fluctuations, yielded a surprising result: the Hc2

anisotropy, γH , is strongly temperature dependent, varying by more than a factor of 2 in the

temperature range investigated (From about 6 at 15 K to 2.8 at 35 K). This behaviour is in

pronounced contrast to the standard anisotropic Ginzburg-Landau theory, which assumes a

single universal anisotropy parameter γ. It may be explained with the peculiar two-band na-

ture of superconductivity in MgB2 and extensions of standard theory, which take into account

non-locality and the variation of the effective mass tensor as well as the superconducting gap

with the position on the Fermi-surface. The conclusion that the γH(T ) dependence, as de-

termined from torque data, is an expression of the two-band superconductivity in MgB2 is

supported by the good agreement with a subsequent theoretical calculation of Hc2, based on

the two-band model [110].

Interestingly, an alternative method to determine the basic superconducting state aniso-

tropy, which was widely and successfully used in cuprate superconductors, resulted in anisotro-

pies, γeff, different from the directly determined upper critical field anisotropy, γH . This latter

method, an analysis of reversible torque data within the anisotropic London model, indicates

an anisotropy parameter γeff, rising with increasing field (from about 2 in zero field to 3.7

in 10 kOe), but not depending significantly on temperature. A difference in the anisotropies

of the London penetration depth, γλ, and the upper critical field anisotropy, γH , is proposed

to account, at least partially, for the difference in the anisotropies resulting from the two

different methods applied. Different anisotropies γλ and γH would, if confirmed, perhaps be

even more unusual than the T dependence of γH . An additional direct contribution of the

different rates of suppression by a magnetic field of superconductivity on different parts of

the Fermi surface, to the behaviour of the reversible torque is also probable. These aspects

of superconductivity in MgB2 clearly deserve additional attention. A peak in the irreversible
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torque for H‖ab, that was observed in some measurements, was concluded to be an extrinsic

feature.

I like to conclude the discussion of the basic anisotropic properties of the two-band su-

perconductor MgB2 by pointing out possible similarities with the cuprate high Tc super-

conductors. Cuprates have a much more complicated structure than MgB2, but two- or

multi-band scenarios may very well be relevant for them. In MgB2, the anisotropic nature of

superconducting pairing was proposed to be responsible for the remarkably high transition

temperature. There is still no consensus concerning the basic mechanism of pairing and the

explanation of the high Tc of the cuprate superconductors. Anisotropy of the pairing may con-

tribute to a large part of the very high Tc of the cuprates. Such an anisotropy should manifest

itself in a temperature dependence of the Hc2 anisotropy, similar to the case of MgB2.

The remainder of this thesis concentrated on vortex physics in YBa2−xSrxCu4O8 and

MgB2. The interplay of vortex interaction, thermal fluctuations, and disorder, leads to a

complex behaviour of vortices. The detection of phase transitions attracted much attention

to this “vortex matter”. Especially interesting is a phase transition between a “quasi-ordered”

lattice and a disordered phase, which is driven predominantly by quenched disorder. This

“order-disorder transition” was the main focus in Sec. 5 of this thesis.

The dependence of the critical current density and the order-disorder transition on the

amount of disorder tuned by partial (Sr for Ba) substitution was studied in the cuprate

superconductor YBa2−xSrxCu4O8, which is attractive due to the fixed amount of oxygen

per unit cell. An increase of the maximum critical current density jc(H2p) due to a partial

substitution of Ba by Sr by more than an order of magnitude was found. The dependence

of jc(H2p) on the substitution level x shows, however, saturation behaviour, indicating that

pinning force density and critical current density can be raised only up to a certain point

by chemically disordering a compound. This may be relevant for possible applications where

high critical current densities are required.

The influence of the order-disorder transition on the disorder induced by partial substi-

tution was studied in Sec. 5.4. The main conclusion is that the introduction of even a small

amount of disorder into very clean systems changes the phase diagram drastically by lowering

the order-disorder transition line HOD(T ) and also changing it’s temperature dependence.

