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[bookmark: _Toc152607900]ABSTRACT
It is widely understood that superconductivity and magnetism are mutually exclusive or antagonistic due to their essentially different order states. But the recent discovery of the interplay between itinerant ferromagnetism and superconductivity in some uranium based compounds such as UGe2, URhGe, UCoGe, and UIr has led to renewed interest in the relationship between ferromagnetism and superconductivity. Furthermore, there is also a wide range of interplay between superconductivity and magnetism in many non-uranium based compounds such as ZrZn2, Y9Co7, etc.  The interplay of superconductivity and ferromagnetism is a long-standing and fascinating research problem in condensed matter physics. Even though the superconducting critical temperature of UGe2, URhGe, UCoGe, and UIr is low they are important for us to understand the physical origin of related properties of superconducting materials.
In this Graduate Project Work, the superconductivity and itinerant ferromagnetism in ferromagnetic metals UCoGe, UIr, and ZrZn2 have been reviewed. Using the available data for UCoGe and UIr, phase diagrams of superconducting order parameter versus temperature, magnetization versus temperature, upper magnetic field versus temperature and density of state versus frequency have ben plotted and discussed for UCoGe and UIr.
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[bookmark: _Toc152607901]CHAPTER ONE
[bookmark: _Toc152607902][bookmark: _Toc452264729][bookmark: _Toc152607903]INTRODUCTION

1.1. General Introduction to Superconductivity and Ferromagnetism 
Superconductivity which was discovered by H.Kamerlingh Onnes in 1911 is the disappearance of resistivity at a critical temperature (TC) as shown in figure 1.1 [1]. Superconductivity is a phenomenon that occurs at very low temperature. Every superconducting material has a transition temperature (TC) below which it behaves as superconductor and above which it behaves as a normal material. In superconducting state, the material has no electrical resistance. So, it conducts electricity without dispassion of energy. In 1908 Onnes developed a procedure to liquefy helium, a process that occurred at 4.2K [2].To bring about this liquefaction, helium gas was compressed to a smaller volume which caused its temperature to rise. The warmed and compressed gas is then passed through a pipe surrounded by a cooler fluid. Still compressed but cooler gas is now forced to pass through a small hole which cannot expand and further cooling was occurred. These steps are repeated over and over again until the temperature of the compressed gas reached 4.2K where it was liquefied. This process that Onnes used to liquefy helium is still used in modern refrigerators. Having successfully liquefied helium, Onnes had tried to cool other materials to 4.2K by simply lowering them in to a helium bath. Onnes then began to carry out experiments on materials immersed in liquid helium which had never been possible before. One of these which were carried out in 1911 was to measure the electrical resistance of solid mercury. In the course of carrying out this measurement; Onnes discovered the remarkable behavior that is now called superconductivity. The measurement consisted in applying a voltage, V across mercury recording the current, I that flowed and calculated the resistance, R. When mercury reached a temperature of 4.2K, Onnes noticed that, when he turned off the voltage, the current stopped flowing as expected. He also noticed that, when he turned off the voltage below 4.2 K, the current continued to flow. In fact, the current continued to flow without decaying for months and even years and the resistance of the material had become zero. Onnes described this state as a superconducting state. More precisely, zero resistance is the first characteristic property of a superconductor.
[image: ]
[bookmark: _Toc455048686][bookmark: _Toc11589690]Figure 1.1. The resistance versus temperature of mercury produced in 1911 at the laboratory in Leiden by Onnes [1]
[bookmark: _Toc452264731][bookmark: _Toc152607904]In the subsequent years, other metallic elements such as aluminum, zinc, lead, tin, etc., were found to be superconductors below their respective transition temperatures. Materials develop electrical resistance because their conduction electrons collide with intrinsic defects and impurity atoms of the solid which scatter them from the direction of flow. The next great milestone in understanding how matter behaves at extreme cold temperatures occurred in 1933. German researcher Walter Meissner discovered the second characteristic property of a superconducting state, a property known as the Meissner effect [2]. The first widely accepted theoretical understanding of superconductivity was discovered in 1957 by American Physicists John Barden, Leon Cooper and John Schrieffer which is nowadays known as the BCS theory. The BCS theory explained superconductivity at temperature close to absolute zero temperature for elemental and alloys. However, at higher temperature and with different superconducting systems, the BCS theory has subsequently become inadequate to adequately explain how superconductivity occurs. In 1962, scientists developed the first commercial superconducting wire which was an alloy of Niobium and Titanium (NbTi). Another significant advancement in superconductivity came in 1962 when Brian D. Josephson predicted that, electrical current (paired electrons) would flow between two superconducting materials separated by a thin insulator or a non-superconducting oxide material. This tunneling of the paired electrons in the oxide barrier is known as the Josephson Effect. The 1980’s were years of unrivaled discovery in the field of superconductivity. In 1964 Bill little had suggested the possibility of organic (carbon-based) superconductors. The first of these superconductors was successfully synthesized in 1980 by Klaus Bechgard and three French team members. In 1986, a discovery was made in the field of high temperature superconductivity. Alex Muller and George Bednorz created a brittle ceramic compound that superconduct at a temperature of 35 K [3]. 
1.2. The Meissner Effect
In 1933 Meissner discovered the perfect diamagnetic characteristic of superconductivity. When superconductor is placed in a weak external magnetic field, H and cooled below its transition or critical temperature, TC, the magnetic field expelled completely from its interior. Thus, superconductor is not only a perfect conductor at zero resistance but also a perfect diamagenet, i.e a superconductor that expels a weak magnetic field nearly completely from its interior. A superconductor with a little or no magnetic field within is said to be in the Meissner state. The Meissner state breaks down when the applied magnetic field is too large. The limit of external magnetic field strength at which a superconductor can expel the magnetic field is known as the critical magnetic field strength, HC. In1938 the London brothers, Fritz and Heinz, provided a quantitative explanation for the Meissner effect [2]. They applied the will-known theory of electromagnetism based on Maxwell equations to the case of a superconductor. They showed that, an applied magnetic field Bapp induces current; this surface current in turn produces an internal magnetic field that exactly cancels the applied magnetic field within the superconductor so that no magnetic field is present in its interior. In other words, the induced internal field is equal in magnitude and opposite in direction to the applied field Bapp, so the two cancel each other. Therefore, this implies that, the magnetic field is repelled by the superconductor and this repulsion results in the Meissner effect.
[image: ]
[bookmark: _Toc11589691]Figure 1.2.  Meissner effect (a) magnetic field penetrating a superconductor for T>TC (b) magnetic field expelled from its interior for T<TC [2].

