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Abstract     

This thesis presents the experimental studies of the magnetic and hyperfine interaction 

properties of four novel Fe-based superconductors (ThFeAsN, CsEuFe4As4, Rb1-EuFe4As4, and 

EuFe0.97Ni0.03As2) and one new non-superconducting compound (EuFeAs2). It is supplemented by 

ab-initio calculations of the electronic structure and magnetism of the three superconductors. The 

experimental studies are based on the results of x-ray diffraction, magnetic susceptibility, 

magnetization, and 57Fe and 151Eu Mössbauer spectroscopy measurements. 

The superconductor ThFeAsN crystallizes in the tetragonal space group P4/nmm with the 

lattice parameters a = 4.0356(1) Å and c = 8.5286(1) Å. It is shown that there is no magnetic order 

of the Fe magnetic moments down to 2.0 K. We suggest that nonappearance of Fe magnetism in 

ThFeAsN may be because of an internal uniaxial chemical pressure whose presence is manifested 

by the unusually small c/a ratio. We provide theoretical evidence for a mixture of ionic and 

covalent chemical bonding and metallic characteristics. We present a detailed analysis of the 

calculated energy band structure of ThFeAsN. A quadrupole doublet well describes the shape of 

the Mössbauer spectra with a small quadrupole splitting that increases with lowering temperature. 

Good agreement is found between the calculated and extrapolated 0 K quadrupole splitting values. 

A fair agreement is noted between the experimental Debye temperature 332(2) K and 370 K of the 

calculated one. 

We show that the superconductor CsEuFe4As4 crystallizes in the tetragonal space group 

P4/mmm with the lattice parameters a = 3.8956(1) Å and c = 13.6628(5) Å. We show that the Fe 

atoms carry no magnetic moment down to 2.1 K and that the ferromagnetic order is related to the 

Eu magnetic moments. We establish that the Curie temperature 𝑇c = 15.97(8) K found from the 

temperature dependence of the hyperfine magnetic field at 151Eu nuclei is well-matched with the 

temperature dependence of the transferred hyperfine magnetic field at 57Fe nuclei that is produced 

by the ferromagnetically ordered Eu sublattice. The magnetic moments of the Eu atoms are shown 

to be perpendicular to the crystallographic c-axis. The 𝑇3 2⁄  power-law perfectly describes the 

temperature dependence of the principal component of the electric field gradient tensor, both at Fe 

and Eu sites. The calculated and the measured parameters of the hyperfine-interaction are in 

excellent agreement with each other. We determine that the Debye temperature of CsEuFe4As4 is 

295(3) K. 

Ab-initio calculations suggest a mixture of ionic, covalent, and metallic bonding between 

the constituent atoms in the CsEuFe4As4 superconductor. We confirm that the strongly localized 

Eu f states are the origin of the magnetic moment of CsEuFe4As4, in agreement with the 

experimental results. We show that an almost zero magnetic moment carried by the Fe atoms is 

caused by the spin-up and spin-down states' apparent symmetry. We show that the Fermi surfaces 

have hole-like and electron-like pockets located at the center and corners of the Brillouin zone, 

respectively.  
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The superconductor Rb1-EuFe4As4 crystallizes in the tetragonal space group P4/mmm with 

the lattice parameters a = 3.8849(1) Å and c = 13.3370(3) Å. We show that the Fe atoms carry no 

magnetic moment down to 2.1 K and that the ferromagnetic order is associated solely with the Eu 

magnetic moments. The Curie temperature 𝑇c = 16.54(8) K is found from the temperature 

dependence of both the hyperfine magnetic field at 151Eu nuclei and the transferred hyperfine 

magnetic field at 57Fe nuclei induced by the ferromagnetically ordered Eu sublattice. We find that 

the Eu magnetic moments lie in the ab plane. It is observed that the temperature dependence of the 

principal component of the electric field gradient tensor, at both Fe and Eu sites, is well described 

by a 𝑇3 2⁄  power-law relation. There is good agreement between the calculated and measured 

parameters of the hyperfine-interaction. We determine that the Debye temperature of 

Rb1−δEuFe4As4 is 391(8) K. 

 

Ab-initio calculations indicate the presence of a mixture of ionic, covalent, and metallic 

bonding between the constituent atoms in the RbEuFe4As4 superconductor. We show that the 

magnetic moment of RbEuFe4As4 is mainly a result of the strongly localized Eu f states. It is shown 

that an almost zero magnetic moment carried by the Fe atoms originates from an apparent 

symmetry of the spin-up and spin-down states. We show that the electrical and chemical properties 

of RbEuFe4As4 are closely associated with the presence of the Fe 3d states in the Fermi energy 

region. The Fermi surfaces display hole-like and electron-like pockets, respectively, at the center 

and corners of the Brillouin zone. 

