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ABSTRACT 

This research work focuses on the theoretical investigation of the upper critical magnetic field, 

𝐻𝐶2 for superconductor SrFe2-xCoxAs2. In this research work, we used the Ginzburg-Landau 

phenomenological theory. From the mathematical computations we performed, the effect of 

coherence length, penetration depth and anisotropy in mass tensor on upper critical field are 

considered using the model. Furthermore, the upper critical magnetic field of superconductor 

SrFe2-xCoxAs2 depends on the angle measured from c-axis, normal to the layers.  By using some 

plausible experimental values in the obtained expressions, phase diagrams of the upper critical 

magnetic field parallel )( //

2

c

CH  and perpendicular )( 2

c

CH  , to the symmetry axis (𝑐-direction) versus 

temperature are plotted. From the figure we performed, the critical magnetic fields decay with 

increasing temperature and reach to zero at the critical temperature, TC and have maximum 

values at T=0K. We also plotted the phase diagrams of the upper critical magnetic field, 𝐻𝐶2 

versus the angle 𝜃.  And also we performed the values of the upper critical magnetic field along 

the 𝑎𝑏- plane )( 2

c

CH   is quite different from the upper critical magnetic field along the 𝑐-

axis )( //

2

c

CH . Similarly, the phase diagrams of the GL coherence length )( GL  and GL penetration 

depth )( GL parallel and perpendicular to the symmetry axis versus temperature are drawn for the 

superconductor SrFe2-xCoxAs2. The results obtained in this research work are in agreement with 

experimental observations.  

 

Keywords: Superconductor, Ginzburg-Landau equation, critical temperature, critical magnetic field     

and SrFe2-xCoxAs2. 
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CHAPTER ONE 

INTRODUCTION  

 

1.1. General Introduction on Superconductivity 

One of the most fascinating phenomena in condensed matter physics is superconductivity which 

was discovered by the Dutch physicist; Heike Kamerlingh Onnes in 1911 [1]. Superconductivity 

is the ability of a material to lose its electrical resistivity completely below a transition 

temperature, TC and expel any external magnetic field from its interior thus leading to ideal 

diamagnetism. Every superconductor has a transition temperature (TC) below which it supper 

conducts and above which it is in the normal state. In the superconducting state, the material has 

no electrical resistance and thus conducts electricity without losses.  

On the other hand, in the normal state, the material does have resistance and the flow of electric 

current accompanies with the development of heat and the dissipation of energy. As shown in 

Figure (1.1), by reducing the temperature of pure mercury (Hg) using liquid helium (He) as a 

coolant, Onnes observed that, the resistivity of Hg abruptly fell to zero at a transition temperature 

of about 4.2 K. This observation was made possible by the liquefaction of helium on July 10, 

1908 in the same laboratory [2]. 

 

Figure 1.1.  Resistance versus temperature of mercury produced in 1911 by Onnes [1]. 
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It is well known that the superconducting state is characterized by a quantum macroscopic state 

that arises from a Bose-Einstein Condensation (BEC) (in weakly interacting boson systems) of 

paired electrons (Cooper pairs).  Cooper realized that atomic lattice vibrations were directly 

responsible for unifying entire current. They forced the electrons to pair up into teams that could 

pass all of the obstacles which caused resistance in the conductor.  Below the superconducting 

transition temperature TC (in superconducting state), the electron pairs form a condensate, a 

macroscopically occupied single quantum state, which flows with no resistance and acts to 

screen out modest external magnetic fields, thus bringing about the perfect diamagnetism 

measured in the Meissner effect. At low temperatures, it requires a finite amount of energy to 

split up of the pairs in the condensate, Δ≈1.75kBTC, this is the energy gap.  

The first application of BEC theory to explain 
4
He super fluidity was realized in 1938 [2]. Super 

fluidity of 
3
He [3] is an example of fermions. Microscopically, super fluidity in 

3
He is most 

closely related to superconductivity since both phenomena involve the condensation of fermions, 

whereas in 
4
He it is the bosons that condense. As stated earlier, superconductors have the ability 

to conduct electricity without loss of energy. When current flows in an ordinary conductor, some 

energy is lost. Atoms in these metal conductors form a vibrating lattice; the warmer the metal the 

more it vibrates. As the electrons move through the maze, they collide with tiny impurities in the 

lattice. When the electrons pump into these obstacles they fly off in all directions and lose energy 

in the form of heat.  

The movement of the superconducting paired electrons through the obstacles is quite different. 

As the superconducting paired electrons travel through the conductor they pass freely through 

the complex lattice. This is because the binding of electrons in pair eliminates the scattering 

process, which leads to zero resistivity and they can transmit electricity with no appreciable loss 

of current and energy. The condition in which a superconductor retains its superconducting 

properties is defined by its critical values such as critical temperature (TC) which is the 

temperature at which the electrical resistance of the material drops to zero, critical magnetic field 

(HC) and is the magnitude of the magnetic field, above which the superconductor loses its 

superconductivity, and critical current density (JC) that the current density above which the 

superconductor loses its superconductivity. 
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Figure1.2. Graphical representations of the three critical parameters (TC, HC and JC) which 

demonstrate the superconducting property of a material. 

 

Generally, high magnetic field, current density, and temperature are the three conditions that can 

break the superconductivity nature of a material. Superconductivity is of great importance for 

applications such as Magnetic Resonance Imaging (MRI), the bending magnets of particle 

accelerators such as the Tevatron and the LHC, theoretical and experimental science, military, 

transportation, power production, electronics, medicine, etc. Superconductivity is observed in 

quite a lot of elements, alloys, and inter-metallic compounds.  

Although metals are conductive, not all conducting metals are superconductive, and even some 

insulators are able to become superconductive under the right conditions. The superconducting 

state, as any state of matter, has its own basic properties. So, any superconductor independent of 

the mechanism of superconductivity and the material will exhibit superconducting state 

properties. The basic properties of the superconducting state are, zero resistance, Meissner effect, 

the BCS theory, Cooper pair, magnetic flux quantization, Josephson effects, and appearance of 

an energy gap in elementary excitation energy spectrum. 
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1.2. The Meissner Effect  

In 1933 Meissner and Ochsenfeld discovered that superconductors are more than perfect 

conductors of electricity and they were also interested in the expulsion of magnetic field from 

their interior. A superconductor will not allow a magnetic field to penetrate its interior. It causes 

currents to flow that generate a magnetic field inside the superconductor which just balances the 

field that would have otherwise penetrated the superconductor. This effect, called the Meissner 

effect, causes a phenomenon that is a very popular demonstration of superconductivity. It was 

not until 1933 that Physicists became aware of the other property of superconductors that is 

about perfect diamagnetism.  

This was when Meissner discovered that when a superconducting material was cooled below its 

critical temperature (TC) in a magnetic field, it expelled the magnetic flux from the interior of the 

superconducting material [4]. Nowadays, this phenomenon is known as the Meissner effect and 

is depicted in Figure 1.3. 

 

Figure 1.3: a) Above the transition temperature (T>TC) the applied magnetic field lines are 

penetrate normal sphere, b) Below the transition temperature (T<TC) the applied magnetic field 

lines are expelled from the interior of the superconducting sphere. 

The superconducting state can be destroyed by an external magnetic field, when it exceeds 

thermodynamic critical field, HC. This critical field (HC) is a function of temperature and is 

expressed by Tuyn‟s law [5] as follows, 
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2)1)(0()(
C

CC
T

T
HTH                                                  (1.1) 

where HC (0) is the critical magnetic field at a temperature of 0 K. 

Onnes has recognized that a superconducting state can again be changed to normal state by 

passing exclusive current through the wire. He then recognized that the magnetic field induced 

by this current is making the wire to come back to its normal conducting state. At the very 

instant the temperature drops below TC, a surface current is spontaneously created and the 

magnetic field is expelled from the interior of the cylinder. Surface currents that flow without 

resistance develop or create magnetization within the superconductor which is equal and 

opposite of the magnetic field, resulting in the cancellation of the magnetic field everywhere 

within the superconductor.  