[bookmark: _Toc452264732][bookmark: _Toc152607905]1.3. The BCS theory
As was stated earlier in 1957, J. Barden, L.N Cooper and J.R Schrieffer formulated the microscopic theory of superconductivity which is known as the BCS theory [4]. The theory asserts that, as electrons pass via a crystal lattice, the lattice deforms inward towards the electrons generating sound packets known as phonons. These phonons produce a trough of positive charge in the area of deformation that assists subs equate electrons in passing via the same region in a process known as phonon-mediated coupling. The BCS theory is a microscopic theoretical frame work for treating a fermions system in which an effective attractive interaction brings about a phase cohere pair condensate with strong spatial overlap of fermions pair. It also deals with the formation of correlated pairs in relation to the achievement of the lowest state of energy of the crystal. The theory conforms superconductors known as conventional superconductors. In many superconductors, the attractive interaction between electrons (necessary for pairing) is brought in directly by the interaction between the electrons and the vibrating create lattice and the (the phonons). The basic principle of the BCS theory is that, electrons (fermions) pair up via phonon coupling and the pairs (bosons) condos in to a single microscopic quantum state and travel together cooperatively and coherently through the crystal lattice without scattering [5].It is well known that, electrical résistance arises by scattering of electrons due to defects impurities, thermal vibrations in a crystal lattice of a conductor.
[image: ]
[bookmark: _Toc11589692]Figure 1.3. Formation of Cooper Pairs: a schematic diagram of an electron polarizing a positive ion in its vicinity to create an attractive potential for a second electron to form a Cooper pair [4].
However, a net attraction is achieved when the electrons interact with each other via the motion of the crystal lattice as the lattice structure is momentarily deformed by a passing electron as shown in figure (1.3). The passage of electron 1 causes nearby ions to move inward toward the electron, resulting in a slight increase in the concentration of positive charges in the region. When electron 2 (the second electron to form the Cooper pair), approaches before the ions have had a chance to return to their original positions, it will be attracted to the distorted (positively charged) region. The net effect is a weak attractive force between the two electrons (Cooper pairs). It can be said that the attractive force between the two electrons is an electron-lattice-electron interaction (phonon mediated), where the crystal lattice serves as the mediator of the attractive force in the formation of Cooper pairs. A Cooper pair in a superconductor consists of two electrons having opposite momenta and spin. Cooper pairs are formed in a shell of width of order kBTC  around the Fermi surface. Their radius is small as compared to the average distance between the electrons hence forming Cooper pairs. The very essential feature of the BCS theory is that the Cooper pairs once formed they will have the same wave function.
[bookmark: _Toc452264733][bookmark: _Toc152607906]  1.4. Cooper Pair
The BCS theory proposes that, the lattice vibrations (phonons) are the cause for the formation of Cooper pairs in conventional superconductors and is stated as follows. When an electron passes by positively charged ions in the lattice of crystal, the electron polarizes or distorts the atom around it. This polarization of the atoms of the lattice causes phonon to be emitted which forms a trough of positive charges around the electrons. As a result, a wave of lattice distortions due to attraction to a moving electron is formed. Before the electron passes by and before the lattice springs back to its original position, a second electron drowns into the trough and interacts with the polarization. It is this lattice vibrations that causes the two electrons (which normally repel) attract each other to form Cooper pairs [4]. The energy of the pairing interaction is quite weak; it is in the order of 10-3eV, and the thermal energy can easily break up the pairs. Therefore, only at low temperatures a significant number of the electrons in a metal material would form Cooper pairs. The electrons in a pair are not necessarily close together, because the interaction is long range, paired electrons may still be hundreds of nanometers apart. This distance is usually greater than the average inter electron distance, so many Cooper pairs can occupy the same space [4].
[bookmark: _Toc452264734][bookmark: _Toc152607907]     1.5. Types of Superconductors

[bookmark: _Toc452264735][bookmark: _Toc152607908]There are the main two types of superconductors. These are type I (soft) and type II (hard) superconductors. The value of the Ginzburg-Landau parameter  determines the behavior of a bulk superconductor in an applied magnetic field H. All superconducting elements except Niobium, Vanadium and Technetium are type I superconductors. Besides Niobium, Vanadium, Technetium, all superconducting alloys, and high temperature superconductors belong to type II or hard superconductors. For magnetic fields up to the lower critical field, both types of superconductors behave in the same way. These two main types of superconductors are distinguished based on their ability to expel magnetic flux [5,6]. Soft superconductors the expulsion is complete up to a certain maximum or critical field HC1 above which the superconductor returns to the normal state. Hard superconductors also show complete expulsion up to a field HC1 but now for higher fields magnetic flux starts to enter the superconductor in the form of small flux bundles, so-called vortices, crossing the interior of the superconductor. These vortices are like tubes having a non-superconducting core and carry a particular quantum of flux. With maximizing the magnetic field the density of vortices increases until a field HC2 at which the superconductor vanishes.
1.5.1. Type I Superconductors
[bookmark: _Toc452264736]The occurrence of a critical field in type-I (soft) superconductors can be explained if we assume that Cooper pairs cannot exist in a magnetic field. This means that a material in an external magnetic field can only become a superconductor if the magnetic field is expelled from the sample. The resistivity and the internal magnetic field are zero for a small external field and that both change discontinuously at the critical field HC. The magnetization also changes discontinuously at HC, it is large and negative for a superconductor because the induced magnetic moment opposes the external field, but typically becomes small and positive at the critical field as the sample becomes a normal paramagnetic metal. This type of behavior is the characteristic of most pure metals and these materials (metals) are known as type I superconductor [7].

[image: ]
[bookmark: _Toc11589693]Figure 1.4. Magnetization versus applied magnetic field for Type I superconductors[7].

