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Abstract

In high-temperature superconductors a large region of the magnetic phase diagram is 
occupied by a vortex phase. This vortex phase can be divided into two regions. At lower 
temperatures the vortices are in a truly superconducting solid phase. At higher 
temperatures the solid changes to a dissipative vortex liquid. The transition between the 
two phases depends of the disorder in the material. If there is no or low disorder the 
transition is a first order transition but if there are a lot of disorder the vortex solid is 
called a vortex glass and the transition is a second order transition. To describe this 
theoretically there are two kinds of models. First introduced was the so called vortex 
glass model with its characteristics of diverging time and length scales. Later was the 
vortex molasses scenario introduced, where only a diverging time scale can be observed. 
The task of this thesis is to try to distinguish between the two kinds of models. This was 
carried out by sensitive R(T) measurements. The experiment was based on single crystals 
of YBa2Cu3O7-δ (YBCO). An unambiguous result could not be obtained, further 
experiments would have to be conducted to make definite conclusions.

Keywords: High-temperature superconductors, YBa2Cu3O7-δ, YBCO, vortex glass, glass 
transition, vortex molasses.
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Sammanfattning

I högtemperatursupraledare består en stor del av det magnetiska fasdiagrammet av en 
vortexfas. Denna vortexfas kan delas upp i två olika områden. Vid lägre temperaturer 
befinner sig vortexarna i en fast fas och materialet saknar elektriskt motstånd. Vid högre 
temperaturer övergår vortexarna till en vätskefas och i denna fas finns det ett elektriskt 
motstånd i materialet. Övergången mellan de två faserna bestäms av oordningen i 
materialet. Vid ingen eller liten oordning i materialet så är fasövergången en första 
ordningens smältövergång. Är det däremot mycket oordning så kallar man den fasta fasen 
för ett vortexglas och övergången till vätskefasen är en andra ordningens fasövergång. 
För att teoretiskt beskriva denna övergång så finns det två typer av modeller. Först kom 
den så kallad Vortexglasmodellen med divergerande tid- och längdskalor som typiska 
egenskaper. Sedan kom Vortexmelassmodellen, där endast en divergerande tidsskala kan 
observeras. Uppgiften med detta arbete var att försöka särskilja de två modellerna från 
varandra. Detta genomfördes genom noggranna mätningar av resistansen som funktion av 
temperaturen. Experimentet utfördes på kristaller av YBa2Cu3O7-δ (YBCO). Ett entydigt 
resultat kunde dock inte erhållas, utan ytterligare experiment måste utföras för att kunna 
dra avgörande slutsatser.

Nyckelord: Högtemperatursupraledare, YBa2Cu3O7-δ, YBCO, vortexglas, glasövergång, 
vortexmelass.
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1 Introduction

In the beginning of the 20th century Heike Kamerlingh Onnes and his group conducted 
experiments to measure the resistivity of metals at the temperature of liquid helium (4.2 
K). They observed that the resistance of a thin Hg capillary disappeared at 4.2 K, the 
phenomenon was given the name superconductivity [1 – 3]. The temperature at which the 
resistance disappears is known as the critical temperature Tc. Kamerlingh also discovered 
that the superconducting state is not only limited by a critical temperature, but also by a 
critical magnetic field Hc and a critical current density jc. The discovery made by 
Kamerlingh and his group established a new field in physics, superconductivity.

All since Kamerlingh’s discovery there have been almost 100 years of research 
and experimenting. Some highlights in the research is the publication of the BCS-theory 
(named after the discoverers Bardeen, Cooper and Schrieffer), the discovery of the 
ceramic, CuO-based YBa2Cu3O7 (YBCO) material which has a Tc of 92 K [4]. The 
highest achieved Tc today is an Hg based superconductor, having a Tc of 138 K at NTP 
(normal temperature and pressure) and 164 K under high pressure [5].

The outline of this thesis is as follows. It starts with an introduction of the fundamental 
properties of superconductors and some basic theories including different aspects of 
physics. The following part deal mainly with vortices and the final theoretical part 
considers the overview of two different theories explaining the transition between vortex 
solid and vortex liquid. This will give the necessary theoretical background to understand 
the physical principles induced in the experiment. A more extensive introduction to 
superconductivity can be found in the book by Orlando and Delin [6].
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2 Basic superconductivity

2.1 Zero resistivity

The most renowned property of superconductors is the absence of electrical resistance 
below the critical temperature Tc, see Fig. 2.1. Zero resistance implies that a small current 
sent through the material will not be affected by any power losses at all. This 
phenomenon cannot be described by the ordinary Maxwell’s equations for 
electromagnetism, they must instead be modified to include superconductivity.

Figure 2.1. The phase transition between the superconductor phase and the normal conductor phase.

2.2 The Meissner effect

The property of zero resistivity alone is not sufficient to describe the electromagnetic 
behavior of a superconductor. In 1933 W. Meissner and R. Ochsenfeld observed that at 
temperatures below Tc, the magnetic field inside a superconductor was equal to zero, 
even when the superconductor is first immersed in a magnetic field (above Tc the field is 
not zero inside the superconductor) and then cooled below Tc [7]. This property, the 
expulsion of the magnetic flux in a superconductor, is known as the Meissner effect. See 
Fig. 2.2.
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Figure 2.2. In the presence of an external field H < Hc, a superconductor expels the magnetic flux when 
cooled below Tc, while in a perfect conductor the flux would remain the same.