This results the superconductor to have a negative magnetic susceptibility, m  which 

demonstrates perfect diamagnetism. While many materials exhibit some small amount of 

diamagnetism, superconductors are strongly diamagnetic. One of the most well known 

demonstrations of the Meissner effect is its ability to make magnet levitation above a 

superconductor. When a magnet is placed above a superconductor, the repelling force can be 

stronger than gravity, allowing the magnet to levitate above the superconductor. This is not an 

entirely stable configuration, giving the magnet the freedom to spin above the superconductor 

while it tries to orient its magnetic poles.  

If the magnetic field is removed or the superconductor raises above the critical temperature, the 

surface currents and magnetization disappear, and the magnet will no longer levitate. The 

Meissner effect has remarkable implications. If the temperature is initially above TC, application 

of a steady magnetic field, B will result in full penetration of the field into the material. If the 

temperature is now reduced below TC, the internal field must disappear. This implies that, the 

presence of a surface current around a superconducting cylinder cancels the applied field 

throughout the volume of the cylinder.  

While the effects of flux pinning may appear similar to the levitating magnets caused by the 

Meissner effect, the cause behind flux pinning differs in some ways. For flux pinning to occur, 

the superconducting material either needs to be very thin or it needs to be a Type II 
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superconductor. If it is thin or Type II superconductor, some of the magnetic field is allowed to 

pass through the superconductor, but only in specific spots, called flux tubes or a vortex. This 

passing of small amounts of the magnetic field through flux tubes at a small distance, to the order 

of (30-60) nm in metallic superconductors is called London penetration depth )( L . The reason 

that the magnetic field is allowed to pass through the superconductor at these flux tubes is, 

because there is no superconductivity within those regions.  

A superconductor tries to keep the flux tubes pinned to weaker parts of the superconductor, such 

as grain boundaries or other imperfections. When placed within a magnetic field, this pinning 

prevents the levitating magnet above a superconductor from moving easily without an applied 

force, keeping it steady in a stable location. This is also known as quantum locking. Depending 

on the characteristics of this transition there are two types of superconductors. These are type I 

and type II superconductors. Both types have similar thermal properties at the superconductor-

normal transition in zero magnetic fields. But the Meissner effect is entirely different. To 

distinguish the difference between the two types of a superconductor first we have to know the 

behavior of the two characteristic length scales of the superconductors.  

These are the  Ginzburg Landau penetration depth, )( GL  which gives the scale over which the 

magnetic field inside the superconductor is shielded by the super currents and the Ginzburg-

Landau coherence length, )( GL  which determines the scale over which there exists strong 

correlations which stabilize the superconducting state, or equivalently, it is a measure of the 

distance over which the superconducting state, is affected by fluctuations in the external field or 

other variables. Based on this both λ and ξ are temperature dependent quantities which their ratio 

yield the Ginzburg- Landau characteristic parameter, GLGL    serves to distinguish type one 

from type two superconductor [5].  

1.3. Types of Superconductors 

High magnetic fields destroy superconductivity and restore the normal conducting state. 

Depending on the response to magnetic field, superconductors are classified into two basic types, 

type I and type II superconductors. This classification is valid even if we consider their 

respective values for the Ginzburg-Landau (GL) characteristics parameter [6]. 
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1.3.1. Type I Superconductors  

Type I superconductors are mainly comprised of metals and metalloids that exhibit some 

conductivity at room temperature. Type I superconductors are characterized to be soft 

superconductors since they do not withstand strong applied magnetic field. All elements except 

Niobium (Nb), Vanadium (V) and Technetium (TC) are type I superconductors. Superconductors 

for which 21  are classified as type I superconductors.  

They are conventional superconductors which can be described by the (BCS) theory [7]. It has 

only one critical magnetic field (HC) that places a limit on the current that may be carried by a 

superconductor due to the magnetic fields induced by the current itself, as shown in Figure 1.4. 

The behavior of type I superconductors, at a given temperature, T and in a uniform external 

magnetic field, H can be described as follows.  

 

Figure 1.4. Variation of magnetization with applied magnetic field for type I superconductor. 

If H < HC, the superconductor completely expels the magnetic flux from its interior (complete 

Meissner effect). But as the external field is increased above the critical value (HC), the specimen 

becomes in the normal state (incomplete Meissener effect). For H>HC the normal phase has a 

lower energy, so superconductivity breaks down. In typical classical clean elemental 

superconductors (Type I), nm50  resulting in 21  .    
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1.3.2. Type II Superconductors 

Superconductors for which 21  are classified as type II superconductors which are 

comprised of metallic compounds and alloys. Amongst the elements, Niobium, Technetium and 

Vanadium are also categorized as type II superconductors. Type II superconductors are hard 

superconductors which lose their superconductivity gradually but not easily or abruptly when 

placed in the external magnetic field. Their magnetization curves exhibit a more complicated 

dependence on magnetic field. Type II superconductors are characterized by two critical 

magnetic fields, HC1 and HC2 and are temperature dependent.  

 

 

Figure 1.5. Variation of magnetization with applied magnetic field for type II superconductor [6]. 

 

Type II superconductors start to lose their superconductivity at lower critical magnetic field HC1 

and completely lose their superconductivity at upper critical magnetic field HC2. For fields          

CC HH  10  the substance is in the Meissner state with complete exclusion of the magnetic 

field from the interior. On the other hand, in the range 21 CCC HHH   the Meissner effect is 

incomplete and the normal state is surrounded by the superconducting state and the region is 

known as vortex or mixed state. In vortex state the magnetization, M varies continuously with 
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the penetration of magnetic flux density B ≠ 0 until the diamagnetism disappears at the upper 

critical field, HC2, where the normal state starts.  

The area under the curve M = M(H) is the same as for a type I superconductor as it corresponds 

to the free-energy (U) difference between the normal and the superconducting state and is given 

by  22

0 CHU   which is the energy density stored in a magnetic field. Type II superconductors 

are attractive for technical applications due to their high current carrying capacity, such as 

generation of strong magnetic fields for particle accelerators, nuclear fusion reactors, magnetic 

resonance imaging (MRI), magnetic levitation (Maglev), and measuring energy technology. 

1.4. The BCS Theory of Superconductors                                                                      

The first microscopic theory of superconductivity was proposed by John Bardeen, Leon Cooper, 

and Robert Schrieffer in 1957 which is nowadays known as the BCS theory [7]. A key 

conceptual element in this theory is the pairing of electrons close to the Fermi level into Cooper 

pairs by the mediation of phonons or crystal lattice as depicted in  Figure1.6.As is demonstrated 

in Figure 1.6, an electron moving through a conductor will attract nearby positive charges in the 

lattice. This results in the deformation of the lattice which subsequently causes another electron 

to be drawn into the region with opposite momentum and spin, with higher positive charge 

density. This looks like one electron attracts another electron through the lattice vibration, which 

can overcome the Coulomb repulsion, and then the two electrons become correlated. Individual 

pairs are not stuck together forever. They are constantly breaking and reforming.   

 

Figure 1.6. Schematic illustration of the formation of Cooper pairs [7]. 



10 
 

 

Individual electrons cannot be identified, so rather than considering them to be dynamically 

changing pairs; they may be considered as permanently paired entities. Pairs of electrons can 

behave very differently from single electrons which are fermions and must obey the Pauli 

Exclusion Principle (PEP). The pairs of electrons act like bosons which can condense into the 

same energy level and don‟t obey the PEP. There are a lot of such electron pairs in a 

superconductor, so that they overlap very strongly, forming a highly collective "condensate". The 

condensate is energetically separated from the first excited state by the gap energy.  