[bookmark: _Toc152607909]1.5.2. Type II superconductors


 For type II (hard) superconductors there are two critical fields, lower (HC1) and upper (HC2). The critical field HC of a similar soft superconductor is also used for comparison. At the lower critical field HC1which is less than HC the magnetic flux begins to penetrate the sample and the material is no longer a perfect diamagnetic. However, the resistivity of the sample remains zero until the upper critical field HC2 is reached and it is only at this point that the magnetic field inside the specimen becomes equal to the external field.  An external magnetic field (H) between the lower and upper critical fields (HC1 and HC2) respectively does not penetrate uniformly through the sample. Rather, the magnetic field inside the sample becomes “quantized” in units of the flux quantum into arrays of magnetic flux tubes called vortices. These vortices construct a triangular lattice inside the superconductor. Each flux line contains a flux quantum and is surrounded by a current which mainly screens the magnetic interaction with neighboring flux lines by lowering the free energy of the superconductor. The “vortex state” enables hard superconductors to sustain high magnetic fields and larger applied current densities. This condition occurs for  and  for these types of superconductors [7].
[image: ]
[bookmark: _Toc11589694]Figure 1.5. Magnetization versus applied magnetic field for Type II superconductors[7].
[bookmark: _Toc531564274][bookmark: _Toc452264737][bookmark: _Toc152607910]          1.6. Ferromagnetism
[bookmark: _Toc452264738][bookmark: _Toc452264741]A magnet made of alnico-iron alloy with its ferromagnetic nature is a basic mechanism by which certain materials (such as iron) form permanent magnets or are attracted to magnetism in physics in which several different types of magnetism are distinguished. Ferromagnetism is the strongest type and is responsible for the common phenomena of magnetism in magnet which we encounter in ever day life. Substances respond weakly to magnetic fields with three other types of magnetism paramagnets, diamagnetism and antiferromagnetism but the forces are usually so weak that they can only be detected by sensitive instruments in a laboratory. An everyday example of ferromagnetism is a refrigerator for magnet used to hold notes on a refrigerator door. The attraction between a magnet and ferromagnetic material is ‘the quality of magnetism. Permanent magnets (material that can be magnetized by an external magnetic field and remain magnetized after external field is removed) are either ferromagnetic or ferrimagnetic as are the materials that are noticeably attracted to them. Only a few substances are ferromagnetic. The common ones are iron, nickel, cobalt and most of their alloys and some compounds of rare earth metals. Ferromagnetism is every important in industry and modern technology, and is the basic for many electrical and electromechanical devices such as electromagnets, electric motors, generators, transformers and magnetic storage such as tape recorders, and hard desk ,and non-distractive testing of ferrous materials. When a ferromagnetic material is placed near a magnet it will be attracted to wards a region of greater magnetic field .This is what we are most familiar with when our magnet picks up a branch of paper clips, Fe, Co, Ni, Gd, Dy, and alloys containing these elements exhibit ferromagnetism because of the way the electron spins within one atom interact with those of nearby atoms .They will align themselves creating magnetic domains forming a temporary magnet. If a piece of iron is placed within strong magnetic field, the domains in line with the field will grow in size as the domains perpendicular to the field with shrink in size. Historically, the term ferromagnetism was used for any material that could exhibit spontaneous magnetization in the absence of an external magnetic field. This general definition is still in common use. However, in landmark paper in 1948, Louis Neel showed that there are two levels of magnetic alignment that result in this behavior, one is ferromagnetism in the strict sense, where all the magnetic moments are aligned. The other is ferrimagnetism, where some magnetic moments point in the opposite direction but have a smaller contribution so that there is still spontaneous magnetization in the special case where the opposing moments balance completely. The alignment is known as antiferromagnetism but antiferromagnetism does not have spontaneous magnetization.
[bookmark: _Toc152607911]1.7. Curie Temperature
In physical and materials sciences, the Curie temperature (TC) or Curie point is the temperature above which certain materials lose their permanent magnetic properties to be replaced by induced magnetism. The Curie temperature is named after Pierre Curies, who showed that magnetism was lost at critical temperature. The forces of magnetism are determined by magnetic moment, a dipole moment within an atom which originates from angular momentum and spin of electrons. Materials have different structures of intrinsic magnetic moments that depend on temperatures. The Curie temperature is the critical point at which a material’s intrinsic magnetic moments change direction. Permanent magnetism is caused by the alignment of magnetic moments and induced magnetism is created when disordered magnetic moments are forced to align in an applied magnetic field. For example, the ordered magnetic moments change and become disordered at the Curie temperature higher temperatures make magnets weaker as spontaneous magnetism only occurs below the curie temperature. Magnetic susceptibility above Curie temperature can be calculated from the Curie’s Weiss law which is derived from Curie’s law. In analogy to ferromagnetic and paramagnetic materials, the Curie temperature can also be used to describe the phase transition between Ferro-electricity and Para-electricity. In this context, the order parameter is the electric polarization that goes from finite values when the temperature is increased above the Curie temperature.
[bookmark: _Toc11531152]           Table 1.1. Curie temperature of some materials.
	Materials
	Curie temperature (K)

	Iron (Fe)
	1043

	Cobalt (Co)
	1400

	Nickel  (Ni)
	627

	Gadolinium(Gd)
	292

	Dysprosium(Dy)
	88

	Manganese Bismuth (MnBi)
	630

	Chromium(iv)oxide (CrO2)
	38

	Manganese  Arsenide   (MnAs)
	318

	Europium oxide (EuO)
	69

	Iron (III) oxide (Fe2O3)
	948

	Iron (II,III)oxide (FeFe2O3)
	858

	NiO-Fe2O3
	858

	CnO–Fe2O3
	728

	MgO –Fe2O3
	713

	MnO –Fe2O3
	573

	Yttrium iron garnet (Y3Fe5O12)
	560

	Neodymium magnets 
	583-673

	Alnico
	973-1133

	Samarium cobalt magnets
	993-1073



		


[bookmark: _Toc531564278][bookmark: _Toc452264742]                                      







[bookmark: _Toc152607912]CHAPTER TWO
[bookmark: _Toc452264743][bookmark: _Toc152607913][bookmark: _Toc452264744]LITERATURE REVIEW
[bookmark: _Toc152607914]     2.1. Superconductivity and Magnetism
      Magnetic field plays an important role in the field of superconductivity. According to the way superconductors behave in an applied magnetic field, they can be classified as soft and hard superconductors. The application of strong magnetic field to superconductors destroys the superconductivity nature of superconductivity. As was mentioned earlier, for a type I (soft) superconductor there is one critical applied magnetic field above which the superconductor becomes a normal metal. They expel the magnetic field if it is less than the critical field. Hence soft superconductor’s exhibits complete Meissner effect (perfect diamagnetism). This is the characteristic of many pure elemental superconductors like Al, Ga, In, Zr, Zn.  The critical temperature TC in the materials decreases with increasing of applied magnetic field and the magnitude of the critical magnetic field varies with temperature according to the expression given below,

                                                                                                                           (2.1)                                                                                                              