When the disorder reaches a certain threshold, however, introducing additional disorder does

not continue this tendency. With other words, in highly disordered systems (including prob-

ably most systems with partial chemical substitutions), the vortex matter phase diagram is

relatively robust with respect to variations in the exact degree of disorder. This conclusion is

supported by the rather small variation of the measured kink location as an indication of the

order-disorder transition at fixed reduced temperature for any Sr substitution level x ≥ 0.2,

especially as compared to the corresponding transition in a clean, unsubstituted crystal. That

the disorder is still increasing with increasing substitution level for x > 0.2 is indicated both
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by an increasing NQR line width and increasing critical current densities at low fields and

the maximum pinning force density.

In strongly disordered systems, metastability is less important than in very clean systems

and especially the region of supercooling of the glass phase is much smaller. This might be

linked to the observation that the position of the transition line does not depend much on

the exact amount of disorder in strongly disordered systems, since variations of the disorder

density on a mesoscopic scale do not produce large positional differences of the local transition

field in this case. It should be noted that current detailed theories of the order-disorder

transition generally assume the disorder to be very weak. The measurements indicate that

in systems with a high amount of disorder, the phase diagram and in particular the order-

disorder transition differ qualitatively from the weak disorder case. Theoretical investigations

beyond the weak disorder limit would be very helpful.

Both the pinning of unsubstituted Y124 and Sr substituted Y124 is likely to be of δTc,

rather than δ` type, indicated by the temperature dependence of the order-disorder transi-

tion at intermediate temperatures. For the substituted crystals this can be expected, since

there are variations of Tc upon Sr substitution. However, the exponential-like temperature

dependence of the order-disorder transition of substituted crystals at low temperatures is

also emphasized. This dependence cannot be linked to the influence of surface barriers, at

least not in any straightforward way, the same dependence of all significant fields (onsets and

clearly discernible kinks for both field directions) suggests that it is a true bulk property of

the transition. We stress that the observed temperature dependence is at odds with currently

published theoretical formulas.

After the excursion to the cuprate YBa2−xSrxCu4O8, we returned to MgB2, and examined

the order-disorder transition in this compound. Using torque magnetometry, a pronounced,

sharp peak effect was observed in single crystalline MgB2. Onset and maximum of the peak

are located at about 0.8 Hc2 and 0.85 Hc2, with little dependence on the temperature or the

direction of the applied field. The critical current density in the peak effect region was re-

vealed to be history dependent. The history dependences that were observed, as well as the

position of the peak effect in the H-T plane lead to the conclusion that the peak effect in

MgB2 is a signature of the order-disorder transition of vortex matter. In comparison to the

phase diagram of YBa2−xSrxCu4O8, the order-disorder transition in MgB2 is located very

close to the upper critical field. This attributes to a much smaller impact of disorder in the

MgB2 crystal studied. On the other hand, the phase diagram established for MgB2 resembles

phase diagrams published for NbSe2. In contrast to the measurements on YBa2−xSrxCu4O8,

the order-disorder transition could be tracked only up to 0.7 Tc. The disappearance of the

peak effect at elevated temperatures is a signature that thermal fluctuations become of similar

importance as the disorder. Compared to high and low Tc superconductors, the importance

of thermal fluctuations is intermediate in MgB2. So far, thermal melting, i.e., the destruction
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of the quasi-ordered lattice predominantly by thermal fluctuations, has been unambiguously

identified only in the cuprate high Tc superconductors. The results obtained in this investi-

gation indicate that MgB2 is a prime candidate for the observation of thermal melting in a

non high Tc superconductor.

Although a number of problems remains to be solved, such as the unusual low temperature

upturn of the order-disorder transition in Sr substituted YBa2Cu4O8, considerable progress

has been made, particularly in understanding the implications of two band superconductivity

on the magnetic properties of the superconducting state. The unusual superconducting state

properties of MgB2 that were found emphasize the problem of relying too closely on “standard

theories”, such as the anisotropic Ginzburg-Landau theory. Magnesium diboride, which may

very well become the textbook example of a two-band superconductor, was especially fasci-

nating to investigate, not in the least also due to a very active research community and the

fast pace of research on this compound. I hope this thesis was able to carry over some of the

excitement I felt in these investigations. New results, including those presented in this thesis,

posed additional questions, some of which are mentioned above. In conclusion, I think that

there are still many exciting mysteries related to MgB2, waiting to be resolved, and research

on this compound is far from “over”.
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