Figure from Espinosa-Arronte [8].

A popular experiment showing the Meissner effect is to put an ordinary magnet on a 
superconductor at room temperature and then cool it below the critical temperature. 
Above Tc the magnetic flux from the magnet penetrates the superconductor but when Tc 

is reached all the magnetic flux is forced out of the superconductor, which then lifts the 
magnet from the superconductor, making it float above it.

2.3 Applications

Despite the fact that superconductors need to be cooled down to cryogenic temperatures 
to work, they have found their way into the commercial market in different applications. 
The largest part of the applications consists of superconducting magnets. The reason for 
this is when comparing a conventional magnet made of cupper wire with a 
superconducting magnet producing the same magnetic field, it would be between 100 – 
200 times less heavy than the conventional magnet. Also the superconducting magnet can 
be put in a so called persistent mode. Persistent mode is the possibility to charge a 
magnet to the desired field strength, and to keep that field only cooling of the magnet is 
necessary, i.e. the current source producing the field can be shut down. Applications of 
superconducting magnets can be found in nuclear magnetic resonance (NMR) magnets, 
they are used in a powerful method in chemistry and biology to identify and study the 
structure of complex molecules. Another application is the magnets for particle 
accelerators. In high energy physics, the superconducting magnets are used to bend the 
tracks of the particles in circular accelerators. Superconducting magnets are also used as 
magnetic resonance imaging (MRI) magnets in hospitals where inner parts of the body 
are imaged, without any surgery. This is by far the largest commercial area of 
superconducting technology today.

Another large application with superconductors is the Josephson effect, which is 
the phenomenon where a current floats between two superconductors separated by a thin 
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insulator [9]. The arrangement is known as a Josephson junction, and the current floating 
between is called Josephson current. A major application of the Josephson effect is the 
SQUID (Superconducting Quantum Interference Device), which is an extremely sensitive 
magnetometer.

Promising future applications include high-performance electric power 
transmission, transformers, power storage devices, magnetic levitation devices and many 
more. However, superconductivity is sensitive to moving magnetic fields so applications 
that use alternating current (e.g. transformers) will be more difficult to develop than those 
that rely upon direct current.

2.4 Type I and type II superconductors

Superconductors can be divided into two types. If the superconductor completely expels 
the magnetic field it is called a type I superconductor. This type can expel a magnetic 
field up to a critical level called the critical field Hc(T), above this level the 
superconducting state is destroyed and the superconductor becomes resistive again. The 
Hc(T) is rather low for a type I and the area below it in a H-T diagram is called the 
Meissner state, see Fig. 2.3. In a type II superconductor there are two areas, one is the 
Meissner state, which has a higher limit called the lower critical field Hc1(T). In this state 
it behaves like a type I superconductor. At stronger fields above Hc1(T) there is the vortex 
state, limited above by the upper critical field Hc2(T). In the vortex state some of the 
magnetic field penetrates into the superconductor in cylindrical tubes known as vortices. 
A vortex consists of a normal conducting core with the radius ξ surrounded by a 
circulating current. Even though small parts of the superconductor becomes normal 
conducting the major part of the superconductor stays in the superconducting state. In 
almost all of the applications type II superconductors are used, because they can remain 
superconducting in very high magnetic fields.

Figure 2.3. Left: Schematic H - T phase diagram for a type I superconductor. Right: Schematic H - T 
phase diagram for a type II superconductor.
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3 Standard theories
The physics of superconductors includes many different aspects of physics. Zero 
resistance and the Meissner effect belongs to electromagnetism. Since many of the 
parameters depend on temperature superconductors also include thermodynamic aspects. 
The quantification of magnetic flux requires theories from quantum mechanic. Because 
of this, there are different theories of superconductivity applied on different areas. 

3.1 The London equations

In 1935 the brothers Fritz and Heinz London proposed a phenomenological theory which 
was able to describe some of the properties of superconductors [10]. The London theory 
incorporates two equations and has a great advantage of being totally compatible with 
electromagnetism and Maxwell’s equations. Because of this the London theory is great to 
use when mixing superconducting components with regular ones. The lack of the theory 
is the absence to explain quantum and thermodynamic effects.

The idea behind the first London equation is that the resistivity in a material is 
created from electron shattering when the electrons move through a material. They are 
scattered by phonons, impurities and other electrons. Instead of assuming that the 
conductivity is infinite they assumed that the time between two collisions diverges. Based 
on this idea the first London equation was created

Where Lλ  is the London penetration deep, describing how far into the superconductor the 
magnetic field penetrates. The first London equation describes a perfect conductor 
without any losses, for all frequencies except

To include the case when 0ω =  the London brothers studied the total free energy for the 
charged carriers in a superconductor, this is minimized to find the equilibrium magnetic 
field. The total free energy consists of three parts

Where 0F  is the free background energy related to the movement of charge carriers 

without any supercurrents or magnetic fields. kinF  is the kinetic energy related to the 

supercurrent and magF  is the free energy belonging to the magnetic field. By minimizing 
the total free energy they ended up in the second London equation
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This is the starting point for describing a superconductor.