Where  is the maximum value of the applied magnetic field at T=0K.
[bookmark: _Toc452264745]                The other type of superconductor is hard. It is characterized by two critical magnetic fields, designated by HC1 and HC2. If the applied magnetic field is less than the lower critical field HC1, they superconduct perfectly as type I and there will be perfect diamagnetism. When the applied magnetic field is in between the two critical fields the materials superconducts but there will be flux penetration, and known as mixed (vortex) state. Hence, Meissner effect (perfect diamagnetism) is not complete. If the applied magnetic field exceeds the upper critical magnetic field becomes in the normal state. Compound superconductors like Nb3 Al, Nb3Sn, and PbMoS exhibit type II (hard) superconductors.
[bookmark: _Toc152607915]2.2. Ferromagnetic Superconductors
Ferromagnetic superconductor metals (materials) are metals that superconduct in the ferromagnetic state under certain restricted conditions. Basically, ferromagnetism and superconductivity are thought to be mutually repulsive because superconductors as described by the (BCS) theory of superconductivity are characterized by superconductivity Cooper pairs which is different from the case of Ferromagnet described by parallel spins. Even when superconductivity has been thought as arising from magnetic mediation of paired electrons, it was believed that superconductivity occurs in the paramagnetic phase. It has been believed that the conduction electrons in a metal cannot be both ferromagnetically ordered and superconducting [8]. After the suggestion of coexistence of ferromagnetism and super conductivity by Ginzburg and experimental investigation made by Matthias et al. [9], as a theoretical development, Anderson and Suhl [10] discussed a possible coexistence phase where the ferromagnetism is modified to long period modulated spin structure. This modified interaction is mediated by superconducting pairs. Similar to this idea, Blount Varma [11] proposed magnetic spiral coexisting with superconductivity to gain electromagnetic dipole interaction between localized moments. The above efforts led to unexpected discovery of heavy fermion ferromagnetic superconductor UGe2 in which the 5f electrons of the U atom are responsible for both the ferromagnetism and superconductivity and seem to be difficult to understand in terms of these theories so far proposed which assumes that two groups of electrons are distinguishable and clearly separated spatially, that ferromagnetism comes from the well localized electrons while superconducting pairs are formed by conduction electrons. Ferromagnetic metals are characterized by the fact that their electronic energy bands are split by the exchange interaction between the electrons so that the spin up bands has different energies from the spin down bands. UGe2 (TC=0.8K [12], URhGe2 (TC =0.25K) [13], and ZrZn2 (TC=0.29K) [14] are the currently found ferromagnetic superconductor metals (materials) at low temperature. 
[bookmark: _Toc452264746][bookmark: _Toc152607916] 2.3. Coexistence of Antiferromagnetism and Superconductivity 
Coexistence between antiferromagnetism (AFM) and superconductivity is rather easy to realize compared to ferromagnetism (FM) and actually observed in several compounds since the antiferromagnetic moments vanish and on the average the magnetic moments in these compounds have almost no effect on the Cooper pairs as the exchange interaction is zero. The coexistence was observed in heavy fermion systems like CeP, CeIn3 and especially in high temperature superconductors such as GdBa2Cu3O7 [15]with spontaneous antiferromagnetic ordering of Gd moments, La2CuO4 , and in RMo6S8 (R=Tb, Dy, and Er).
[bookmark: _Toc452264747][bookmark: _Toc152607917]2.4. The Structure of  ZrZn2

The weak itinerant ferromagnetic metal ZrZn2 characterized by weak magnetic moment (0.12µB-0.23µB) crystalizes into a cubic laves type MgCu2 exhibiting a number of interesting phenomena including the much weaker ferromagnetism (FM) [16].The structure is a very closely packed with 71% of the volume filled by touching spheres. The lattice constant of ZrZn2 is a=7.393 [14]. The Zr atoms occupy the position of a diamond lattice, and the Zn forms a network of a corner [17] sharing tetrahedral. In the structure a Zr atom is surrounded by 4Zr atoms and 12Zn neighbors. The position of the 4Zr atoms is at 6.001a.u and that of the Zn atoms is at 5.745 a.u. Since the metallic radius of Zn is 16% smaller than that of ZrZn and Zr does not form strong bonds. On the other hand, Zr does not form directional bonds, so four Zr-Zr bonds in ZrZn2 do not provide strong bonding either. At the same time Zn has eight neighbors at a distance of 4.9a.u noticeably less than in Zn metal.
[image: ]
[bookmark: _Toc455050457]Figure 2.1.The structure of ZrZn2.The larger sphere (blue) stands for Zr and the small sphere (red) for Zn [14].
[bookmark: _Toc452264748][bookmark: _Toc152607918]2.5. Ferromagnetism due to Itinerant Electrons
In a ferromagnet material, all of the spins line up in the same direction, there by breaking the spin rotational invariance to the subgroup of motions (rotations) about this direction preserving the discrete translational symmetry of the lattice. This can occur in a metal, insulator, or a superconductor while in antiferromagnet neighboring spins are oppositely directed, there by breaking spin-rotational invariance to the subgroup of rotations about the taken or chosen direction and breaking the lattice translational symmetry to the subgroup of translations by an even number of lattice sites. The treatment of ferromagnetism (FM) in terms of exchange interaction between localized magnetic moments is not proper for ferromagnetic metals, such as the 3d transition metals iron (Fe), cobalt (Co), and neon (Ni) [18], where the electrons are responsible for the magnetism, itinerant and form a band, narrow, of delocalized states. And the exchange energy can be assumed simply to add to the energy of Bloch states, thereby causing a displacement in energy of electron states having a given spin direction from those with the opposite spin direction. The exchange interaction acts as an internal magnetic field, causing a displacement of the density of states of electrons (in this case, d-electrons) with different spin direction, in an analogous fashion to the displacement caused by an external field in the case of paramagnetism of conduction electrons. In ZrZn2 the weak itinerant magnetism of magnetic moment discovered in 1958 by Mathias and Broth [19] is responsible for the Zr 4d electrons. Its occurrence is unusual because neither elemental Zr nor Zn is magnetically ordered. The low Curie temperature and small magnetic moments of ZrZn2 as Ni3Al, MnSi, and Si3In under ambient pressure makes it one of the few examples of weak itinerant ferromagnetism (FM). The other most remarkable magnetic property of ZrZn2 is the effect of a magnetic field on the ordered moments. At T=1.75K a relatively small field of 0.05T was required to form a single ferromagnetic domain. By further increasing the field, the ordered moment is rapidly increased with a field of 6T causing a 50% increase in the ordered moment, which is unsaturated up to 35T, the highest field measured. This behavior contrasts strongly with the elemental ferromagnet Fe, Ni, and Co in which after a single domain is formed, applied fields have only small effect on the ordered moment. 
M. B. Walker and K. V. Samokin developed a model [20] in which the superconductivity in the ferromagnetic state of ZrZn2 is stabilized by an exchange type interaction between the magnetic moments of triplet state Cooper pairs and the ferromagnetic magnetization density, in which they give as a reason for the occurrence of superconductivity in it only in the ferromagnetic phase. They also mentioned that the spin fluctuation mechanism can provide an alternative explanation of the result they got.
[bookmark: _Toc452264749][bookmark: _Toc152607919]2.6. Mechanism of Pairing in ZrZn2
Karchev, et al., [21] studied the coexistence of weak itinerant ferromagnetism (FM) with sparing (singlet pairing) by a model assuming that the same band electrons produce both phenomena. In their model, the long range ferromagnetic order is not resulted from an indirect exchange coupling between the localized spins, but is a consequence of spontaneous broken spin rotation symmetry of those itinerant electrons that participate in the Cooper pair formation. In 1964 Doniach and, Berk and Schrieffer in 1966 showed that in the paramagnetic phase the, phonon-induced s-wave superconductivity in exchange enhanced transition metals is suppressed by ferromagnetic spin fluctuation in the neighborhood of the Curie temperature. At the same time, a theory of superconductivity coexisting with long range ferromagnetic order was developed by Larkin and Ovchinnkov [22] and by Fulde and Ferrell [23] for magnetic impurity induced ferromagnetism in metals (materials) known as (LOFF) state. The s-wave superconductivity state in ferromagnetic phase is unusual and is a generalization of (LOFF), R. Shen, Z. M. Zheng et.al. [24] Developed a model with both an attractive interaction and an exchange coupling between the itinerant electrons to study the coexistence of spin singlet superconductivity and ferromagnetism. In their model the electrons responsible for ferromagnetism and superconductivity are the same and the exchange energy between the two spin sub bands is determined self consistently, and they found that coexistence of the two phenomenon and spin singlet pairing is not possible if the electrons responsible for both phenomenon are from the same band. They proposed that triplet pairing (p-pairing) is most probable for these cases although there is a possibility of coexistence if the superconductivity and the ferromagnetism are caused by different electrons and others showed that only p-pairing (triplet pairing) superconductivity could coexist with the itinerant ferromagnetism similar to the case of A1 phase of superfluid 3He. Apple and Fay [25] proposed that spin triplet of pure sample of ZrZn2 with a possible mechanism of pairing C. Pfleidere, M. Uhlarz et al. [14] found that superconductivity in ZrZn2 occurs only in the ferromagnetic phase which may arise where the Cooper pairs are in a parallel spin (triplet) states.
[bookmark: _Toc152607920]2.6.1. s-Pairing	
S-pairing (single pairing) is pairing of two fermions with opposite spin of opposite momenta. Its spin quantum number S is 0. The spin wave function corresponding to singlet pairing fermions has the form,