During the movement of electrons through the crystal, collision between these moving electrons 

and thermally displaced ions and defects is common. From the collisions there is scattering 

which leads to the development of resistance. But superconducting materials do not have such 

phenomena since there are no scattering electrons as the electrons are paired up into Cooper 

pairs. The BCS theory explains how this phenomenon occurs. The basic principle of the BCS 

theory is that, electrons (fermions) pair up via phonon coupling and the pairs (bosons) condense 

into a single macroscopic quantum state and travel together cooperatively through the crystal 

lattice without scattering. All in all there are two main ingredients in the microscopic theory of 

superconductivity developed by the BCS theory [7].  

The first is an effective attraction interaction between two electrons that have opposite 

momentum and opposite spins, which leads to the formation of the “Cooper pairs” as shown in 

Figure 1.6. The second is the condensation of the Cooper pairs into a single coherent quantum 

state which is called the “superconducting condensate”. This is the state responsible for all the 

manifestations of superconducting behavior. They forced the electrons to pair up into teams that 

could pass all of the obstacles which caused resistance in the conductor.   

Below the superconducting transition temperature, TC the electron pairs form a condensate, a 

macroscopically occupied single quantum state, which flows with no resistance and acts to 

screen out modest external magnetic fields, thus bringing about the perfect diamagnetism 

measured in the Meissner effect. An attractive interaction between electrons can lead to a ground 

state separated from excited states by an energy gap. The critical field, the thermal properties, 

and most of the electromagnetic properties are consequences of the energy gap.  In 1960, 

G.M.Eliashberg considered a more realistic situation and considered the electron-phonon spectral 

function, band structure, etc [8].  
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Elias berg‟s theory can be considered as an extension of the BCS theory. The original BCS 

theory only discusses the situation in which the superconductor is fully gapped, also called s-

wave. 
 
Elias berg‟s theory extends the BCS theory to the d-wave case. In 1968, McMillan 

predicted that there was a highest possible TC of about 30 K from the BCS theory which is called 

the McMillan limit [9]. Now, materials that display superconductivity as described by the BCS 

theory or its extensions are called conventional superconductors, and those which do not obey 

the BCS theory as unconventional superconductors.                

1.5. Cooper Pairs
 

Leon Cooper (1956), showed that electrons which normally repel each other must feel an over 

whelming attractions in superconductors [10]. According to the BCS theory, as an electron 

passes by a positive charged ion in the lattice of a superconductor, the electron polarizes or 

distorts the lattice around it. This polarization of the lattice causes phonon to be emitted which 

form a trough of positive charges around the electron. Before the first electron passes by and the 

lattice springs back to its original position a second electron enters into the trough, and interacts 

into the polarization forming a Cooper pair. Therefore, it is this lattice vibration which causes the 

two electrons (which normally repel to each other) attract to each other to form Cooper pairs.  

That is, the forces exerted by the phonon overcome the natural repulsion of the electrons and are 

screened by phonons. The pairing of electrons in low temperature superconductors takes place 

through an intermediary lattice vibration called phonons. That means electron-lattice interaction 

plays a central role in the mechanism of superconductivity in conventional superconductors. But 

in the case of high temperature superconductors, magnetic fluctuations are believed to play the 

role for electron pairing. The idea of the BCS theory is that, one conduction electron interacts 

with the ionic lattice and creates an excitation in the form of a phonon. The phonon propagates 

through the lattice and causes a local change of the charge density which will attract another 

electron, whereby an indirect interaction is established.  

This attracts another nearby electron (the second electron). If there are no imperfections to 

scatter, the electrons form Cooper pairs which move without any resistance and loss of energy. 

The BCS theory gives a reasonable description of superconductivity in the conventional 

superconductors unlike for more recently discovered unconventional (high temperature) 
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superconductors [7]. The BCS theory successfully shows that electrons can be attracted to one 

another through interactions with the crystalline lattice. This occurs despite the fact that electrons 

have the same charge. When the atoms of the lattice oscillate the electron pair is alternatively 

pulled together and pushed apart without collision. The electron pairing is favorable because it 

has the effect of putting the material into a lower energy state. When electrons are linked 

together in pairs, they move through the superconductor in an orderly fashion.  

In general the transition of a material to the superconducting state in BCS theory is due to an 

effective attraction between pairs of electrons of opposite spin and momentum. Early researchers 

suggested that fewer atomic vibrations would permit electrons to pass more easily. However, this 

predicts a slow decrease of resistivity with temperature. It soon became apparent that this simple 

idea could not explain superconductivity. The BCS theory explains superconductivity at 

temperatures close to absolute zero. Cooper realized that atomic lattice vibrations were directly 

responsible for unifying entire current.  

The electron-lattice- electron interaction leads to an energy gap of the observed magnitude. The 

energy gap of superconductors is of entirely different origin and nature than the energy gap of 

insulators. In an insulator the energy gap is caused by the electron-lattice interaction. This 

interaction ties the electrons to the lattice. In a superconductor the important interaction is the 

electron-electron interaction which orders the electrons in k-space with respect to the Fermi gas 

of electrons. The transition in zero magnetic fields from the superconducting state to the normal 

state is observed to be a second-order phase transition.  At the second-order phase transition 

there is no latent heat, but there is a discontinuity in the heat capacity. 

 Furthermore, the energy gap decreases continuously to zero as the temperature is increased to 

the transition temperature TC.  At low temperatures, it requires a finite amount of energy to split 

up of the pairs in the condensate, as shown in Figure1.7. This minimum energy 
gE  is the 

required energy to break up a Cooper pair in order to create two quasi particle excitations given 

by, 

)(2 TEg                                                            (1.2) 

where )(T is superconducting gap parameter and 
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CBTkT 53.3)(2                                                      (1.3) 

The BCS theory is a successful theory, but there are still some experimental results which cannot 

be explained by it, such as the expression given by CB Tk)0(2  which yields the well known 

value given by 3.53 which may yield different values for different materials for weak coupling 

case.   

The reason for such variation is that, in order to simplify the calculation, a lot of assumptions 

were made in the BCS theory such as a constant electron-phonon interaction, spherical Fermi 

sphere assumption, etc. In the weak coupling limit, the BCS theory predicts that, 

))0(1exp(14.1 VNTk DCB                                                  (1.4)                                                                                                                                                                                                                                                                                

And the Debby temperature is given by, 
BDD k  .  Thus, eq. (1.4) becomes, 

)1exp(14.1))0(1exp(14.1   DDC VNT                              (1.5)                                                                                                

where VN )0(  and is a coupling constant. 

Two of the most important predictions of the BCS theory deal with the superconducting 

transition temperature TC and the superconducting gap parameter )( . The gap parameter )(  at 

any temperature, T between the absolute zero and TC is given by, 

21)1(06.3)(
C

CB
T

T
TkT                                                      (1.6)                                                                                         

This is the fundamental expression for a superconducting state and it is a universal value for 

metals in the BCS approximation. For weak coupling superconductors, the reduced 

gap )0()(  T  is a universal function of the reduced temperature CTT , near the critical 

temperature TC, so that the energy gap approaches to zero continuously as CTT  .  

 21)1(76.1
)0(

)(
CTT

T





                                                          (1.7) 
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Figure 1.7. Variation of the reduced gap )0()(  T with the reduced temperature CTT according 

to the BCS theory [7]. 

 

In general, the main facts which the theory of superconductivity must explain are, a second order 

phase transition at the critical temperature TC (in this case there is no change entropy and latent 

heat at the critical temperature TC), the Meissner effect (B=0), effects associated with infinite 

conductivity (R=0), and the transition temperature varies with the mass of the ionic lattice 

tconsTM C tan , and is known as the isotope effect and indicates that electron-phonon 

interactions are primarily responsible for superconductivity. The BCS theory shows that an 

isotope effect is the observation that for a given superconducting material, the critical 

temperature is inversely proportional to the mass of the isotope used in the material; the isotope 

effect has been observed in a large number of superconductors. 