3.2 The macroscopic quantum model

In the previous part we discussed the London equations, which are able to give a 
phenomenological explanation of the electromagnetism in a homogeneous 
superconductor, far below Tc, i.e. the London theory can explain zero resistance and the 
Meissner effect. But other physical phenomena can not be explained, for example the 
quantification of the magnetic flux. To describe this, a model called the macroscopic 
quantum model (MQM) was introduced [4]. This model includes the London theory but 
also explains basic quantum mechanic phenomenas. Although it should be noted that the 
MQM does not explain the phase transition that happens around Tc, but it is a good 
enough model because most of the applications have a working temperature far below Tc, 
usually around 50 % of Tc.

The idea behind the MQM is a macroscopic wave function, coupling the complete 
electron gas of superconducting electrons. In other words, the conceptual idea behind the 
description is that superconductivity is inherently a quantum mechanical phenomenon 
that manifests itself on macroscopic length scales. Based on the Schrödinger equation for 
a particle in a magnetic field

The probability current density equation can be derived

Proportional to the probability current density is the supercurrent density

Based on the equation on the supercurrent density it is possible to derive a general 
requirement for flux quantization.
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This equation can not be deduced from the London theory and describes true quantum 
mechanical effects in superconductors. For example it is possible to show that the 
magnetic flux through a superconducting ring is quantified in flux quantas. One flux 
quanta is a very small unit.

3.3 The Ginzburg – Landau equations

Vitaly Lazarevich Ginzburg and Lev Landau 1950 proposed a new phenomenological 
theory for superconductors based on thermodynamic arguments [11]. Relying on Landaus 
earlier established theories about second order phase transitions, they proposed that Gibbs 
free energy for a superconductor close to the transition temperature Tc, can be expressed 
as a complex order parameter ψ , which describes how far into the superconducting state 
the system is. Gibbs free energy in a magnetic field can be written.

By minimizing Gibbs free energy with respect to the order parameter ψ  and the vector 
potential A one will attain the Ginzburg-Landau equations.

3.4 BCS-theory

In 1957 Bardeen, Cooper and Schrieffer proposed a microscopic theory, the BCS-theory, 
explaining superconductors [12, 13]. It has been shown to be very exact, but 
unfortunately it can only explain the behavior of metallic and alloy superconductors.

The idea behind the BCS-theory are so called Cooper pairs which are created 
below Tc, and the density of Cooper pairs increases when the temperature decreases. A 
simplistic way to describe how they are formed can be visualized with an electron 
moving through a conductor which then attracts positive charges in the lattice. This 
deformation of the lattice then attracts an electron with the opposite spin to the area with 
higher positive charge density. The two electrons become correlated and create a Cooper 
pair, see Fig. 3.1. There are an enormous amount of these pairs in a superconductor so 
they easily overlap and create a condensate.

7



Figure 3.1. Schematic picture of the electron-phonon interaction. Electron 1 and 2 form a Cooper pair. 
Figure from Espinosa-Arronte [8].

In 1959 L. P. Gor’kov showed that the Ginzburg-Landaus equations can be derived from 
the BCS-theory at temperatures close to Tc [14]. This gave increased credibility for the 
Ginzburg-Landau model. 

In Table 3.1 all the discussed theories are summarized. 

Table 3.1. Summary of the theories and their limitations.
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4 Vortex theory

4.1 Introduction

When Gibbs free energy for a system without vortices, i.e. it is in the Meissner state, 
becomes larger than the Gibbs free energy for a system with one vortex, the magnetic 
flux will penetrate into the superconductor in the form of vortices. This happens just 
above the critical field Hc1.

From the equation above it is noted that a large λ give a small Hc1 i.e. the Meissner state 
for a high-temperature superconductor (HTSC) only exist for small fields. For example 
the HTSC YBa2Cu3O7 has a coherence length, ξ = 2nm, in the ab-plane and a penetration 
depth, λ = 120nm, resulting in a magnetic flux of 47mT. At the top limit Hc2 the density 
of vortices is so high that the cores start to overlap, and the superconducting state is 
destroyed. Hc2 can be defined as

Which implies that a small ξ give a high Hc2 i.e. a HTSC is almost always in the vortex 
state.

4.2 Vortex dynamics

In a clean sample the vortices are not randomly spaced. The supercurrent circulating 
every vortex creates a repulsive force keeping them as far as possible from each other, 
even pushing them out of the superconductor. But above Hc1 the lowest energy is with 
vortices, so there is a force trying to maintain a constant flux density in the 
superconductor and prevent vortices from leaving the sample. The balance between these 
two forces creates equilibrium where the vortices are held in a triangular lattice.

When a current is applied along the superconductor a Lorenz like force is created 
making the vortices start to move according to.
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Where 0φ=0Φ z$ , assumed that the vortices are parallel with the z-axis. There is also a 

phenomenological viscous force, directly proportional to the velocity v of the vortices, 
which counteracts the vortex movement.

The movement of vortices creates an electric field parallel to the current j, this electric 
field causes the superconductor to be resistive. 