                     =  −                                                                                              (2.2)
In which the singlet fermions wave function is of the form | for up spin and | for down spin.  The wave function in the S-pairing is anti-symmetric.
[bookmark: _Toc152607921]2.6.2. p-Pairing
The best known example of triplet pairing (p-pairing) is a superfluid such as 3He in which the condensate states of spin triplet is atomic Cooper pairs. In 3He the He atoms are strongly repulsive at a short distance and becomes attractive only for interatomic separation of r ∼ r0 ∼ 3A0. Unlike to the singlet pairing the triplet pairing has spin quantum number, S= 1. The spin wave function of triplet (p-pairing) can have any of the three cases below.
a) |  for spin up pairing in which Sz =1.
b) | for spin down pairing in which Sz =-1.
c) (|  + |) for spin up-down pairing in which Sz=0. 
                     In triplet pairing the wave function is symmetric under particle permutation. As described above in section (2.2), the metallic ferromagnet is characterized by the fact that the bands of the up pairing and the down pairing have different energies. Since  the Curie temperature is 28.5K [14] for ZrZn2  and  is much higher than its superconductivity critical temperature,  the large spin splitting of the Fermi surface may suppress the last (| + |) type of pairing. More over the superconductivity occurs only in the ferromagnetic phase showing that electrons of parallel spins are favored in the pair formation[14]. Hence, in our case we will consider only the other two equal spin pairing (ESP) of triplet pairing.
[bookmark: _Toc452264750][bookmark: _Toc152607922]2.7. Order Parameter in p-Pairing
In superconductors the Cooper pairs formed in such a way enter into a state characterized by an energy gap (order parameter) of the superconductor. The energy gap is zero at the critical temperature (TC) and attains its maximum value at zero temperature. In triplet pairing superconductivity, the order parameter has three components. ∆ ↑↑ corresponding to the pairing of electrons in the spin-up band, ∆ ↓↓ corresponding to the pairing of electrons in the spin-down band, and ∆ ↑↓ corresponding to the pairing of spin-up and spin-down electrons. The ∆ ↑↓ component is expected to be very small that inhibit the possibility of singlet superconductivity in a ferromagnet. And it can be written as a matrix form as shown below.                               
                                                                                                             (2.3)
where α and β stands for spin directions. In general for p-wave superconductor the energy gap function ∆σ(k) takes the form of sin(kxa) or sin(kya) for lattice constant a. For ferromagnetic superconductors the Magnetization is the other order parameter.
[bookmark: _Toc452264751][bookmark: _Toc152607923]2.8. Phase Diagram of ZrZn2
It has been known that for some time the ferromagnetism of ZrZn2 is extremely sensitive to pressure [14]. Different people try to study this effect near the transition temperature. Recent advances have allowed for the investigation of the quantum critical region in weak ferromagnetic metals (materials) as well as in some heavy fermion compounds. When hydrostatic pressure is applied on a transition metal compounds such as MnSi, and ZrZn2 , the curie temperature can be driven down to zero at a critical pressure. Experiments on ZrZn2 have shown that a pressure of PC=21 Kbar causes the ferromagnetism to disappear with first order transition. ZrZn2 is close to a quantum critical point (QCP). So far experiments failed to find the phenomena in the paramagnetic phase of ferromagnetic compounds. Even though there is a theoretical supposition of the occurrence in the case of ZrZn2 which predicts even higher T.
[image: ][image: ]
[bookmark: _Toc455050458]Figure 2.2. Temperature versus pressure P Phase diagram  (a) Taken from [20] (b) Experimental result taken from [14].
[bookmark: _Toc531564279][bookmark: _Toc452264752][bookmark: _Toc152607924]2.9. Magnetism of Materials
The origin of magnetism of materials comes from the spin and orbital motions of electrons, in which the electrons interact with each other. The best way to understand different types of magnetism are to describe how material responds to magnetic fields. The main difference is that in some materials there is no collective interaction of atomic magnetic moments, while in other materials there is a very strong interaction between atomic moments.  Magnetism arises due to the moving charges, such as an electric current in a coil of wire. Even when there is no current present in a material, still there are magnetic interactions. The processes which create magnetic field in an atom are, 
i).Nuclear spin, some nuclei such as in hydrogen atom, have a net spin which creates a magnetic field.
ii).Electron spin, an electron has two types of spin states, which are called spin up and spin down.
 iii).Electron orbital motion. There are the magnetic fields due to the orbital motion of the electrons. Each of these magnetic fields interacts with one another and with external magnetic fields. Some of these interactions are strong; others are negligibly weak. In most cases, magnetic interaction with nuclear spin is  has very minor effect. But interactions between the intrinsic spin of one electron and the intrinsic spin of another electron are strongest for very heavy elements such as the actinides. This is called spin-spin coupling. For these elements, coupling can shift the electron orbital energy levels. The interactions between electrons in the spin-orbit coupling have a significant effect on the energy levels of the orbital in many inorganic compounds.
[bookmark: _Toc531564280][bookmark: _Toc152607925] 2.9.1.  Magnetic Hysteresis Loop
The delay of a magnetic material known commonly as magnetic hysteresis, relate, to the magnetization properties of material by which it firstly becomes magnetized and then de-magnetized. We know that, the magnetic fluxes generated by an electromagnetic coil are the amount of magnetic field or lines of force produced within a given area. It is known that the magnetic strength of an electromagnet depends upon the number of turns of the coil, the flow of current through the coil or the type of core material being used and if we increase either the current or the number of turns we can increase(rise) the magnetic field strength, H. However, the relationship between the flux density, B and magnetic field strength, H can be defined by the fact thatr is not constant but the relative function of the magnetic field intensity there by giving magnetic flux density. Then the magnetic flux density in the material will be increased by a larger factor as a result of its relative permeability for the material compared to the magnetic flux density in space, and for an air-cored coil. The relationship is given as,                                                            
B                                                                                                  (2.4)