1.6. Magnetic Flux Quantization  

The most important finding from Ginzburg-Landau theory is flux quantization made by Alexei 

Abrikosov in 1957 [11]. Flux quantization occurs in type-II superconductors subjected to a 

magnetic field.  From the lower critical field HC1 up to the upper critical field HC2, flux 

penetrates in discrete units while the bulk of the material remains superconducting.  The 
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Meissner Ochsenfeld effect expels magnetic field from the bulk of a type-I superconductor. 

There are several important superconductor properties, in particular the magnetic flux 

quantization, which is a quantum effect of superconductors that was predicted by Fritz London.  

An interesting situation arises if one exposes a superconducting ring to a magnetic field. Then 

one can obtain a trapped flux, threading the hole of the ring. 

 

 

Figure 1.8. The magnetic flux in a superconducting ring. 

 

Both the London and the BCS theory makes the surprising prediction that the flux through a 

twofold connected superconducting body (ring or tube) should not have any arbitrary values but 

is quantized, i.e. it is an integer multiple of a basic unit called fundamental quantum of flux, Φ0 

.This is due to the fact that, all the Cooper pairs that carry the super current are in the same 

quantum level such that, 

0 nmag
                                                            (1.8) 

Where .........,2,1,0n  

The flux quantum,  ech0
= )(1007.2

2

15 SIWb
e

ch                                                                                         

where h is Plank's constant, and e
*
 = 2e is charge of Cooper pair electrons.  
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The BCS flux quantum is thus,  ech0
 while the London flux quantum is twice as big since 

the charge carriers in the London theory are single electrons. If a superconducting body (ring or 

tube) is in a magnetic field at its normal state, magnetic flux lines thread the ring, or tube and the 

metal itself. But when temperature is lowered below the critical temperature TC, magnetic flux is 

expelled from the metal but still threads through the hole in the ring, or tube as shown in Figure 

1.8. As the outside magnetic field is removed, a current is induced in the hole which produces 

magnetic flux with the same value as before. The current and the magnetic flux persist and both 

are quantized.  

1.7. Objectives of the Study 

1.7.1. General Objective                                                                                                               

The general objective of this research work is to investigate theoretically the uper critical 

magnetic field of superconductor SrFe2-xCoxAs2. 

1.7.2. Specific Objectives  

The specific objectives of this research work are, 

 to calculate the GL coherence length )( GL by using the Ginzburg-Landau(GL) 

phenomenological equation of  superconductor SrFe2-xCoxAs2. 

 to calculate the GL penetration depth )( GL  by using the Ginzburg-Landau(GL)  

phenomenological equation for superconductor  SrFe2-xCoxAs2.        

 to compute the uper critical magnetic field (HC2) of superconductor SrFe2-xCoxAs2.      

1.8. Significance of the Study 

The significances of the current research work are,  

  to identify the problems on the superconductor SrFe2-xCoxAs2 that influences on its         

superconductive nature.  
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  to solve the problems that can affect the superconductive nature of superconductor             

SrFe2-xCoxAs2. 

 to create or provide a suitable conditions that increase the superconductive nature of      

superconductor SrFe2-xCoxAs2.                                                                                                                                                              

 to have good  understanding  and gain better knowledge  on the superconducting and   

magnetic properties of superconductor SrFe2-xCoxAs2  . 

  to serve as a reference for the future studies in this field and also knowledge 

transformation  and creation, etc. 
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CHAPTER TWO 

LITERATURES REVIEW 

 

2.1. Introduction 

In this chapter, we have presented some theoretical and experimental works regarding to 

superconductivity in iron-based layered compounds superconductor. The crystal structures, the 

electric and magnetic property of this superconductor have been discussed. A brief review of the 

type of superconductors, and the upper critical magnetic field with regard to SrFe2-xCoxAs2 

superconductor are also reviewed. 

2.2. Iron Based Superconductor Properties 

In February 2008, Hideo Hosono and co-workers reported the discovery of superconductivity in 

fluorine-doped LaFeAsO with transition temperature, T= 26 K [12], marking the beginning of 

worldwide efforts to investigate this new family of superconductors. While rumors of a transition 

temperature more than 50 K superconductors swirled around the 2008 APS March meeting in 

New Orleans, researchers in Japan and China were busy with experiments that would largely 

advance this field to its current status by raising TC values of LaFeAs (O, F) to 43 K by 

application of pressure [13] and then as high as 55 K by replacement of La by other rare earth 

elements.  

Historically, the typically antagonistic relationship between superconductivity and magnetism 

has led researchers to avoid using magnetic elements - ferromagnetic in particular - as potential 

building blocks of new superconducting materials. Since elemental iron is strongly magnetic, the 

discovery of iron based superconductors (FeSCs) with high-TC was completely unexpected. This 

has opened a new avenue of research driven by the fact that our fundamental understanding of 

the origins of superconductivity needs significant improvement. 

Our goal is to highlight important experimental observations and theoretical perspectives that 

may lead to a consensus on the understanding of superconductivity in the FeSCs, leaving 

detailed overviews to existing reports [14]. The basic behavior of several classes of FeSCs is 

now known to be quite similar, so this review will cover universal properties but focuses on the 
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class of intermetallic FeSCs with the ThCr2Si2 (122) structure, pointing out any significant 

differences from the other systems.  

2.2.1. Crystal Structure of Iron Based Superconductors  

The discovery of superconductivity in iron-based arsenide at temperatures up to 56 K [15] has 

triggered extensive interest in their physical properties and the underlying mechanism of high-

temperature superconductivity. The un-doped parent compounds adopt a tetragonal structure at 

room temperature, which consists of [Fe2As2]
2−

 layers separated by [Ln2O2]
2+

 (Ln = lanthanide) 

layers or A
2+

 (A = Ca, Sr, Ba, Eu) layers [16]. At low temperatures, the parent compounds 

undergo a structural phase transition from a tetragonal to an orthorhombic phase, accompanied 

by a spin density wave (SDW) transition of the itinerant Fe moments.  

The superconducting (SC) state can be achieved either by electron or by hole doping of the 

parent compounds, leading to a suppression of the SDW formation. The suppression of the 

magnetic transition in connection with the simultaneous formation of a SC state is reminiscent of 

cuprates and heavy fermions systems, therefore suggesting that the SC state in these systems is 

unconventional as well. EuFe2As2 is a particularly interesting member of the iron arsenide 

AFe2As2 („122‟) family, since the A site is occupied by a Eu
2+

 S-state (orbital moment L = 0) 

rare-earth ion with a 4f
7
 electronic configuration with a total electron spin, S =7/2, corresponding 

to a theoretical effective magnetic moment of B94.7 , where B  is the Bohr magneton.          

Figure 2.1 shows the crystal structure of EuFe2As2.  

This compound is built up by [FeAs]
 2−

 layers, separated by layers of magnetic Eu
2+

 ions.  

EuFe2As2 exhibits both a SDW ordering of the Fe moments and an antiferromagnetic ordering of 

the localized Eu
2+

 moments below 190 K and 19 K, respectively. The presence of magnetic 

phase transitions at 19 K and 190 K in EuFe2As2 was seen by Mossbauer spectroscopy [17] and 

is confirmed by neutron diffraction [18]. In contrast to the other „122‟ systems, where the 

substitution of Fe by Co leads to superconductivity, the compounds containing Eu
2+

 exhibit the 

onset of a superconducting transition but seem to be hindered to reach zero resistivity at ambient 

pressure [19]. 

Although numerous iron based superconductors have been reported, their parent materials are 

classified into five types in terms of crystal structures. These materials  contains a common 
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structural unit of the square net of Fe
2+

 (as formal charge) which is tetrahedrally coordinated by 

four pnictgen (Pn) or chalcogen (Ch) atoms . Unlike cuprate superconductors, where the parent 

materials are Mott insulators, this layer shows a metallic conductivity without doping. An 

insulating blocking layer composed by M, MO or MF, etc. where M indicates a metallic element 

such as an alkali metal, alkaline earth or rare earth element that lies between FePn layers. Similar 

to cuprates, this layered structure provides quasi-two-dimensional carrier transport properties.  