From this it can be concluded that there must exist a force, preventing the vortices 
from moving around otherwise type II superconductors would not exist. This force comes 
from the defects in the material and the phenomenon is known as vortex pinning. These 
defects are normally conducting parts and the vortices are energetically favored to be in 
one of those, since it does not have to create a normal conducting core. But if the current 
through the superconductor exceeds a certain value jc the Lorentz force will overcome the 
pinning force, and the vortices will start to move and the sample will be resistive again. 
Pinning is most effective at low temperatures, when the thermal fluctuations are low, 
because at higher temperatures the flux lines can move, even though the current density is 
less than jc. When the current density is larger than jc the viscous force is the only force 
counteracting vortex movement. A measure of this is called the flux flow resistivity and 
is defined as

The critical current density can be expressed as a function of λ and ξ

From this equation it is possible to estimate the magnitude of the critical current density 
in a superconductor. The most common material in superconducting cable is NbTi, with
λ = 300 nm and ξ = 4 nm. Substitute these values into the above equation, the result will 
be Jc = 4.4 × 1010 A/m2. Comparing this with an ordinary Cu-cable capable of 
transporting 16 A and have an effective area of 1.5 mm2 you get a current density J = 107 

A/m2, i.e. the superconductor can deliver more than 1000 times the current, see Fig. 4.1.
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Figure 4.1. Comparison between normal conducting cables and a superconducting cable. All the black Cu-
cables together transport the same amount of current as the much smaller superconducting cable. Figure 

from Wikipedia [15].

At high enough temperatures the thermal energy can be high enough to make flux lines 
jump from one pinning centre to another, even though the current density is below jc. 
This phenomenon is called flux creep [16 – 18], and the jump rate is given by

Where U0 is the energy of the pinning barrier. The probability of a jump in one direction 
is the same as in all directions if there is no current applied. But when a current is applied 
a flux density gradient is introduced, which favors jumps in the direction given by the 
Lorentz like force on the vortices. The electric field created is [19]

4.3 Thermally assisted flux motion

Even when the applied current is small some type II superconductors in magnetic field 
show ohmic behavior at low temperatures. In this case the pinning barriers are large 
compared to the thermally energy, but still finite, and the system acts like a viscous 
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liquid. Kes et al. [20] proposed the thermally assisted flux flow (TAFF) model to describe 
the physics in this state. This model was introduced in 1989, three years after the 
discovery of HTSCs in 1986. It is possible to express the resistivity as.

Where ρ0 and U0 are flux and temperature dependent. Taking the logarithm of the 
equation above, it is seen that the logarithm of the resistivity is roughly proportional to 
the inverse of the temperature. The plot of ln ρ as a function of 1/T is known as an 
Arrhenius plot, and the linear low resistance part is the TAFF region. At higher 
temperature and resistances one enter the flux flow region, see Fig. 4.2.

Figure 4.2. Arrhenius plot obtained by Espinosa-Arronte [8] of normalized resistivity for an YBCO single 
crystal. The dashed line marks the crossover from flux flow at high temperatures to TAFF at low 

resistivites. Figure taken from Espinosa-Arronte. [8]

4.4 The phase diagram

There have been shown that the vortex dynamics depends on several different forces. One 
is the Lorentz force, which tries to move the vortices, a second is the pinning force which 
mission is to lock the vortices in normal conducting defects in the superconductor, and a 
third is the elastic energy of the vortex lattice due to vortex-vortex interactions. There are 
also thermal energies, and at high enough temperatures (high thermal energies) the 
pinning barriers become very small compared to the thermal energies and that region is 
called the flux flow region. All these energies together form the phase diagram for high 
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temperature superconductors, see Fig. 4.3. At a certain temperature the vortex lattice 
melts into a so called vortex liquid, below this temperature there is a so called vortex 
solid.

Figure 4.3. Schematic phase diagram of a type II superconductor. The vortex state is divided into a solid 
phase at low temperatures and a liquid phase at higher temperatures.

In the liquid phase the correlation between different vortices has disappeared and they 
move due to the Lorentz force and thermal forces. This causes losses in the material and 
the resistivity is greater than zero, even for small currents. At temperatures just under the 
melting point there is a peak in the critical current density. This is because the soft vortex 
matter can more easily adapt to the pinning landscape.

The properties of the vortex solid are determined by the pinning energy, the 
elastic energy of the lattice, and the thermal energy. In an ideal material without any 
defects (pinning centers) the vortex lattice is a perfect triangular lattice, also called 
Abrikosov lattice. If there are few defects it is called a quasi lattice or Bragg glass [21, 
22]. In these two states there are long distance translation orders and when the 
temperature is increased the vortex lattice vibrates more and more. And at a certain point, 
defined by the Lindemann criterion, the magnitude of the vibrations are so large that 
lattice melts [23]. This temperature is called the melting temperature Tm, and at this 
temperature there will be a first order phase transition into the liquid phase. A first order 
phase transition can be observed in an Arrhenius plot as very abrupt in the low resistivity 
region. If there instead are a lot of pinning centers or if they are strong, the pinning 
energy will win over the elastic energy and you can no longer observe a perfect triangular 
lattice. You call the model for this solid phase the vortex glass model (VG) [24]. It is 
truly superconducting and the transition between glass and liquid is a second order phase 
transition, instead of a first order transition as in clean samples. In an Arrhenius plot a 
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second order phase transition is a more smooth transition, and a broadening of the 
transition at higher fields is observed, see Fig. 4.2 for a second order phase transition. A 
characteristic of the vortex glass model is that the time and length scales are diverging. A 
diverging time scale means that the time between events takes more and more time, the 
vortex liquid is getting more and more viscous. The divergence of the length scales 
means that the length units get larger and larger until it is solified which happens at the 
glass temperature Tg.

