
 
 
 
DPÜ Fen Bilimleri Enstitüsü  Dergisi                                 Properties of Vortex States in High Temperature Supercondustors 
Sayı 23, Aralık 2010                                                                                                     
                                                                                                                             S. Karakaya, M. Akarsu, S. Aydoğu, Ö. Özbaş 
 

11 
 

 

 
 
 

PROPERTIES OF VORTEX STATES IN HIGH TEMPERATURE 
SUPERCONDUCTORS 

 
Seniye KARAKAYA1, Mustafa AKARSU1, Senem AYDOĞU2, Ömer ÖZBAŞ1 

 

1Eskişehir Osmangazi Üniversitesi, Fen Edebiyat Fakültesi, Fizik Bölümü, Eskişehir, seniyek@ogu.edu.tr 
2Dumlupınar Üniversitesi, Fen Edebiyat Fakültesi, Fizik Bölümü, Kütahya , saydogu@dumlupinar.edu.tr 

Geliş Tarihi: 08.06.2010        Kabul Tarihi: 12.10.2010 

 

ABSTRACT 

This paper reviews vortex behavior and formation of vortex liquid due to vortex lattice melting in high temperature 
superconductors (HTSC). The microscopic theory of superconductivity and the basic concepts needed to understand the 
magnetic properties of  type magnetic phase diagrams are presented. The transition from the vortex solid to the vortex 
liquid phase for HTSC is described I and type II superconductors are discussed briefly. Magnetic states of 
superconductors are described and. Effects of the point, columnar disorders and strong thermal fluctuations on the 
character of the transition between these two phases are studied. The effects on the vortex solid to liquid transition of 
high magnetic fields applied parallel to the superconducting layers are also studied. 
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YÜKSEK SICAKLIK SÜPERİLETKENLERİNDE VORTEX BÖLGESİNİN 
ÖZELLİKLERİ 

 
ÖZET 
 

Bu çalışma, yüksek sıcaklık süperiletkenlerindeki vortex örgü erimesi sebebiyle vortex sıvının oluşumunu ve davranışını 
özetler. Süperiletkenliğin mikroskobik teorisi ve I. tip ve II. tip süperiletkenlerin manyetik özelliklerinin anlaşılması için 
gerekli temel kavramlar kısaca tartışıldı. Süperiletkenlerin  manyetik durumları ifade edildi ve manyetik faz 
diyagramları gösterildi. Yüksek sıcaklık süperiletkenleri için vortex katıdan vortex sıvı faza geçiş ifade edilmektedir. Bu 
iki faz arasındaki geçişin özelliği olan vortexlerin vortex sütunlarındaki bozulma, güçlü termal dalgalanmalar ve nokta 
kusurlar araştırıldı. Aynı zamanda , süperiletken tabakalara paralel olarak  uygulanan yüksek manyetik alanların vortex 
katı-sıvı geçişi üzerine etkileri tartışıldı. 

 
Anahtar Kelimeler: Süperiletkenlik, Vortex durum, Vortex sıvı, Abrikosov vortex. 
 
1. INTRODUCTION 

Superconductivity is a phenomenon occurring in certain materials at low temperatures, characterized by the 
absence of electrical resistance and the exclusion of magnetic fields[1]. That is, superconductors have two 
important characteristics: they expel magnetic field and they conduct electrical current with zero resistance [2].  
A superconductor acts as a perfect conductor and a perfect diamagnet. 
 
Superconductivity was discovered by Heike Kammerlingh-Onnes  in 1911. He was studying the behaviour of 
metals at the temperature of liquid helium and quite by accident noticed that the resistance of mercury dropped to 
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zero below   4.2 K [3]. After a few years, in 1933 Walther Meissner and Robert Ochsenfeld observed that all 
magnetic flux is expelled from the interior of superconductor [4, 5, 6]. This major advance was the discovery of 
the Meissner effect which showed that a superconductor is a perfect diamagnet. Not very long afterwards (1935), 
the brothers H. and F. London proposed a phenomenological theory of the electromagnetic properties in which 
the diamagnetic aspects were assumed basic [7]. In 1950, V. L. Ginzburg and L. D. Landau proposed a new 
phenomenological theory to explain superconductivity that contained London theory [8]. Superconductivity was 
characterized by the three basic phenomena. These are infinite conductivity, perfect diamagnetism and existence 
of an energy gap. Any theory had first to explain these three features. In 1957 Bardeen, Cooper and Schrieffer 
produced theory of superconductivity. This theory is known as the BCS theory. They were predicted that energy 
gap changes with definition from zero to Tc [4,9]. The fundamental assumption of the BCS theory of 
superconductivity is that the carrier in superconductors is not a normal electron but a formation of two bound 
electrons called the Cooper pair, whose charge and mass is equal to twice that of the normal electron [10]. 
 