The local structure of the FePn layer is affected directly by the atomic (or ionic) size of M 

because M elements in the blocking layer bond to Fe elements in the conducting layer. 122-type 

materials have a „ThCr2Si2‟ crystal structure with a tetragonal I4/mmm space group [16]. This 

group contains the most abundant compounds among the 5 parent families. The layer composed 

by Eu ions, which is sandwiched by the FeAs conducting layers, is shown below. 

 

 

Figure 2.1. Tetragonal crystal structure of EuFe2As2 (the 122-type) at room temperature, 

consisting of [Fe2As2]
2−

 layers separated by Eu
2+

 layers [16] 
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2.2.2. Substitutions of Iron (Fe) by Other 3d-Metals  

In an itinerant model the substitution of a small amount of Fe by another d element (TM) is 

expected to be similar to indirect doping since only the total count of electrons is relevant, i.e. a 

rigid-band picture should work in first approximation. In a picture with localized d electrons, on 

the other hand, doping on the Fe site should directly affect the correlations in the Fe-As layers.  

In cuprates the substitution of a few percent Ni or Zn on the Cu site leads to a strong reduction of 

TC. Therefore, several groups recently investigated the properties of solid solutions of the type in 

the rare-earth based system, REO (Fe1−xCox)As or AFe2−xCoxAs2 (A = Ca, Sr, Ba, Eu) [20,21] 

first reported superconductivity in cobalt doped LaOFeAs with a maximum TC ≈ 10 K.  

 

 In SrFe2−xTMxAs2, pure Fe compound undergoes a lattice distortion and SDW ordering at T0 = 

205 K [22], Co substitution leads to a rapid decrease of T0, followed by the onset of bulk 

superconductivity in the concentration range 0.2 ≤ x ≤ 0.4 [23].  The maximum TC of ≈ 20 K is 

achieved for x ≈ 0.20. This was also the first observation of electron-doping induced 

superconductivity in AFe2As2 compounds. Co substitution also generated bulk superconductivity 

with maximum TC ≈ 22 K in BaFe2−xCoxAs2 [24], however, the optimal doping seems to be 

lower than in the Sr system.  

 

Substitution of nickel, introduces twice as many electrons per atom into the Fe-As layer, also 

generates bulk superconductivity, albeit with lower TC than Co substitution in the Sr compound 

[23, 25]. However, for the corresponding Ba compound TC up to 21 K is reported for 

BaFe1.90Ni0.10As2 [20].  Only very recently another internal substitution, namely As by P, was 

reported for EuFe2As2 [21, 26] and LaOFeAs [22, 26]. This means that the SDW transition can 

be influenced and superconductivity can be induced.  
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Figure 2.2. Simplified doping dependent phase diagrams of iron-based superconductors for Co 

doping Ba-122 materials. 

 

The phase diagram of 122-type is schematically shown in Fig.2.2. Like 1111-type, the structural 

transition temperature of tetragonal–orthorhombic decreases accompanying with the suppression 

of the antiferromagnetic state and superconductivity emerges in succession with increasing in 

substituent. The remarkable difference between the 1111- and the 122-type are overlapping of 

antiferromagnetic and superconducting phases. 

 

2.2.3. Magnetic Properties of Iron Based Superconductors 

It is a well established fact that the SDW state of the Fe moments is suppressed as a result of Co 

doping. However, so far there was no clear picture how the ordering of the Eu spins develops 

with increasing Co concentration. Generally, it was assumed that in the 122 systems the direction 

of the sub lattice magnetization of the Eu
2+

 magnetic moments is strongly affected by the 

magnetic behavior of the Fe atoms [27]. Thus, it is important to compare the magnetic properties 

of the Eu sublattice in EuFe2-xCoxAs2 without and with Co doping in order to study the 

correlation between the ordering of the Eu
2+

 moments and the magnetism of the Fe sub lattice.  

This in turn is important to understand the interplay between magnetism of localized moments 

and superconductivity in EuFe2-xCoxAs2. An experiment on magnetic susceptibility and 

magnetization on single crystals of EuFe2-xCoxAs2 (x = 0, 0.2) to investigate the macroscopic 

magnetic properties of the Eu sub lattice was performed [28].  These investigation provided 

information on the magnetic structure of a single-crystal sample in magnetic fields applied along 
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the principal axes.   In addition, the evolution of the magnetic structure as a function of the tilting 

angle between the magnetic field and the crystallographic axes was studied by magnetic torque 

[29] measurements.  In Fig.2.3 the results of the susceptibility and magnetization experiments are 

summarized.  

 

They are discussed in terms of the phase diagram of the Eu
2+

 magnetic sub lattice of EuFe2As2 

and EuFe1.8Co0.2As2 for cH and cH // . For the parent compound EuFe2As2 four different 

magnetic phases were identified (see Fig. 2.3a and b): paramagnetic (PM), antiferromagnetic 

(AFM), canted antiferromagnetic (C-AFM), and ferromagnetic (FM). 

 

 

Figure 2.3. Magnetic phase diagrams of single-crystal EuFe2As2 (a) and (b) and single-crystal 

EuFe1.8Co0.2As2 (c) and (d) for cH and for cH // [28]. 
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The experiments suggest that a C-AFM order of the Eu
2+

 spins in EuFe2As2 in the temperature 

range between 17 K and 19 K, while below 17 K an AFM structure is proposed.   We suggest 

that at low temperatures the system can be well described with a uniaxial model with easy plane 

and with A-type AFM order.  By applying a magnetic field within the AFM phase, a transition 

from AFM order via a canted configuration to a FM structure is observed.  The critical magnetic 

field )(TH cr at which the magnetic moment in the Eu sub-lattice saturates was determined at 

different temperatures.  The values of crH extrapolated to zero temperature were found to be 

THcr 85.0)0(0   and THcr 5.1)0(//

0  for cH and cH //  respectively.   The magnetic ordering 

of the Eu
2+

 moments at low temperatures is consistent with the magnetic structure established by 

neutron diffraction at 2.5 K [29].  

 

The corresponding magnetic phase diagrams for Co-doped EuFe1.8Co0.2As2 are shown in Figures 

2.3c and 2.3d. The magnetic ordering temperature of ≈17 K is only about 2 K lower as compared 

to the parent compound.  However, in the Co-doped EuFe1.8Co0.2As2 no signatures of a low field 

and low-temperature AFM state of the Eu
2+

 moments were found.  The ordering temperature TC 

AFM decreases with increasing magnetic field as shown in Figures 2.3c and 2.3d.  Similar to the 

parent compound crH0  was determined for different temperatures, and the extrapolated zero-

temperature values were found to be THcr 43.0)0(0   and   μ0Hcr (0) =0.58 T for 

crH  and //

crH  

respectively. These values of H0  are much smaller than those obtained for the parent 

compound. Moreover, the magnetic anisotropy 35.1)0()0( 0

//

0  

crcrcr HH   of Co-doped 

EuFe1.8Co0.2As2 is also smaller than 76.1cr  of the parent compound. 

 

2.2.4. Upper Critical Magnetic Field in Iron Based Superconductors  

 

The upper critical field, HC2 in layered superconductors is calculated from a microscopic theory 

in which the electrons are assumed to propagate freely within the individual layers subject to 

scattering of impurities and to propagate via tunneling between the layers.   Measurements of the 

upper critical field, HC2, can provide insight into the pair-breaking mechanisms present in 

superconducting materials and also aid in estimating other characteristics of superconductors 
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such as coherence length and anisotropy.  With increasing He, superconductivity is suppressed 

more rapidly for the as grown (AG) samples compared to the corresponding high pressure (HP)-

annealed samples with the same chemical composition. 