Depending on the type and strength of the disorder, different types of glassy solid 
states can be obtained, like, for example a vortex glass in the presence of point disorder 
[25] or a Bose glass in the presence of correlated disorder [26]. The glass phases will 
have different critical exponents depending on the type of disorder, but in all cases, close 
to Tg the resistivity can be written.

Where s = v(z+2-d), v and z are the static and dynamic critical exponent and d is the 
dimension of the system. The s parameter for a sample is regarded as a constant and 
should not depend on the magnetic field. It is the only factor in the equation that is related 
to the kind of disorder giving the transition. By taking the logarithmic partial derivative 
(with respect to the temperature T) of Eq. 4.10 and rearranging the terms, the following 
expression is reached.

The transition temperature can be extracted by extrapolating (∂ ln ρ / ∂T)-1 to zero 
resistivity. This will be discussed in more detail in chapter 6.5. 

An alternative model to the VG model is the vortex molasses (VM) scenario [27]. 
This is characterized by way the vortices are frozen at the transition between vortex solid 
and vortex liquid, they freeze like a window glass. In this transition the dynamics freezes 
so fast that a divergence in the coherence length is impossible to observe, meaning that in 
this model only a diverging time scale can be observed. The resistivity can be written.

And by taking the logarithmic partial derivative (with respect to the temperature T) of Eq. 
4.12 and rearranging the terms, the following expression is reached.

And in the same way as the VG model the glass transition temperature can be extracted 
by extrapolating (∂ ln ρ / ∂T)-1/2 to zero resistivity. However it is difficult to separate the 
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two models from each other because the exponent s in the VG model is usually rather 
large.

The rest of the thesis report is assigned to the experimental part. In this part the 
resistivity as a function of temperature will be measured with high precision, so hopefully 
the models can be distinguished. This is the main goal of the thesis, to be able to 
determine which of the two models, VG or VM, describing the vortex solid to liquid 
phase transition, to be the most accurate. The measurements will be performed on an 
optimally doped YBCO sample with a high density of defects.

5 Experimental overview

5.1 Sample preparation

To attain good results it is important to have samples of high quality, so this part will 
describe the sample preparation including growth, oxygenation and contact processes. 
However, the growth part was not conducted in the time frame of the thesis and will 
therefore be discussed briefly, but a detailed review of the growth process can be found in 
Lundqvist [28, 29]

5.2 Growth of YBCO single crystals

The growth method used to create the crystals used in this experiment is called the flux 
flow method [30], in which the crystals are grown in a eutectic melt of BaO and CuO 
called flux. High purity powder of Y2O3, BaCO3 and CuO were mixed together in an agar 
mortar. The powders are then placed in an yttria stabilized zirconia crucible and inserted 
into a tube furnace, which is heated to 1000°C. After 10 hours the crucible is displaced in 
the furnace to introduce a temperature gradient across the melt. The temperature is then 
slowly decreased, and at certain point the flux moves to the colder side of the crucible, 
leaving behind the YBa2Cu3O7-δ crystals. The result is crystals with the typical dimension 
0.5 × 0.5 × 0.02mm, with the short distance along the c-axis. To create point disorders in 
the YBCO crystals less pure BaCO3 and small amounts of Fe2O3 can be introduced.

5.3 Sample selection

After the growth is completed most of the samples are heavily twinned (around 95%), 
that is, the a and b axes are alternated. The density of these twin boundaries can be 
observed in a microscope as dark lines under the illumination of polarized light, see Fig. 
5.1.
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Figure 5.1. Typical twinned YBCO single crystal observed in polarized light. Black lines are twin 
boundaries, which appear due to alternation of a and b axes. Photo courtesy of Lundqvist [29].

The twin boundaries can act as pinning centers and therefore in this thesis, samples with a 
high density of twin boundaries were selected.

5.4 Oxygenation

Some of superconducting properties in YBa2Cu3O7-δ are coupled to the oxygen deficiency 
δ. In this thesis the most important one is the connection to the critical temperature Tc. As 
shown in Fig. 5.2 the Tc is maximized for 0 < δ < 0.15, resulting in a Tc around 92 K. A 
detailed study about the connection between δ and Tc has been made by Jorgensen et al 
[31]. 

Figure 5.2. Critical temperature Tc as a function of oxygen deficiency δ for YBa2Cu3O7-δ, figure from 
Jorgensen et al. [31].
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When the growth is completed the crystals have an inhomogeneous oxygen distribution 
and are oxygen deficient. To improve these conditions the crystals have to be annealed in 
an oxygen atmosphere at temperatures around 400°C for 5 – 10 days.

5.5 Contact preparation

After the annealing is completed the crystals are cut into suitable shapes for making 
contacts. The crystal is then attached on a sapphire plate with the help of a small amount 
of paraffin. Silver contacts are then painted on the crystal with a silver paste (DuPont 
5504). The contact configuration used in this experiment is shown in Fig. 5.3 and is used 
for in-plane measurements.

Figure 5.3. Sketch of the in-plane contact configuration used for the measurements.