In subsequent years, superconductivity was intensively studied and various models were developed to explain the 
physical origin of the phenomenon [7]. High temperature superconductivity (HTSC) was discovered by G. 
Bednorz and A. Müller in 1986 [11]. Nowadays high temperature superconductivity is one of the most important 
research areas and also have many potential commercial uses. In order to explain the physical properties of 
superconductors and their  behaviours we will mention some issues. And then, we consider that the classification 
type I and type II superconductors which exhibit very different magnetic properties. While a type-I 
superconductor totally expels an applied magnetic field, magnetic flux penetrates a type-II superconductor in the 
form of quantized vortices. So, in type II superconductors, known as mixed phase vortex state, ıts formation and 
behavior will be discussed. 

 

1.1 Type I and Type II Superconductors 

The phenomenology of superconductivity is based on Ginzburg-Landau (G-L) theory [12,13].  This theory which 
is related to Landau’s theory of second-order structural phase transitions[13,14]. In this transition, there is no 
transfer of heat, but the heat capacity does change.   
They introduced a complex pseudowave-function  as an order parameter within this phase transitions. In the 
superconducting phase which is the ordered phase  while for temperatures above Tc,   in the state 
of thermodynamic equilibrium [9]. This wave function  describes the superconducting electrons or 
superelectrons. 
 

The local density of superconducting electrons  was given by [15]. 

          [1] 

In this case, 

                    [2] 

Thus, we obtain that 

                                                                                                  [3] 

 wave function changes in a distance given by the coherence length . This theory gives a quantitative 
description of superconductors near the transition point. Also  this was the first theory to properly take into 
account the quantum nature of superconductivity [15]. By using G-L theory’s solutions, two characteristic lengths 
were found that  is very important for superconductors. The smaller one is “coherence length” which is the size of 
each Cooper pair. It can be defined as  and its value can vary between 1 and 1000 nm depending on the 
superconductor [16]. The larger one is “penetration depth”,     [17, 18]. The ratio of these two lengths is called 
G-L parameter  which is material constant.  
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                                            [4] 

In 1957, Soviet physicist A. A. Abrikosov investigated the effect of constant   in the G-L theory. Depending 
on the value of the Ginzburg-Landau parameter, superconductors can be divided into two different types as type I 
and type II superconductors. 
 

In case of    , since  , < 1, are known as type I superconductors. For  this superconductors, 
 and  values are,  [10]. The value of  could be defined from the surface energy between the normal and 

superconducting phases [18]. If  , the surface energy become positive.  This kind of materials (type I 
superconductor) expels completely magnetic flux from the material. There are mainly type I superconductors 
such as lead (Pb), mercury (Hg), niobium (Nb) and tin (Sn) [19]. There is an upper limit to the magnetic flux that 
a superconductor can expel when a magnetic field is applied to a superconductor which is larger than the so-
called critical field, Hc. Thus superconducting state is destroyed. Magnetic flux enters into superconducting 
sample and the sample becomes normal state [16]. Fig. 1(a) shows a schematic phase diagram for type I 
superconductor of magnetic field versus temperature. For magnetic fields below a certain critical field Hc(T), the 
appearance of Meissner currents prevent penetration of the magnetic field into the sample [20].  
 
The Meissner effect is present at low fields and temperatures. As H and T are increased above their critical 
values, the system undergoes a first-order transition into the normal state and superconductivity is destroyed [19]. 
In a first-order transition there is a transfer of heat between system and surroundings and the system undergoes an 
abrupt volume change. That is, in the  an external magnetic field cannot penetrate into the bulk of the sample 
without destroying the superconducting condensate [21]. 
 

Figure1.  Schematic H−T phase diagram for  a) type I superconductor,  b) type II superconductor [19,23]. 
 
 

In case of , material presents a completely different magnetic behaviour. So Abrikosov called these 

type II superconductors to distinguish them from the type I. In case of,  surface energy between normal and 
superconducting phases becomes negative [18]. These superconductors have two critical magnetic fields Hc1 and 
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Hc2. Hc1 is lower critical magnetic field and Hc2 is upper critical magnetic field. In niobium, one of the few 
elemental type II superconductors, HC1 = 139 mT and HC2 = 268 mT at 4.2 K [16]. In compounds, the upper 
critical field can be much larger such as Nb3Sn which has HC2  25 T at 4.2 K [16]. For several type II 
superconductors, Hc2 values are given in Table I. 