 

We find that in both the EuFeAs2 compound and 14 K superconductor EuFe0.97Ni0.03As2 

the antiferromagnetic ordering of the Fe sublattice is of a spin-density-wave type with the Néel 

temperatures and Fe saturation magnetic moments of 106.2(1.9) K, 0.78(1) μB and 56.6(2.2) K, 

0.47(1) μB, respectively. We show that the Néel temperatures and the saturation hyperfine 

magnetic fields in the two compounds with the antiferromagnetically ordered Eu sublattice are 

44.4(5) K, 294.2(7) kOe and 43.5(1) K, 290.5(1) kOe respectively. The 3% substitution of Fe by 

Ni in EuFeAs2, aside from producing superconductivity in EuFe0.97Ni0.03As2, radically reduces the 

strength of magnetism of the Fe sublattice and has nearly no impact on the magnetism of the Eu 

sublattice. The appearance of antiferromagnetically ordered Fe and Eu sublattices in 

EuFe0.97Ni0.03As2 verifies that superconductivity and magnetism coexist in this compond. The 

growth of the magnitude of the main component of the electric field gradient tensor, at both Fe 

and Eu sites, with reducing temperature, is well described by a 𝑇3 2⁄  power-law relation. We 

determine the Debye temperatures of EuFeAs2, EuFe0.97Ni0.03As2, and the FeAs2 impurity phase 

to be 355(18), 428(14), and 594(25) K, respectively. 
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In summary, for all of the studied compounds, there is no magnetic ordering associated 

with iron sub-lattices in the ThFeAsN, CsEuFe4As4, and Rb1-δEuFe4As4 compounds. The iron 

sublattice is magnetically ordered in the EuFeAs2 and the EuFe0.97Ni0.03As2 superconductor. There 

is a coexistence of magnetism and superconductivity associated with europium in the CsEuFe4As4, 

Rb1-δEuFe4As4, EuFe0.97Ni0.03As2 compounds. There is a good agreement between the calculated 

and the measured hyperfine and magnetic parameters for most studied compounds. 
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Chapter 1: Introduction 

 

1.1 Motivation 

 The study of condensed matter physics is one of the most interesting research topics 

introduced in the scientific field. Numerous compounds have been discovered and studied over 

time. Driven by fast development in technology, the ability to make new compounds improved 

drastically. Amongst these compounds, superconductors are of primary interest in this research. 

The physical properties of superconductors are unique. This study's main objective is to look for 

the possible coexistence of magnetism and superconductivity in these new compounds.  

 In this thesis, the results of an experimental study of the magnetic and hyperfine-interaction 

properties of five novel compounds are presented. Those compounds have been chosen because of 

their novelty and some remarkable features that require further research. This experimental study 

is supplemented by ab-initio calculations of the magnetic and electronic structure properties of 

four studied superconductors. 

 The newly synthesized ThFeAsN compound is unusual because it is superconducting, with 

the critical temperature Tc = 30 K, without any doping or applying pressure. Our study's main 

objective is to provide evidence for the possible presence or absence of the magnetic moment 

carried by the Fe atoms. We use the local probe, 57Fe Mössbauer spectroscopy, to report the 

possible magnetic order in ThFeAsN. 

 The CsEuFe4As4 compound is one of the new 35 K superconductors. It was discovered in 

2016, and it is one of the new iron-based class of superconductors. The relation between 

superconductivity and possible long-range magnetic order is of current interest. The primary 

objective of our research is to examine whether the magnetic moment in CsEuFe4As4 is correlated 

only with atoms of Eu or Fe or with atoms of Eu and Fe, and what is their orientation relative to 

the crystallographic axes. To accomplish this target, 57Fe and 151Eu Mössbauer spectroscopy, 

which are confirmed to be an excellent method for investigating the local magnetism of Fe-based 

superconductors, supplemented by first principles calculations, are used. 
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RbEuFe4As4 is a newly synthesized superconductor. Similarly to the study of CsEuFe4As4, 

the main objective of this study is to figure out whether the magnetic moment in the superconductor 

is associated with either Eu or Fe atoms individually or with both Eu and Fe atoms. The study also 

focuses on determining the orientation of the magnetic moment relative to the crystallographic 

axes. The study is conducted using 57Fe and 151Eu Mössbauer spectroscopy and is supported by 

first-principles calculations. 

EuFeAs2 and EuFe0.97Ni0.03As2 are recently discovered Eu-containing iron-pnictide 

compounds. A tiny substitution of Fe by Ni in EuFeAs2 has been shown to produce 

superconductivity. What makes us curious about this new EuFe0.97Ni0.03As2 superconductor is 

whether magnetism and superconductivity can coexist in such a compound. We use 57Fe and 151Eu 

Mössbauer spectroscopy to figure out the nature of the Fe and Eu magnetic ordering in the non-

superconducting EuFeAs2 and the superconducting EuFe0.97Ni0.03As2 compounds.  

1.2 Thesis outline 

 The remainder of this thesis includes nine chapters. Before describing the results and 

conclusions, the theoretical background relevant to the physical problems addressed in this thesis 

is described in Chapter two. At the end of Chapter 2 the experimental procedures is presented. 