Current contacts are made by covering the short edges of the sample with paint and two 
potential contacts are made by painting up onto the surface of the sample. When the 
painting is finished the sample is heat treated a few minutes on a heat plate at 150°C to 
assure that all the solvents are removed. To reduce contact resistances the sample is 
further heated in a furnace for about an hour at 400°C. It is important to use the same 
atmosphere as in the annealing process, to prevent changes in the oxygen content of the 
crystal. Finally the crystal is covered with a protective paraffin layer. To be able to 
connect the sample to the sample holder thin copper wires are attached to each contact by 
the use of an air dried silver paint (Degusa D200).

The dimensions of the sample used in the measurement are 130 × 490 × 40 μm 
(130 μm between the voltage contacts).

17



6 Measurements

6.1 The cryostat

All measurements were performed in a cryostat from Oxford Instruments equipped with 
an NbTi/Nb3Sn 12T superconducting magnet. See the principal sketch in Fig. 6.1.

Figure 6.1. Schematic illustration of the flowing gas cryostat used in the measurements. Figure courtesy of 
Lundqvist [29].

Under operation the superconducting magnet is in a 4.2 K He bath. The sample is 
attached to a sample holder, which is equipped with a heater, making it possible to 
perform measurements between 4.2 K and 300 K. For measurements above 4.2 K helium 
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gas is pumped from the He bath through the sample cell. To monitor the temperature a 
resistive thermal device (RTD) of platinum is attached to the sample holder, see Fig. 6.4. 
Before cooling down the cryostat, it has to be prepared for measurements. First the inner 
and outer vacuum chambers have to be vacuum pumped, for a total of 5 hours. Then it is 
pre-cooled with liquid nitrogen for 24 hours and finally before measurements the 
superconducting magnet is cooled down to liquid helium temperature. At all 
measurements the magnetic field was applied parallel to the c-axis of the sample.

6.2 Instrumentation

All measurements were performed with a standard Kelvin (4-wire) resistance 
measurement to prevent cable resistances from affecting the data. The DC current 
through the sample was provided by a Keithley 220 current source, the current used in the 
experiment was 1mA. To compensate for thermocouple voltages the direction of the 
current was alternated. Voltage measurements were made with a high precision 
Schlumberger 7081 multimeter. All the instruments were controlled with a program 
written in the graphical programming language, LabView™, a sketch of the experimental 
setup is shown in Fig. 6.4.

6.3 Temperature controller: Attempt I

A great part of the thesis project was to develop and test a new way of controlling the 
temperature of the sample. The idea was to use a Wheatstone bridge with four computer 
controlled precision resistors, a platinum RTD, and pico voltmeter from EM Electronics, 
see Fig. 6.2.

Figure 6.2. Schematic of the Wheatstone bridge. R1 – R4 are computer controlled precision resistors. pV is 
a pico voltmeter and RTD a platinum thermometer.
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The circuit was going to be used to measure the temperature of the sample and let the 
pico voltmeter act as an error signal connected to a PID controller, which in turn 
regulates a heater. This setup would increase the temperature control and allow the 
measurements to be performed faster. 

A key property of the configuration is to have resistors that are both stable under a 
long time and have low noise level, see figure 6.3 for a plot of the voltage drop during a 
30 minutes measurement, the current used was 0.5mA.

Figure 6.3. Main: Voltage drop over a resistor as a function of time. Inset:  The typical noise of the 
resistor.

As can be observed from the plot the noise level is rather large and to understand how 
this propagates in the circuit, see the example below.

Example:
If we in Fig. 6.2 set R1 = R2 = 20 Ω, R3 = RTD = 10 Ω and assume that these resistors 
are stable and noise free. The last R4 resistor we set to 10 Ω and add the typical noise 
from Fig. 6.3, which is around 0.3 mΩ. Set the current through the Wheatstone bridge to 
1mA. This results in the pico voltmeter changing randomly in a 75nV interval. The aim 
was to have it stable in an interval below 5nV.

After many trials it was concluded that this noise was too difficult to suppress, which 
implies that the signal from the pico voltmeter was not stable enough, resulting in data 
which would be very hard to analyze. 
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6.4 Temperature controller: Attempt II

Because of to much noise in the first attempt, an alternative method was used to control 
the temperature. This method was based on increasing the temperature very slowly with 
as low heat transfer between the sample and the heater. The temperature was controlled 
via a LabView programmed Lakeshore 340 Temperature Controller. A sketch of the used 
method is in Fig. 6.4. 

Figure 6.4. Sketch of the setup used in the measurements. Left: The Sample holder and the shield. Right: 
The instruments controlled via LabView.

Outside the shield helium gas is flowing. A heater is attached on the shield, which is 
controlled by the Lakeshore 340 Temperature Controller. Inside the shield there is also 
helium gas, but it is not flowing. The sample holder itself is wrapped in plastic to further 
reduce the heat transfer and make the system more slow. The typical time for each 
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measurement, including preparation (setting the specific magnetic field, and stabilizing 
the temperature) was around 4 – 5 hours.

6.5 Data analysis

The data were analyzed within both the vortex glass model and the vortex molasses 
scenario. A summary of the data are shown in an Arrhenius plot in Fig. 6.5.