 
Table I. For several type II superconductors, critical temperature and upper field values [15, 24].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
When applied field strength less than the lower critical field, H < Hc1, that superconductor will exhibit the usual 
Meissner effect. Thus, the magnetic field is completely expelled [1, 22, 25]. Between the critical fields Hc1 and 
Hc2 the system is  described mixed or vortex state, where partial penetration of magnetic flux occurs. Magnetic 
flux may penetrate a type-II superconductor in the form of Abrikosov vortices (also called flux lines, flux tubes or 
fluxons), each carrying a quantum of magnetic flux [23]. Each of flux lines is surrounded by circular 
superconducting currents. Such object is called vortex. Each flux line represented by the cylinders in Fig. 2.  
  

 
Figure 2. The flux quantum passes through the core of each vortice surrounded by supercurrents [1]. 

Type II 
superconductor Tc (K) Hc2 (T) 

Nb3Al 18,7 32,4 

Nb3 Sn 18,0 24,5 

Nb3Ge 23 38 

NbN 15,7 15,3 

NbTi 9,3 15 

Nb3(AlGe) 21 44 

V3Si 16,9 23,5 

V3Ga 14,8 20,8 

Pb Mo S 14,4 60 
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Each of these vortices carries a flux quantum of value [19]                  

                                                                                                                           [5] 

where h is Planck’s constant and e is the elementary charge. Its numerical value in SI units is 
Wb [1,16]. Therefore the number of flux lines inside the sample is approximately 

proportional to the external field. The structure of an individual vortice depends on the coherence length and 
penetration depth. As shown in figure 3, the vortex structure consists of a central cylindrical core region whose 
radius is the coherence length where the density of Cooper pairs is greatly reduced, falling to zero at the centre. 
[16, 26].  
 

                                             
 

 
Figure 3. Schematic diagram of vortices that is surrounded by supercurrents [27]. 

 

The core of the vortex  is in the normal state [18]. Each vortices is surrounded by supercurrents that produce 
magnetic field. Thus, in the middle of the normal core, the magnetic field has its highest value, and it decays 
exponentially with a characteristic length λ (Fig.4). The circulating supercurrents  give rise to an interaction 
between the flux lines, extending out to a distance of order  [28]. Fig. 4 illustrates  the penetration depth,  
the coherence length and the superelectron concentration in a vortice. In the vicinity of vortex axis, the order 
parameter grows linearly with distance [21]. 
 

 

Figure 4. An illustration of a vortex line and the important lengths,  the penetration depth and 
                      the coherence length  [6, 19, 21].  

supercurrent     core 
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The flux lines in type II superconductors should in principle be able to move freely. However, inhomogeneties in 
the superconductor due to grain boundaries and lattice defects make that an energy barier must be overcome in 
order to move the vortices. Due to this so-called flux pinning, the magnetic flux in the superconductor will not 
change in a reversible manner as the externally applied field changes. The work needed to overcome this pinning 
force is connected with some losses in the superconductor [6].  For the purpose of applying type–II 
superconductors in external magnetic fields, an effective vortex pinning mechanism is essential, in order to 
minimize dissipative losses caused by the Lorentz–force induced movement of flux lines across the sample [29]. 
As an electric current is passed through the superconductor, the Lorentz force will act between electrons and the 
magnetic field carried by the flux lines [21]. At some critical current density, the Lorentz force overcomes the 
pinning force and the vortices start to move. This is called as flux flow. The motion of the vortices is normally 
more sporadic and much slower. Hence this situation has been named flux creep [6]. 
 
In a type-II superconductor, the applied external magnetic field maintains the vortices inside the superconductor. 
The long-range magnetic interaction is repulsive for straight parallel vortex lines and attractive for antiparallel 
lines. Without other forces, taking into account the mutual repulsion of the vortices, the vortices form a lattice, in 
order to keep each vortex in equilibrium and to maximize the average vortex spacing in order to arrange 
themselves into a state of low energy [1].  

        
Because of this interaction the minimum energy configuration for a vortice system in an ideal isotropic 
superconductor consists of parallel vortex lines arranged in an hexagonal lattice in the plane perpendicular to the 
field direction. This hexagonal  lattice is called Abrikosov vortex lattice. In this lattice, each vortex is surrounded 
by hexagonal array of other vortices. In this array, the nearest neigbour distance is 

 

                [6] 
  

whereas for the four neighbors in a square array  

                [7] 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Schematic diagram of (a) square and (b) triangular vortex lattices [28]. 
As shown in Fig. 5, there are two natural  forms. These are shown as the square and the triangular lattices[28]. All 
high temperature superconductors are type II superconductor which are special case of type II superconductors 
because of their high critical temperature. The discovery of HTSC renewed the interest in superconductors. These 
materials are type II superconductors in which external magnetic fields penetrate the material in the form of 
magnetic flux lines, vortices. 