For ferromagnetic materials the ratio of flux density to field strength (B/H) are not constant but varies with flux density. However, for air cored coils or any non-magnetic medium core such as wood or plastics, this ratio can be considered as a constant, = 4πx10-7. By plotting B versus H, we can produce (form) a set of curves called Magnetization Curves, Magnetic Hysteresis Curves or more commonly B-H Curves for each type of core material 
used as shown in figure below.



[image: ]



[bookmark: _Toc455050459]
Figure 2.3.  Magnetic Hysteresis of a ferromagnetic core [26].
The Magnetic Hysteresis loop shown in Fig 2.3 shows the behavior of a ferromagnetic core graphically as the relationship between B and H is non-linear. Starting with un magnetized core both B and H will be at zero, point on the magnetization curve. If the magnetization current, I is increased in a positive direction to some result, the magnetic field strength H rises linearly with I and the flux density B will also rises as shown by the curve from point 0 to point a as it heads towards saturation. Now if the magnetizing current in the coil is reduced (decreased) to zero, the magnetic field around the core reduces to zero but the magnetic flux does not reach zero due to the residual magnetism existing within the core and this is shown on the curve from point a to point b. To decrease the flux density at point b to zero we need to reverse the current flowing through the coil. The magnetizing force which must be acted to null the residual flux density is called a Coercive Force. This coercive force reverses the magnetic field re-arranging the molecular magnets until the core becomes un magnetized at point c. An increase in the reverse current causes the core to be magnetized in the opposite direction and rising this magnetization current will cause the core to reach saturation but in the opposite direction, point d on the cure which is symmetrical to point b. If the magnetizing current is decreased again to zero the residual magnetism existent in the core will be equal to the previous value but in reverse at point e. Again reversing the magnetizing current flowing through or via the coil, this time into a positive direction will cause the magnetic flux to reach zero, point f on the curve and as before increasing the magnetization current further in a positive direction and will cause the core to reach saturation at point a. Then the B-H curve follows the path of a-b-c-d-e-f-a as the magnetizing current flowing through the coil alternating between negative and positive values such as the cycle of an AC voltage. This path is called a magnetic hysteresis loop.                                                                                                        
[bookmark: _Toc152607926]2.9.2. Magnetic Hysteresis Loops for Soft and Hard Materials
The effect of magnetic hysteresis indicates (shows) that the magnetization process of a ferromagnetic core and therefore the flux density depends on which part of the curve the ferromagnetic core is magnetized as it  depends upon the circuits past history giving the core a form of "memory". The ferromagnetic materials have memory because they remain magnetized after the external magnetic field has been removed. However, soft ferromagnetic materials such as iron (Fe) or silicon steel have very contracted magnetic hysteresis loops resulting in very small amounts of residual magnetism making them ideal for use in relays, solenoids and transformers as they can be simply magnetized and demagnetized. Since a coercive force must be acted to overcome this residual magnetism, work must done in closing hysteresis loop with energy being use, being dissipated as heat in magnetic material. This heat is known as hysteresis loss, the amount of loss depends on the material's value of coercive force. By adding additives to the iron (Fe) metal such as silicon (Si), materials with a very small coercive force can be made to have a very narrow hysteresis loop. Materials with narrow hysteresis loops are easily magnetized and demagnetized and known as soft magnetic materials.


[image: ]