Figure 6.5. Arrhenius plot of the experimental data

Some data in the upper part (high resistivity) are missing. However this is not a problem 
since only data below 5 % of ρn will be analyzed. Also it is possible to note the amount of 
noise in the measurement, all data below approximately 0.05 % of ρn are not analyzed 
because of this. The Arrhenius plot is normalized with the normal state resistivity, ρn, this 
is defined by extrapolating the resistivity data in the normal state, see Fig. 6.6. When 
calculating the Arrhenius plot ρn is estimated via the interpolated line at all temperatures. 
But when deciding what data that will be analyzed a static ρn, calculated at the transition 
temperature, is used.
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Figure 6.6. In-plane resistivity of an optimally doped YBCO single crystal. The dashed line is the normal 
state resistivity.

From the vortex glass model in chapter 4.4 and Eq. 4.11

The glass transition temperature can now be extracted by extrapolating the data to zero 
resistivity, as shown in Fig. 6.7 for 1 Tesla. Also the combined exponent s can be 
obtained as the inverse of the slope of the interpolated line.

Figure 6.7. The glass temperature Tg can be obtained by extrapolating (∂ ln ρ / ∂T)-1 to zero resistivity 
(dashed line). The combined exponent s can be obtained as the inverse of the slope. The interpolation 

interval is marked with a double arrow.
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A difficulty when analyzing discrete data is the process of differentiation, since the data 
are discrete instead of continuous. This can cause a lot of unwanted noise and in this 
thesis a method called a Smooth Noise-Robust Differentiator (SNRD) is used and 
includes N data points to approximate the derivate in x [32]. In this experiment N = 9 has 
been used, see the equations below.

In figure 6.8 the difference between the SNRD method and the ordinary 2-points 
differentiation in Eq. 6.3, can be seen. The more points included in the derivative the 
smoother the curve.

Figure 6.8. Comparison between different numbers of points in the derivative.

24



From the vortex molasses scenario in chapter 4.4 and Eq. 4.13

The glass transition temperature Tg can be extracted by extrapolating the linear part, as 
shown in the figure 6.9.

Figure 6.9. The glass temperature Tg can be obtained by extrapolating (∂ ln ρ / ∂T)-1/2 to zero resistivity 
(dashed line). The interpolation interval is marked with a double arrow.

A problem with all the analysis is the choice of interpolation interval, as a different 
choice can cause a large change in the extracted parameter. Instead of choosing the 
interval as a constant value of ρn, giving different number of data points for each 
measurement. It is possible to decide a constant number of data points to use, and having 
ρn changing in an interval (0.01 % - 0.1 % of ρn). However the method used in this thesis 
(with constant ρn) is thought to be more objective.

To get a number of how well data fit to one of the models the root mean squares (RMS) 
are calculated, see Eq. 6.4, where vi is the difference between the interpolated line and 
data, n is the number of data points. The lower the value the more close data are to the 
line.
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7 Results, discussion and future work

7.1 The data

In the analysis only data below 5 % of the normal state resistivity ρn down to the noise 
level, was used, see Fig. 7.1. Data from the experiment will be compared to data from a 
previous experiment performed by B. Lundqvist et al (referred to as old data) [33]. This 
is also data below 5 % of ρn. 

Figure 7.1. Resistivity as a function of temperature. Showing different intervals for data analysis. In this 
thesis 0.05×ρn has been used.

The difference between the two sets of data is the much higher precision in the new data. 
To measure the gain in precision the average temperature step is calculated, also the 
average noise in the temperature step is calculated. The calculations where based on the 1 
Tesla data. Table 7.1 summarizes the results. The ± value is the standard deviation.

Table 7.1. Comparison of the temperature precision of new and old data.

From the table it can be concluded that the new data have approximately six more data 
points per Kelvin than the old data.
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The method used for differentiation uses the eight closest data points (see Eq. 6.1), four 
from the lower temperature part and four from the higher temperature part. And when 
trying to differentiate the lowest temperature data point, just above the noise level, four 
noisy points will be included in, and affect the derivative. To avoid this problem, four 
artificial data points has replaced the four noisy points. The artificial points are created by 
defining the maximum and minimum noise levels and in this band, take four equally 
space data points, see Fig 7.2.

Figure 7.2. How the four artificial points are defined.

7.2 The sample

As sample, we used optimally doped single crystals of YBCO with the intensions of 
having a large amount of disorder, mostly cause by twin boundaries.

If the sample is optimally doped the zero field Tc should be just above 92 K, see 
chapter 5.4 for more information. In the sample used in the experiment Tc was around 
92.2 K and ΔTc was approximate 130mK (ΔTc is the temperature difference of 90 % of 
the transition to 10 % of the transition). This confirms that the sample is optimally doped. 

The large amount of disorder will cause the phase transition to be of second order, 
as described in chapter 4.4. This can for example be analyzed in an Arrhenius plot, see 
Fig. 7.3 and 7.4 for new and old data. Comparing figure 7.3 with figure 7.4 it is observed 
that the new data got much steeper curves than the old data. The steep curves are an 
indication that there are not enough defects in the sample to cause the phase transition to 
be of second order, instead it is probably a mix of both first and second order.

During the measurement without any applied magnetic field, a dip in the resistance 
occurred just before the transition, see Fig. 7.5. This was only observed in the zero field 
measurement, and most likely caused by the Hall effect, which is reduced beyond 
observable as the measured magnetic field is applied. A new and better sample would not 
have this Hall effect, but because of limited time, making a new sample was not an 
alternative.
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Figure 7.3. Arrhenius plot of the new data.