  (a) 

a∆ 
a□ 

  (b) 



 
 
 
DPÜ Fen Bilimleri Enstitüsü  Dergisi                                 Properties of Vortex States in High Temperature Supercondustors 
Sayı 23, Aralık 2010                                                                                                     
                                                                                                                             S. Karakaya, M. Akarsu, S. Aydoğu, Ö. Özbaş 
 

17 
 

 1.2 High Temperature Superconductors 
 
HTSC are one of the most intensively studied areas of contemporary condensed matter physics. In 1986, Bednorz 
and Müller discovered a new type of ceramic materials that its higher Tc critical temperature value than the 
conventional superconductors, for the scientific world it was a big surprise [11]. These materials are called 
HTSC, which are extreme cases of type II superconductivity.  Since its critical temperature is higher than 
traditional superconductors, these materials are called HTSC. After this discovery of HTSC, scientists started to 
search for new materials that have critical temperature higher than of 35K [6]. 
 
There are two principle groups of high temperature superconducting materials. The former group is Yttrium-
Barium-Copper-Oxide (YBa2Cu2O7) shortly (YBCO). It has a critical temperature of  95K [19,31]. The latter 
common group is Bismuth-Strontium-Calcium-Copper-Oxide, which is abbreviated to BSCCO. It has two types 
of mixtures which are Bi2Sr2CaCu2O8  (Bi-2212) and Bi2Sr2Ca2Cu3O10 (Bi-2223). They have a critical 
temperature of about 110K [6]. The highest Tc is 138 K in Tl doped sintered HgBa2Ca2Cu3O8. If high pressures 
are applied, this temperature can be increased to over 160 K [19,30]. Extensive research work has revealed that 
all HTSC have a number of common features, including strongly anisotropic properties, very low charge densities 
and extremely short coherence lengths and large penetration depths. For HTSC,   at zero 
temperature. 
 
Due to the combination of high transition temperature, strong anisotropy, and short coherence length that occurs 
in HTSC, strong thermal fluctuations are present over a wide temperature interval in these materials [31-33]. 
These inherent properties lead to an unusually rapid flux creep, which causes energy dissipation [34]. 
 
2. VORTEX PHASE DIAGRAM 

 
The traditional view of a superconductor in the mixed state was that a homogeneous solid vortex lattice phase 
exists in a field interval between the lower critical field Hc1 and the upper critical field Hc2. Above Hc2, 
superconductivity disappears and above Hc1vortices start to penetrate into the superconductor [35]. Values of 
these critical fields depend on temperature that gives two first-order phase transition lines on the corresponding 
H-T phase diagram (Fig.6) [19]. 
In the absence of thermal fluctuations and of pinning induced disorder the vortex lattice is presented at certain 
fields below Hc2. However, in the presence of strong thermal fluctuations the vortex lines in the lattice vibrate 
with larger amplitudes as the temperature rises. At sufficiently high temperatures, vortex lattice begin to melt. 
There is a competition between the repulsive interaction among the vortices, which stabilizes them into a regular 
lattice, and the thermal energy. The melting transition occurs when the energy of thermal fluctuations becomes 
equal to the elastic energy barriers keeping vortices near their equilibrium positions in the lattice [22]. 
 
The flux line array in HTSC, such as BSCCO and YBCO is extremely susceptible to thermal and disorder-
induced fluctuations due to the interplay of several parameters such as high transition temperature Tc, large 
magnetic penetration depth and short coherence length and a strong anisotropy of the material. This leads to the 
existence of a variety of fluctuation dominated phases of the flux-line array and very rich phase diagrams for the 
HTSC materials [43]. The phenomenological Lindemann criterion has proven successful determining in the locus 
of the melting transition for the first-order thermal melting transition. At sufficiently low disorder or low 
magnetic fields, the first order thermal melting transition can also be found in the presence of point disorder. In 
its conventional form for thermal fluctuations the Lindemann criterion is formulated as 

                                                                                                                           [8] 

where u is the displacement of vortex element,  is the vortex lattice constant. The Lindemann number  is 
introduced as a phenomenological parameter, is typically , in particular it is assumed to be independent of 
the magnetic field [17, 40, 41].  
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The HTSC have usually a very large region of mixed state [6]. In the mixed state of high Tc superconductors 
include different vortex phases, such as glass, liquid and lattice phases. These are complicated because of large 
thermal fluctuations due to the two dimensional layer structure and high temperature. The vortex pinning plays a 
great role in transport properties in real superconductors [36]. 
                  