 

In layered unconventional superconductors, the transition widths in resistivity become broader in 

both directions, along and perpendicular to the layers.   The onset of long-range phase coherence 

perpendicular to the layers is usually affected by an applied magnetic field to a higher degree 

than that along the layers [26] since the in-plane phase coherence is usually established by two 

independent processes, one of which is the same as that perpendicular to the layers, and the 

second is the direct dopping, overlap of Cooper pair wave functions [8].   Measuring the upper 

critical field of a superconductor, HC2 (T), has impact not only on potential applications, but also 

helps the understanding of the superconductivity.  The upward curvature of )(//

2 TH c

C
with 

temperature in 122 FePn superconductors has been interpreted as consistent with the existence of 

superconducting gaps.  

 

Two straightforward models are commonly used to fit the HC2 data and extract qualitative 

conclusions, sometimes followed by more intricate analysis involving, e. g., two band models 

and more adjustable parameters.  Werthamer, Helfand, and Hohenberg (1966) [30], WHH, 

model assumes that HC2 is limited to higher fields and lower temperatures by spin orbit pair 

breaking in addition to spin paramagnetic effects (where alignment of the spins in the applied 

field breaks the pairs). On the other hand, when spin paramagnetism pair breaking effects 

dominate those from spin orbit coupling, then the Pauli paramagnetic limiting model is used.  

Qualitatively Pauli paramagnetic limiting being the dominant mechanism over spin orbit effects 

causes saturation (“flattening”) of the upper critical field at lower temperatures/higher fields 

(TC(H)/TC(H=0) ≤ 0.2-0.4.    

 

Since paramagnetic limiting is isotropic, a stronger effect is found in the higher critical field 

direction (H in plane in the FePn/Ch) which reduces the anisotropy in the two field directions at 

lower temperatures.  When the upper critical field data qualitatively shows such saturation, but 

HC2(T=0) exceeds the weak coupling BCS paramagnetic limit( C

BCS

p TH 84.10  , where BCS

pH is 



26 
 

 

in units of T and TC and have  units of  K) which for the observed high values of Hc2 (0) in the 

FePn/Ch is often the case, then enhancements of the weak coupling BCS paramagnetic limit due 

to strong coupling effects (proportional to 1 , where   is the strength of the coupling) can be 

considered [31].  

 

Thus, measurements of HC2 (0) are often used as evidence for strong coupling effects being 

present [32].  Critical field studies on single crystal BaFe2-xCoxAs2 (x=0.076, 0.094, 0.116, 0.148 

0.20, 0.228 m; TC= 7, 15, 23, 22, 17, 8 K) has value up to 35 T [33], and on single crystal      

BaFe2-xCoxAs2 (x=0.20; TC=22 K) the critical magnetic field has value up to 35T allows several 

conclusions.  Also unlike the 1111‟s, whose resistive transitions broaden significantly with field 

presumably due to vortex depinning/dissipation, the transition widths in 122‟s remain fairly 

narrow with increasing field and merely shift downwards in temperature with increasing field. 

 

The critical fields extrapolated to T=0, whether via the WHH formula or 

via ])(1)[0()( 2

22 CCC TTHTH  , for the 122‟s just as for the 1111‟s exceed the weak-coupling 

Pauli paramagnetic limiting field, 
CBp TkH 84.1 . Thus, the pairing breaking effect of the 

magnetic field is qualitatively more dominated by orbital effects (WHH model) than by spin 

alignment effects (Pauli limit), although consideration of the detailed interplay of the two scaled 

by the Maki parameter ( PC HH /)0(2  can bring more quantitative understanding [34].  
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CHAPTER THREE 

MATHEMATICAL METHODS 

 

3.1. Introduction  

In this research work we have used the Ginzburg-Landau theory to obtain the expressions for 

Ginzburg-Landau Coherence Length, Ginzburg-Landau Penetration Depth and upper critical 

magnetic field as a function of temperature for superconductor SrFe2-xCoxAs2 at a dopant 

concentration of  x=0.2. 

3.2. The Basic Ginzburg-Landau Theory 

Ginzburg -Landau (GL) theory is a mathematical theory used to describe superconductivity. It is 

used to explain the difference between Type I and Type II superconductors and enables the 

calculation of two critical magnetic fields HC1 and HC2. This was derived from the BCS 

microscopic theory by Lev Gorkov, showing that it also appears in some limit of microscopic 

theory and applying microscopic interpretation of all its parameters. The basic postulate of GL is 

that, “if the wave function of the super electron )(r  is small and varies slowly in space, the 

free-energy density, )(rFs  can be expanded in a series as follows,  

 
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where the magnetization (M) = (B-H)/4π. 

 

For B = 0, M = -H/4π, equation (3.1) becomes,  
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where nF  is the free energy of the superconductor in the normal state,   and   are 

phenomenological parameters, (  is positive and the sign of  is temperature dependent), 
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emm 2 (effective mass), ee 2 (charge of electron), A is magnetic vector potential 

( AB


  for a magnetic field B),  

If 0 , equation (3.2) reduces to,    

8

2
H

FF ns                                                        (3.3) 

Equation (3.3) is a free energy density of the normal state. 

Now, minimizing the free energy with respect to fluctuations in the order parameter and the 

vector potential, the Ginzburg-Landau Equations becomes, 
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Thus we get, 
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Hence, the order parameter, )(r  will be determined using equation (3.4) based on the applied 

magnetic field. 

The Ginzburg-Landau equation provides complete information about the superconducting state 

)(r  that gives the spatial distribution of the Cooper pair density by taking into account a 

possible variation in their concentration, whereas A(r) describes the local distribution of the 

magnetic field in the superconductor. At free surface that is, when the external magnetic field is 

zero, equation (3.2) will be reduced and if we rearrange it we get, 

 

42

2



  nS FF                                                         (3.5)  

Equation (3.5) has a trivial solution )0(   and it corresponds to a normal state for T>TC.                 

                                                                                                                                                              

                    

Below superconducting transition temperature (TC), it is expected to have a nontrivial 

solution )0(  .  Thus equation (3.4) can be rearranged as, 
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


 

2                                                             (3.6) 

Now let us consider the temperature dependence of    as, 

)()( 0 CTTT                                                         (3.7) 

where 00   

Now, using equations (3.6) and (3.7) we obtain, 






)(02 TTC                                                          (3.8) 

Thus, the Ginzburg Landau order parameter will be given by, 

210 ]
)(

[





TTC                                                        (3.9) 

We know that, the Hamiltonian energy of a particle is given by, 

2

2

1
dvmH                                                           (3.10) 

Where dv  is the drift velocity and m
*
 is the effective mass of the Cooper pair. 

Also, the Hamiltonian energy of the particle using momentum operator is given by, 

2)(
2

1
A

c

e
i

m
H







                                                 (3.11) 

where c is the speed of light in vacuum 

Now, using equations (3.10) and (3.11) we obtain, 

)(
1

A
c

e
i

m
vd







                                                      (3.12) 

It is a well known fact that the superconducting current density is given by, 

dss vneJ                                                                  (3.13) 
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where )()(
2

rrns    and is the density of super electrons.  

Now, using equation (3.12) in equation (3.13), we get, 

)( A
c

e
i

m

e
nJ ss










                                                       (3.14) 

But, )()( rrns   . Thus, equation (3.14) becomes, 

  )()()( rrA
c

e
i

m

e
J s  










                                                 (3.15) 

Equation (3.15) can expressed as, 
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c
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e
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
                          (3.16) 

Equation (3.16) yields the superconducting current density sJ


. 