[bookmark: _Toc455050460]Figure 2.4. Magnetic Hysteresis Loops for soft and Hard Materials [26]
In Fig 2.4, magnetic hysteresis result in the dissipation of wasted energy in the form of heat
[bookmark: _Toc531564282]With the energy wasted being in proportion to the area (region) of the magnetic hysteresis loop. The hysteresis loses will permanently be a problem in AC transformers where the current is constantly changing direction and thus the magnetic poles in the core will cause losses because they constantly reverse direction. Rotating coil in DC machines will also in current hysteresis losses as they are alternately passing north to south magnetic poles. As said previously, the shape of the hysteresis loop depend upon the nature of the Fe or steel used in the case of Fe which are subjected to massive reversals of magnetism, for example transformer cores, it is important that the B-H hysteresis loop is as small as possible.
[bookmark: _Toc452264753][bookmark: _Toc152607927]2.10. Classification of Magnetic Materials
[bookmark: _GoBack]                In many atoms the electrons are completely paired, that is, for each electron spinning in one direction, there is an electron spinning in the opposite direction. The same situation exists in regard to the orbital motion of the electrons. Thus, the net current circulating about any given axis is zero and there is no current in such substances which consequently the resultant magnetic movement of the atom is also zero. Such substances show very “weak magnetic-magnetic” effect. However, vacuum (space) is the only true non-magnetic medium. All materials show some magnetic effects within the exception of ferromagnetic group. These effects are weak. It has been established both theoretically and experimentally that all matter may be classified into three groups, according to its fundamentally different behavior under the action of a magnetic field. These are i) diamagnetic ii) paramagnetic and iii) ferromagnetic. The diamantes and paramagnets consist of atoms with completely occupied electrons shells. In the absence of an external magnetic field, they do not possess a finite magnetization. The Ferromagnet has spontaneous magnetic order. These are usually transition (3d) metal atoms with partially filled d and f electron shells
[image: ]
[bookmark: _Toc455050461]Figure 2.5.  Types of magnetism. (A) Paramagnetism (B) ferromagnetism (C) antiferromagnetic (D) ferrimagnetism (E) enforced ferromagnetism [5].
As mentioned already, the magnetic moment of a free atom has three principal sources: i) the electron spin ii) the electron orbital angular movement and iii) the change in the orbital momentum induced by an applied magnetic field. The first two effects give rise to paramagnetic contributions to the magnetization, while the third gives a contribution to the diamagnetism. The magnetization M is defined as the magnetic dipole moment per unit volume. The magnetic susceptibility per unit volume is defined as

                                                                                                                                  (2.5)

Where M is the magnetization, H is magnetic field induction and  is magnetic susceptibility and is a dimensionless quantity.
 Substance with a positive susceptibility is called paramagnets, while materials with negative susceptibility are diamantes. The ferromagnetic materials have a spontaneous magnetic moment, that is, a magnetic moment exists even when the applied magnetic field is zero. In ferromagnetic crystals, the spontaneous moments suggests that electron spins and magnetic moments are arranged in a regular manner. From the thermodynamic point of view, the entropy of any magnetic materials increases with temperature and decrease with applied magnetic field. Therefore, the spontaneous magnetization must decrease with temperature. There is a transition temperature TC above which the spontaneous magnetization vanishes. This particular transition temperature is called the curie-Temperature. Above the Curie temperature, the ferromagnetic materials become paramagnetic. The paramagnetic susceptibility above TC is given as [5].

                                                                                                  	  (2.6)
where C is Curie constant.
[bookmark: _Toc452264754][bookmark: _Toc531564286] Eq. (2.6) is called Curie-Weiss law.  In antiferromagnetic material spins are ordered in an anti-parallel configuration with zero net moment at temperatures below the temperature TN, which is called the Neel temperature.


[bookmark: _Toc152607928]CHAPTER THREE
[bookmark: _Toc152607929]SUPERCONDUCTIVITY AND ITINERANT FERROMAGNETISM IN FERROMAGNETIC METALS, UCoGe AND UIr

[bookmark: _Toc152607930]3.1. Introduction
[bookmark: _Toc152607931]         Ferromagnetic to superconducting transition at occurs at T=TcoexTc and the transition is first order. For TFM  TC and at T  Tc  the  results indicate that superconducting state is more stable than the ferromagnetic state. Obviously, the ferromagnetic state can never be reentrant where superconducting is already present. The above result is contrary to situation in rare earth ternary compounds ErRh4B4 [27] and HoMo6S8 [28,29] where superconductivity occurs at higher temperature, and at lower temperature the ferromagnetic state may appear. This may be physically under stood as for located ferromagnetism, the saturation magnetization, which depends on magnitude of an individual local moments and Curie temperature, which depend on exchange interactions between neighboring moments. The energy reduction due to the saturation magnetization may be quite large while the value of TFM can be very small. For itinerant system, the situation is quite different. Both the saturation magnetization and TFM are decided dominantly by the Hubbard interaction U and the band structure. For a system with low TFM, both the saturation magnetization and the energy reduction due to magnetization will certainly be small. Therefore, when, TFM  Tc the itinerant ferromagnetic state is always at a disadvantage in energy as compared with superconducting state. In order to have finite TFM, there must be the Stoner condition N (0) U1[30], where N (0) is the density of states at Femi level. In a superconducting state, it well known that N (0) =0 and Stoner condition can hardly be satisfied. This explains qualitatively why superconducting state persists all temperatures when Tc TFM. The transition temperature is reduced due to the presence of magnetism. Blount Varma [11] pointed out that the electromagnetic coupling which results from the interaction between the superconducting d electrons and the local magnetic moments of rare-earth ions in ErRh4B4 play a crucial role. For itinerant superconductors, however, both magnetism and superconductivity are generated from the electrons in the same f band. Here, the main coupling is the Coulomb interaction between electrons, and the Hubbard model is an approximate description of this interaction. In the mean field approximation, magnetization considered to be uniform, and thus the electromagnetic coupling is absent. However, the mean field approximation has its limitation in treating ferromagnetism. The mean field theory is qualitatively correct away from TFM and, therefore, it is expected that the essential features of the results should remain valid. We have only discussed ferromagnetism and superconductivity in the itinerant single band model considering homogeneous system. The model satisfactorily explains the coexistence of the itinerant ferromagnetism and superconductivity in UCoGe [31] and UIr [32]. The results clearly show that there is the first order phase transition from ferromagnetic to coexistence of superconductivity and ferromagnetic state and superconducting is more stable than the ferromagnetic state. UCoGe [31] and UIr [32], like UGe2 [12], URhGe [13] and ZrZn2 [14] implies a true coexistence of superconductivity and itinerant ferromagnetism in the same homogeneous system, i.e., uniform coexistence of two states throughout the system, where the same f-electrons are responsible for superconductivity and magnetism. In this research work, a detailed study of itinerant ferromagnetic superconductors by taking the values of various parameters for the itinerant ferromagnetic superconductors UCoGe and UIr are discussed. 

3.2. Uranium Cobalt Germanium (UCoGe)
[bookmark: _Toc11531159]Table 3.1. Superconducting order parameter () for UCoGe.
	Temperature(T)K
	Superconducting order parameter
(10-21 J)

	0.00
	2.078

	0.10
	2.100

	0.157
	2.109

	0.215
	2.106

	0.270
	2.088

	0.312
	2.070

	0.390
	2.030

	0.479
	1.944

	0.583
	1.764

	0.690
	1.410

	0.750
	0.906

	0.800
	0.00









[bookmark: _Toc11589421]Figure 3.1. Order parameter versus temperature for superconducting UCoGe [31].
As can be seen from figure 3.1, the superconducting order parameter which is the measure of pairing energy decreases with increasing temperature and vanishes at the transition temperature of UCoGe.
[bookmark: _Toc11531160]           Table 3.2. Magnetization (M) for UCoGe.
	