 

 

 

 

 

 

 

 

Figure 6. Schematic illustration of vortex solid- vortex liquid phase transition [19]. 

These phases are divided by several phase transition lines. That is, there are several phase boundaries in the H–T 
phase diagram. In the wide regions of the vortex phase diagrams, vortex liquid turn  into Abrikosov vortex lattice 
because of the short coherence length, strong anisotropy and high critical temperature Tc [33, 37].  
 
As shown in Fig. 6,  large thermal fluctations of the vortex lattice  cause  vortex solid to vortex liquid transition 
[6, 38]. Also, the strong thermal fluctuations  play an important role in HTSC. The presence of various forms of 
disorder  
(such as point or columnar disorder) affects on this phase diagram (Fig.7) [39].
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 7: Schematic magnetic phase diagram of HTSC [38]. 
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Point disorder has been induced by electron irradiation with electrons whereas columnar disorder has been 
induced by heavy ion irradiation. A significant difference has been observed between the effects of columnar and 
point disorder on the location of the melting line. Weak columnar defects stabilize the solid phase with respect to 
the vortex liquid phase and shift the transition to higher fields, whereas point like disorder destabilizes the vortex 
lattice and shifts the melting transition to lower fields [42]. 

 

2.1 Vortex Motion 
 

When an external current density j is applied to the vortex system, the flux lines start to move under the action of 

the Lorentz force . For a single vortex , where n denotes the unit vector along the 
vortex. 

                                   

Figure 8. Vectorel expression of  Lorentz force [12]. 

 
Within a perfectly homogenous system the driving Lorentz force is counteracted only by the friction force               

 ,where v is the steady-state velocity of the vortex system. The dissipation is due to the appearance of 

a finite electiric field E as a consequence of the flux motion, . Since both j and E run parallel, the 
power is dissipated in the system and superconducting property of dissipation-free current flow is lost[12]. This 
force is perpendicular to both the current and the magnetic field. This case is illustrated in Fig. 8. In any type II 
superconductor, the Lorentz force on the vortex lattice is opposed by interactions between the vortices and 
pinning centres [45]. If this driving force is larger than the pinning force of the sample, the flux lines would begin 
to move. Flux motion can be prevented if the material contains imperfections that strongly and abruptly alter its 
superconducting properties over spatially small regions [44]. Vortex pinning occurs because the condensation 
energy (lost in the normal vortex core) can be regained by positioning the vortex on a defect [46]. The various 
defects in the material prevent the vortices from moving freely since the vortices are pinned down and do not 
move at all until a greater force acts upon on them to free the vortices from pinning. Defects which lead to sudden 
changes in the superconducting state such as grain boundaries and point defects can pin the vortices [47]. 
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3. CONCLUSION AND DISCUSSION 
 

Type-I superconductors completely expel an applied magnetic field. In type II superconductors below Hc1 critical 
field, magnetic field totally is expelled. From Hc1 critical field value to Hc2 upper critical value, magnetic field 
penetrates superconductor partially which the form of quantized vortices. The HTSC are strongly type II, their 
phenomenology is dominated by the presence of vortices over most of the phase diagram. Their H-T phase 
diagram comprises a Meissner phase characterized by complete flux expulsion at low magnetic fields . 
In the intermediate region between Hc1 and Hc2 there is a mixed state at which the magnetic field penetrates into 
the superconductor in the form of quantized flux lines, or vortices. Vortices form a triangular vortex lattice, are 
called Abrikosov vortex lattice. With increasing field the density of vortices increases until the vortex cores 
overlap when the upper critical field is reached. Above this field superconductors recover the normal metal state.  
 
As an electric current is passed through the superconductor, the Lorentz force will act between electrons and the 
magnetic field carried by vortices. If the vortices move in response to this force, work is done and so energy is 
dissipated and the sample behaves as though it had a finite electrical resistance even though it is superconducting.  
 
Thermal fluctuations play an important role in HTSC. These fluctuations lead to melting of the Abrikosov vortex 
lattice. While at low temperatures, this lattice is vortex solid state, at high temperatures turns into vortex liquid to 
melt. The character of the transition between these two phases depends on the type and amount of disorder 
present in the system. In high-temperature superconductors a large region of the magnetic phase diagram is 
occupied by a vortex phase. This phase has a rich diversity due to several competing energy scales such as vortex 
elastic energy, pinning energy and the thermal energy. 
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