 

3.3. Calculation of Ginzburg-Landau Coherence Length ( GL )  

The Ginzbrug-Landau coherence length GL is a measure of the distance in the superconducting 

electron concentration that cannot change drastically in a spatially-varying magnetic field.  This 

is a temperature-dependent as well as a material dependent quantity.  In the case of absence of 

the magnetic vector potential, equation (3.4) reduces to, 

0)(
2

1 23



 i

m
                                    (3.17)                                                    

For simplicity, let us consider a wave function which varies only with one variable in the 

absence of applied magnetic fields.  Since,
2

2
2

dx

d 
  , the first GL Equation becomes,  

0
2 2

22
3


 dx

d

m


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
                                            (3.18) 
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Assuming   is real and by neglecting higher terms of , such as the term 
3

  
 
equation (3.18), 

becomes, 

   0
2 2

22


 dx

d

m





                                                     (3.19) 

For the plane wave function, the solution of equation (3.19) is given by, 

)exp()(
GL

ix
x


                                                          (3.20) 

Now, using equation (3.20) in equation (3.19), we obtain, 

0)exp()][exp(
2 2

22
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 GLGL ixix

dx

d

m



                                (3.21a)                                                                            

From which we can get, 
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
GLm


                                                        (3.21b) 

Thus, the temperature dependent GL coherence length becomes, 

21
2

]
2
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


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
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TGL


                                                             (3.22) 

Furthermore, using equation (3.7) in equation (3.22) we get, 

21

0

]
)(2

1
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C

GL
TTm

T





                                              (3.23) 

At T=0K, and from which equation (3.21) becomes, 

21

0

]
)(2

1
[)0(

C

GL
Tm 




                                                 (3.24) 

Equation (3.23) yields the temperature dependent Ginzburg-Landau coherence length where 

equation (3.24) is the zero temperature Ginzburg-Landau coherence length. 
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Now, let us consider cases: 

Case I. For the superconducting state (T < TC): )(0 TTC   

Hence, from equation (3.23), we get, 

)(2
)(

0 TTm
T

C

GL


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



      

From which we obtain,  
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
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Thus, we get, 

21)1)(0()( 
C

GLGL
T

T
T                                         (3.25) 

Furthermore, the experimental values of the zero temperature coherence length )0()0( c

GL

ab

GL   . 

Using the experimental values of the zero temperature coherence lengths )0(ab

GL  and )0(c

GL  at 

T𝐶 = 20 K, the mathematical expressions of the temperature dependent coherence length in the 

𝑎𝑏-plane, )(Tab

GL  and along the 𝑐-axis, )(Tc

GL  for SrFe2-xCoxAs2 superconductor become, 

21)1)(0()( 
C

ab

GL

ab

GL
T

T
T                                                (3.26) 

And                                                   
21)1)(0()( 

C

c

GL

c

GL
T

T
T                                               (3.27) 

Furthermore for iron based superconductors, the coherence length GL  is  ,5.16.0)0( nmc

GL   

and nmab

GL 0.35.1)0(  , the penetration depth GL , is nmab

GL 500200  and λ𝑐GL (0) ≥ 480nm 

[35].  By considering weak superconductive materials that have a maximum coherence length 

and penetration depth at 0 K at a given dopant concentration, i.e. nmab

GL 9.2)0(  , nmc

GL 4.1)0(   

and λ𝑎𝑏GL (0) = 300nm and λ𝑐GL (0) =480nm. 
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Using these experimental values of the zero temperature coherence lengths, nmab

GL 9.2)0(   and 

nmc

GL 4.1)0(   at TC=20 K, the mathematical expressions of the temperature dependent 

coherence length, in the ab-plane and c-axis for superconductor SrFe2-x CoxAs2 at x=0.2 are 

given as,                                             21)1(9.2)( 
C

ab

GL
T

T
T                                                (3.27a) 

  And                                                    21)1(4.1)( 
C

c

GL
T

T
T                                               (3.27b) 

 

Case II. For the normal State (T > TC), )(0 CTT  :  

Hence, from equation (3.23), 
)(2
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0 C

GL

TTm
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
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From which we get,                            21)1)(0()( 
C

GLGL
T

T
T                                             (3.28) 

 

Case III. At T = TC, the GL theory is not valid. 

 

3.3.1. Range of Validity of the GL Coherent Length 

The GL coherence length is different from the size of the Cooper pairs coherence length ( 0 ) 

which is related to the wave function of a Cooper pair.  Furthermore, the GL coherence length 

depends on temperature while the Cooper pair size, 0  is temperature independent, at least, in 

conventional superconductors.  
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Figure.3.1. Temperature dependences of (a) the coherence length GL and the Cooper-pair size 0 , 

and (b) 1

GL  and    1

0

   in “clean” conventional superconductors [7]. 

 

But the values of the coherence length and the Cooper pair size in conventional superconductors 

are equal at absolute zero temperature (T=0) [36]. That means, 0)0(  GL                                             

The coherence length or the Cooper pair size 0  determined by the energy gap at zero 

temperature, )0(  T  is called intrinsic coherence length and is given by, 

)0(
0





 Fv
                                                         (3.29)   

where Fv  is the Fermi velocity and for most metals m6

0 10 . 

When we consider the clean and dirty limits for superconductors, we have two different values of 

GL coherent length at T=0K. These values are expressed in terms of 0 . This means, the GL 

coherent length of superconducting state will be expressed in terms of Cooper pair size, 0 .  

 

Case a. The clean limit:  

Electron mean free path )( ell  is much greater than Cooper pair size 0  [37] and the GL coherent 

length is given by, 

074.0)0(  GL                                                       (3.30) 
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Using equation (3.30) in equation (3.25), we get, 

   21

0 )1(74.0)( 
C

GL
T

T
T                                            (3.31) 

Case b. The dirty limit: 

Electron mean free path )( ell  is much less than Cooper pair size 0  [37].  And the GL coherent 

length is given by,                            elGL l0855.0)0(                                                         (3.32) 

Now, using equation (3.32) in equation (3.25), we obtain, 

   21

0 )1(855.0)( 
C

elGL
T

T
lT                                         (3.33) 

Equations (3.31) and (3.33) yield the temperature dependent Ginzburg-Landau coherence length 

of a superconducting state for clean and dirty superconductors respectively.  The condensation of 

the Cooper pairs in conventional superconductors, and therefore, of the condensate, occurs in 

momentum space. In this case, one can argue that the “real” characteristics of the 

superconducting condensate in conventional superconductors are not GL  and   but 1

GL  and  

1  shown in Figure 3.1(b). 

 The temperature dependence of 1

GL  in Figure 3.1(b) is similar to the BCS temperature 

dependence of the energy gap, )(T , illustrating the increase of the phase stiffness with 

decreasing temperature.  

 

3.4. Calculation of Ginzburg-Landau Penetration Depth )( GL  

The surface current flows in a very thin layer of superconductor called the Ginzburg-Landau 

penetration depth )( GL .  The temperature and magnetic field dependence of the penetration 

depth appear quite naturally in the Ginzburg-Landau theory.  Like the London model, the GL 

model is independent of the underlying mechanism for superconductivity.  Ginzburg-Landau 
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theory is strictly valid only in superconducting phase boundary and is thus not generally 

applicable at low temperatures. In the Ginzburg-Landau theory, a complex order parameter 

)( is a function of temperature, magnetic field and the spatial coordinates.  Since we are dealing 

with stationary equations, the superconductor is in equilibrium state.  

As a result, the energy density is not allowed to change anywhere. That means, 0
d

dFs . In other 

words, minimizing the total free energy per unit volume of the superconducting state in the 

presence of a magnetic field is performed. Therefore equation (3.4) is valid and we get the 

expression for current density from the equation. Thus, from equation (3.16) the expression for 

current density is given by, 
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From which we obtain,  
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If we neglect,   and  , equation (3.34) becomes, 
2
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A
cm

e
J s






                             (3.35)                                          

Now, taking the curl on both sides of equation (3.35), we get, 

A
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
2
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                                              (3.36) 

But BA


  and e
*
 =2e. Thus, equation (3.36) becomes, 
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                                                  (3.37) 

But from Maxwell‟s Equation we have, 

sJ
c

B
 4

                                                         (3.38) 

Taking the curl on both sides of equation (3.38), we get,                                                                                

Since 0 B


, we obtain, 
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                                                  (3.39) 

Substituting equation (3.37) into equation (3.39), we get, 
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But, 



  sn
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Thus equation (3.40) becomes, 
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Equation (3.41) is related to the GL equation which is given by, 
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Comparing equations (3.41) and (3.42), we get, 
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Thus we obtain,  
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Now using  
emm 2  and )(0 CTT   in equation (3.43), equation (3.43) becomes, 
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For T < TC, equation (3.44) becomes, 
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At T=0K, and from which we get,  
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Thus, equation (3.45) becomes, 
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T                                                (3.47) 

Equations (3.46) and (3.47) yield the Ginzburg-Landua penetration depth at absolute zero 

temperature and at a temperature, T respectively. 