Figure 7.4. Arrhenius plot of the old data.
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Figure 7.5. The dip in the resistance just before the phase transition, most likely caused by the Hall effect. 
The data are from the zero magnetic field measurement.

7.3 The vortex glass model

To investigate how well data fit to the theoretical model, the data (from just above the 
noise level up to 5 % of ρn) is interpolated to a straight line. From this line the RMS is 
calculated, giving a number of how well data fit. A plot of all six fields is shown in Fig. 
7.6. In the figures the interpolation interval is indicated by a vertical dashed line and a 
double arrow.

The result of the data analysis is summarized in table 7.2. It is noted that all RMS 
values are rather low implying a good fit of the data to the model. But another thing to 
observe is the wide range of values in the s parameter. According to chapter 4.4 the s 
parameter should be constant, and comparing with previously observed data it should be 
in the range 2.5 – 7 [34]. However this is not always observed in our experiment. The 
reason for this is most likely to come from the lack of disorder in the sample, which 
causes the transition to be a mix of a first and second order phase transition, especially at 
higher magnetic fields. These results can be compared with the old data analyzed in this 
thesis, see Fig. 7.7, and the results are summarized in table 7.3. In the new data the 6 and 
8 Tesla plots show some strange behavior. The reason for this is probably because of a 
mix of the two different phase transitions. The old data however, fits very well to the 
interpolation. In table 7.2, only the magnetic fields of 1, 2 and 4 Tesla are included in the 
mean value. This is because they are the ones to show a vortex glass transition and be 
approximately linear in the interval. In table 7.3, all magnetic fields except the zero field 
are included. Because in the zero field their should not be a vortex glass transition 
because there are not vortices.
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Figure 7.6. New data analyzed within the vortex glass model, the dashed line is an interpolation of the 
data. The interpolation interval is indicated by a vertical dashed line and a double arrow.
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Figure 7.7. Old data analyzed within the vortex glass model, the dashed line is an interpolation of the data. 
The interpolation interval is indicated by a vertical dashed line and a double arrow.
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Table 7.2. Summary of analysis within the vortex glass model, new data have been used. Only the bold 
font data have been used to calculate the average of the s and RMS columns.

Table 7.3. Summary of analysis within the vortex glass model, old data has been used. Only the bold font 
data have been used to calculate the average of the s and RMS columns.

From the tables it is observed that s parameter is more stable with the old data, however 
the RMS value indicates that the data fit pretty well in both the new and old data. Another 
thing to notice is the column Tmax – Tmin, which indicates the difference between the upper 
temperature value corresponding to the value at 0.05×ρn and the bottom value, just above 
the noise level. An increase in this column indicates a second order phase transition, 
while a first order phase transition should be almost constant. This once again proves that 
the sample does not have the desired amount of disorder, while the old data have a 
distinct second order phase transition.

7.4 The vortex molasses model

The same approach has been used to analyze the VM model. A plot of all six 
measurements is shown in Fig. 7.8 for new data and Fig. 7.9 for old data. The results are 
summarized in table 7.4 and 7.5.

It is observed in this model too that the 6 and 8 Tesla figures, of the new data, are 
showing different behavior than the rest of the plots. All the old data figures, except the 1 
Tesla case, show a very good fit to the interpolated line.
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Figure 7.8. New data analyzed within the vortex molasses model, the dashed line is an interpolation of the 
data. The interpolation interval is indicated by a vertical dashed line and a double arrow.
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Figure 7.9. Old data analyzed within the vortex molasses model, the dashed line is an interpolation of the 
data. The interpolation interval is indicated by a vertical dashed line and a double arrow.
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Table 7.4. Summary of analysis within the vortex molasses model, new data has been used. Only the bold 
font cells have been used to calculate the RMS average.

Table 7.5. Summary of analysis within the vortex molasses model, old data has been used. Only the bold 
font cells have been used to calculate the RMS average.

The same interpolation intervals as in the VG model have been used. However there is no 
s parameter in the VM model so the conclusion can only be based on the RMS value, this 
indicates that both new and old data fit pretty well to the model.

35



7.5 Conclusions and future work

There were two goals with this thesis, the first was to try to achieve a higher precision in 
the measurement compared to the old measurement. This goal has been reached and in 
the experiment on average it was possible to measure six times more data points per 
Kelvin. The temperature noise was on average approximately 13 times smaller compared 
to the old measurement. An improvement of this in a future work would be to use faster 
multimeters with higher precision. At the time the experiment was performed a faster 
multimeter with higher precision was available. But due to limited time, it was not 
implemented in the system.

The second goal was to try to gain more insight in which model is the most 
accurate for the vortex solid to liquid phase transition in high-temperature 
superconductors, the vortex glass or the vortex molasses model. But because of a too 
clean sample showing tendencies of both first and second order phase transitions it is 
hard to come to a conclusion of which model is the most correct. The results of the RMS 
analysis gave more support for the VG model. However if the old data are used both 
models have almost the same fit. Also the s parameter in the new data differs too much to 
give a clear and final answer. Because of this, an interesting continuation of this work 
would be to do the experiment all over again but with a sample with more defects.

Another interesting experiment regarding vortices is to measure the differences 
when the sample is cooled in field and when the field is applied below Tc. A thought is 
that when the sample is cooled in field the vortices can adapt more easily to the pinning 
landscape but if the field is applied below Tc the vortices will be forced into the sample in 
a different order.
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