Temperature(T) K
	
Magnetization, M (Tesla)

	0.000
	0.1900

	0.300
	0.1850

	0.500
	0.1800

	0.700
	0.1750

	1.000
	0.1650

	1.200
	0.1568

	1.480
	0.1420

	1.700
	0.1289

	2.000
	0.1080

	2.300
	0.0823

	2.514
	0587

	2.700
	0.0286


[bookmark: _Toc11589422]
Figure 3.2. Magnetization versus Temperature for UCoGe [31].
As can be observed from figure 3.2, the magnetization for UCoGe decreases as temperature increases.
[bookmark: _Toc11531161]  Table 3.3. Density of State for UCoGe. 
	
       Frequency ()  
	
                 N()/N(0)

	
	BCS
	Theory

	0.30
	1.40
	3.00

	0.40
	1.20
	2.03

	0.60
	1.05
	1.55

	0.80
	1.00
	1.40

	1.00
	1.00
	1.30

	1.50
	1.00
	1.22

	2.00
	1.00
	1.21

	2.50
	1.00
	1.18

	3.00
	1.00
	1.15




[bookmark: _Toc11589423]Figure 3.3. The density state versus frequency for UCoGe [31].
As can be seen from figure 3.3, the density of state of UCoGe decreases as the frequency       increases and the density state of the BCS model varies gently as compare to that of the theory model for UCoGe. 
[bookmark: _Toc11531162] Table 3.4.Upper Critical magnetic field for UCoGe.
	          Temperature(T) K
	Upper critical magnetic field, HC2 (Tesla)

	 0.00
	1.600

	 0.100
	1.590

	 0.203
	1.523

	 0.300
	1.413

	0.400
	1.232

	0.515
	0.950

	0.618
	0.616

	0.704
	0.300

	0.794
	0.00





Figure 3.4.  Upper critical magnetic field (HC) versus temperature (T) for UCoGe [31].
Figure 3. 4. Shows the variation of the upper critical magnetic field with temperature. The upper critical magnetic field decreases as temperature increases and vanishes at the transition temperature of UCoGe.  

[bookmark: _Toc152607932]3.3.  Uranium Iridium (UIr)

[bookmark: _Toc11531163]Table 3.5. Superconducting order parameter () for UIr.
	Temperature(T)K
	Superconducting order parameter


(=x10-21 J)

	0.0000
	1.500

	0.0100
	1.491

	0.0315
	1.454

	0.0508
	1.413

	0.0780
	1.319

	0.1047
	1.200

	0.1300
	1.000

	0.1519
	0.719

	0.1650
	0.442

	0.1736
	0.200

	0.1800
	0.000


. 


[bookmark: _Toc11589424]Figure 3.5. Superconducting order parameter versus temperature for UIr [32].
Figure 3.5, shows the variation of superconducting order parameter with temperature for UIr. The superconducting order parameter decreases as temperature increases and vanishes at the transition temperature of UIr.  
[bookmark: _Toc11531164]Table 3.6. Magnetization (M) for UIr.
	         Temperature, (T)K
	Magnetization, M (tesla)
         

	0.000
	0.3500

	5.330
	0.3440

	10.65
	0.3382

	16.82
	0.3241

	24.11
	0.2960

	29.44
	0.2651

	33.18
	0.2361

	37.01
	0.2000

	40.56
	0.1593

	44.67
	0.1040

	49.91
	0.0009





[bookmark: _Toc11589425]Figure 3.6. Magnetization versus temperature for UIr [32].
Figure 3.6. Shows the variation of magnetization with temperature for UIr. As can be seen from the figure, the magnetization decreases as the temperature increases.
[bookmark: _Toc11531165]       Table 3.7. Density of State for UIr.
	
     Frequency ()
	
            N()/N(0)

	
	    BCS
	Theory

	0.30
	1.40
	2.80

	0.40 
	1.20
	2.03

	0.60
	1.05
	1.55

	0.80
	1.00
	1.40

	1.00
	1.00
	1.30

	1.50
	1.00
	1.22

	2.00
	1.00
	1.17

	2.55
	1.00
	1.15

	3.00
	1.00
	1.15







[bookmark: _Toc11589426]Figure 3.7. Density of State (N ()/N (0)) versus frequency () for UIr [32].
As can be seen from figure 3.6, the density of state of UIr decreases gently as the frequency increases and the density of state of BCS vary gently as compare to that of the theory model for UIr.
[bookmark: _Toc11531166]        Table 3.8. Upper Critical Magnetic field for UIr.
	Temperature(T)
	Upper critical magnetic field, H(Tesla)

	0.00
	1.00

	0.05
	0.99

	0.10
	0.87

	0.13
	0.72

	0.14
	0.62

	0.15
	0.52

	0.16
	0.41

	0.17
	0.23

	0.18
	0.00









Figure 3.8.  Upper critical Magnetic versus temperature for UIr [32].
As can be seen from figure 3.8, the upper critical magnetic field decreases as temperature increases for UIr.

[bookmark: _Toc152607933]






                                             CHAPTER FOUR
[bookmark: _Toc152607934]CONCLUSION
As is well known phenomenon, superconductivity and magnetism are mutually exclusive or antagonistic due to their essentially different order states. However, the recent discovery of the interplay between itinerant ferromagnetism and superconductivity in some high temperature superconducting uranium based alloys has led to renewed interest in the relationship between ferromagnetism and superconductivity. Furthermore, there is also a wide range of interplay between superconductivity and magnetism in many non-uranium based compounds. 
In chapter one of this graduate project work, the discovery and the development of superconductors, Meissner effect, the formations of Cooper pairs, and the types of superconductors, etc., are discussed. In the second chapter a detailed review on superconductivity and magnetism, types of pairing, that is, s-pairing and p-pairing, classifications of magnetic material, etc., have been discussed. In the third chapter, a detailed analysis on superconductivity and itinerant ferromagnetism in ferromagnetic metals, UCoGe and UIr, ZrZn2 compounds has been conducted. By employing the available data, phase diagrams of superconducting order parameter versus temperature, magnetization versus temperature, upper critical magnetic field versus temperature and density of state versus frequency have been plotted for UCoGe and UIr and compared with the BCS model for the case of the density of state. From the phase diagrams, it is possible to observe that, the superconducting order parameter, magnetization and upper critical magnetic field decrease as the temperature increases and vanish at the transition temperature of UCoGe and UIr. Finally a concluding remark is presented in chapter four.
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