 

3.4.1. Range of Validity of the GL Penetration Depth  

The penetration depth is influenced by the electron mean free path ell owing to the nonlocal 

nature of the superconductivity. We call the penetration depth given by (3.46) the London 
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penetration depth and denoted by L . For clean superconductors, 0ell , thus, L  is 

sufficiently longer than 0 . From this we do have, 

LGL  )0(                                                            (3.48) 

For most metals mLGL

7105)0(   

For dirty superconductors ell0 and L 0 . Thus, we have, 
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Now, using equations (3.48) and (3.49) in equation (3.47), we obtain, 
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Equations (3.50) and (3.51) yield the temperature dependent Ginzburg-Landau penetration depth 

of a superconducting state for clean and dirty superconductors respectively in the case of 

practical experience. Since in the two-fluid theory of Gorter and Casimir, ])(1[ 4

c

s
T

T
nn  [38]. 

Where, ns=super electron concentration and n=total electron concentration.  

Thus, from which we have, 2

1

4 ])(1[)(



C

GL
T

T
T . This means that, the empirical formula for 

Ginzburg-Landau penetration depth of a superconducting state is expressed as, 
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Furthermore, the experimental values of the zero temperature penetration depth λ𝑎𝑏 GL
 
(0) ≠ λ

 𝑐
GL 

(0). Using the absolute zero temperature penetration depth λ𝑎𝑏 GL
 
(0) and λ𝑐GL (0), at 𝑇𝐶 = 20K, 
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the mathematical expressions of the temperature dependent penetration depth in the 𝑎𝑏-

plane, )(Tab

GL , and along the 𝑐-axis, )(Tc

GL  for superconductor SrFe2-xCoxAs2 become, 

 λ𝑎𝑏 GL
 (T) = λ𝑎𝑏 GL

 (0)                                    (3.53) 

And 

λ𝑐GL (T) = λ𝑐GL (0)                                        (3.54) 

Furthermore, the experimental values of the zero temperature penetration depth such that, 

nmab

GL 300)0(  and nmc

GL 480)0(  [35] at 𝑇𝐶 = 20 K. Thus, equations (3.53) and (3.54) 

become, 
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And                                                  214 ])(1[(480)( 
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The GL characteristics parameter, in the c-axis and ab-plane for SrFe2-xCoxAs2 superconductor 

are given by, 5.103 ab

GL

ab

GL

c

GL   and 3.188 c

GL

ab

GL

c

GL

ab

GL

ab

GL  [39]. As is well known, 

Abrikosov show that if the GL characteristic parameter, 21 , then the superconductor is 

type II [40]. Thus, at x=0.2, superconductor SrFe2-xCoxAs2 is type II superconductor.  

 

3.5. Calculation of Upper Critical Magnetic Field Using Ginzburg-Landau 

Theory 

The upper critical magnetic field (UCMF) is the magnetic field which completely suppresses 

superconductivity in type-II superconductors. More properly, the UCMF is a function of 

temperature (and pressure) and if not specified absolute zero and standard pressure are implied. 

Superconducting region nucleates spontaneously within a normal conductor when the applied 
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magnetic field is decreased below a value denoted by HC2. As the wave function of the 

superconducting state is small, the term containing 
2

  in equation (3.4) can be neglected. Thus, 

we can linearize the Ginzburg-Landau equation as follows. 
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Where, 2)(
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  is the Hamiltonian operator and  is Eigen value of the 

Hamiltonian operator. Thus, equation (3.57) is similar to, 
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Since the system is only just in the vortex phase, very near to the normal phase, it must be fair to 

assume that the magnetic field penetrates the entire superconducting sample.  Therefore, the 

magnetic field in a superconducting region at the onset of superconductivity is just the external 

applied magnetic field (He). In other words, since magnetization is so small, especially in 

strongly type II superconductors, inside a superconductor eHB  [41].  If the problem is reduced 

to a two dimensional case where the applied magnetic field has only a z component, then an 

expression for A can be determined as  B = (0, 0, Bz) and A = xBj   xHej. Thus, equation (3.59) 

becomes, 
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From which we obtain, 
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From equation (3.60) it can be seen that, the Hamiltonian and momentum operators have a 

relation such that, 
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Now, using equation (3.61) in equation (3.60), we get,  
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Furthermore, using equation (3.61) in equation (3.62) we obtain, 
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We know that, 
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Where the left hand side term is momentum operator and the right hand side term ( k ) is equal 

to )ˆˆˆ( kkjkik zyx   is Eigen value of momentum operator.  

But the expression of the Hamiltonian's energy given in equation (3.63) does not depend on the 

coordinates y and z. So, the corresponding momentum components 
zy kandk  are conserved. 

Using this concept equation (3.63) has a solution of the type, 

)](exp[)()( zkykixx zy                                              (3.65) 

Now, substituting equation (3.65) into equation (3.63), we get, 
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From which we get, 
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Now, let us introduce some parameters such that, 
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Where,
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And    
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Now using equations (3.67), (3.68) and (3.69) in equation (3.66), we get, 
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Equation (3.70) is a Schrodinger equation of a harmonic oscillator with angular 

frequency/cyclotron frequency, c .  

A Schrodinger equation of a harmonic oscillator with angular frequency, c  has a solution given 

by, )
2

1
(  nEn  [42]. Thus, the solution of equation (3.70) becomes, 
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Where, ............2,1,0n  
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Now, using equations (3.68) and (3.69) in equation (3.71) for nE   and c   respectively, we get, 
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Our aim here is to find the highest eH  which occurs when 0n  and 0zk . This value is 

defined as the upper magnetic field, HC2 and is the strongest magnetic field where a vortex phase 

can exist. Thus from equation (3.72) we get, 
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But from equation (3.22), we have, 
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Thus, using equation (3.74) in equation (3.73), we get, 
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Hence, equation (3.77) yields the expression for the temperature dependent upper critical 

magnetic field, HC2. 
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3.5.1. Anisotropic Mass Tensor Model  

All layered superconductors are type-II superconductors. In these superconductors, the critical 

magnetic fields, HC1 and HC2 as well as GL and GL are different in different directions-parallel 

and perpendicular to the layers. The upper critical magnetic field applied perpendicular to the 

layers, 

2CH  determined by vortices whose screening currents flow parallel to the planes and the 

upper critical magnetic field applied parallel to the layers, //

2CH  is determined by vortices whose 

screening currents flow perpendicular to the planes. In the previous section, we have seen the 

upper critical magnetic field for isotropic mass tensor such that
emm 2 . Now let us consider 

anisotropic mass tensor which is given by, 
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Since the coherence length )0(GL  depends on the effective mass, the resulting equation is 

formally identical with the Schrödinger Equation of a particle with charge e* =2e , an isotropic 

mass tensor m* =2me in a uniform magnetic field He and the energy levels that have the harmonic 

oscillator are given by, 
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Where, 
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At 0n , the zero point energy is given by, 
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1
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But the effective mass is a function of the angle between the applied magnetic field and axis of 

Symmetry [43] and is given by, 
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Now, substituting equations (3.79) and (3.81) into equation (3, 78), we get, 
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 When 0n , the external applied magnetic field is maximum and equal to the upper critical 

magnetic field, HC2. Thus we obtain, 
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But, )(0 CTT   

 

Hence, equation (3.83) becomes, 
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But from the general expression we have, 
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