Chapter three contains general discussion and conclusions, integrating the material presented in 

Chapters four, five, six, seven, eight, and nine. Chapter four is an article on ThFeAsN that was 

published in J. Alloys Comp. 695, 1128 (2017). Chapter five is an article on CsEuFe4As4 that 

published in J. Phys.: Condens. Matter 30, 155803 (2018). Chapter six is an article on Rb1-

δEuFe4As4 published in Phys. Rev. B 97, 144426 (2018). Chapter seven is an article on EuFeAs2 

and EuFe0.97Ni0.03As2 that was published in J. Magn. Magn. Mater. 503, 166603 (2020). Chapter 

eight is an article on ab-initio calculations of the electronic structure and magnetism of 

CsEuFe4As4 published in J. Phys. Chem. Solids. 136,109137 (2020). And chapter nine is an article 

on ab-initio study RbEuFe4As4 that was published in Philos. Mag. 100, 894 (2020).  
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Chapter 2: Theoretical background  

 

2.1 Magnetic properties of solids  

The theoretical background that explains the magnetic effects of substances will be 

introduced in this chapter. In this research, the samples that were studied have different magnetic 

phases and are studied under multiple temperature regimes. The current theories of magnetism 

allow the understanding of the experimental magnetic properties of the studied compounds. 

2.1.1 Introduction 

  The magnetic dipole moment 𝛍 is the essential component of all magnetic materials, as 

well as of the emerging properties linked with magnetic phenomena. The combined behavior of 

these magnetic moments yields the magnetic features of materials. According to quantum 

mechanical theories [1], the magnetic dipole moments detected in substances arise from two major 

origins. Within the atom, the orbital angular momentum and the spin angular momentum of 

electrons are the main contributors to the magnetic moments. The electrons' orbital motion about 

the nucleus can create a very small current loop that produces a magnetic dipole moment. 

Furthermore, the degree of freedom of the spin angular momentum directly corresponds to the 

magnetic dipole moment making electrons ideal magnetic dipoles.  

  The diamagnetism phenomenon occurs when the magnetic field 𝐵 interacts with the 

electrons of an atom causing an induced magnetic dipole moment. Evidently, diamagnetism is 

expected in most material since they are all composed of atoms having electrons in orbit.  

Permanent magnetic moments might be allowed to exist in substances because of the 

atoms’ electronic structure. Excluding diamagnetism, the magnetic properties are a result of the 

presence of permanent dipole moments.  The permeant moments of atoms interact with each other.  

Materials can be categorized in regards to their magnetic properties determined by the intensity of 

the couplings of the magnetic moments. The substance is deemed paramagnetic when the coupling 

is weak or zero. With regards to paramagnetic materials, they exhibit the magnetic properties just 

at the time they are exposed to external magnetic fields. Once the external magnetic field is 

removed, the overall magnetic moment disappears. The phenomena of ferromagnetism and 

antiferromagnetism arise in the materials when there is a strong coupling between the dipole 

moments. The substance is known as ferromagnetic if the magnetic moments are aligned in a 

parallel fashion, and produces an intense net magnetic moment. Nonetheless, when the pairs of 

dipole moments line up in an antiparallel way, the overall magnetic moment will fade away due to 

the cancellations of the neighboring dipoles. In this situation, the material is said to be 

antiferromagnetic. 
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The magnetization of a substance is known as the magnetic moment per unit volume. For 

materials having a net magnetic moment, the magnetization 𝐌 can be described as [1] 

𝐌 =
𝑑𝛍

𝑑3𝑥
 ,                                                                      1–1 

where 𝑑3𝑥 is a small volume element, and 𝑑𝛍 is the magnetic moment inside the volume 

dimension. The magnetization directly correlates to the applied magnetic field 𝐇, and the constant 

of variation between the magnetization and magnetic field is called the magnetic susceptibility 𝜒 

[1]  

𝐌 = 𝜒𝐇.                                                                      1–2 

2.1.2 Diamagnetism and the susceptibility of diamagnetic materials  

  All materials display diamagnetism, and this phenomenon is due to Faraday’s law. In 

essence, the variation in the magnetic flux in a current loop produces a current in a way that resist 

the external magnetic field. Since electrons around the nucleus move in an orbital motion, they 

produce small currents. Thus whenever the substance is exposed to an exterior magnetic field, a 

magnetic moment is produced in a way to lower the field. The induced diamagnetic moment 

persists only if the material is exposed to the external field. The induced magnetic dipole moment 

is given by [2] 

𝛍 = −
𝑒2

6𝑚𝑐2
〈𝑥2〉𝐇.                                                  1–3 

Here, 𝑒 is the electron charge, 𝑚 as the electron’s mass, 𝑐 as the speed of light, and 〈𝑥2〉 as the 

average square distance of the electron from the nucleus. Langevin, in addition to a modification 

completed by Wolfgang Pauli, proposed the diamagnetic susceptibility taking into account 𝑍 

electrons in an atom and a number density of 𝑛 atoms per unit volume of the material [2] 

𝜒diamagnetic = −𝑛
𝑒2

 6𝑚𝑐2
∑ 〈𝒙i

2〉Z
i=1 .                                            1–4 

Some important details about the diamagnetic susceptibility follow from Equation 1–4: 

diamagnetism is negative, it is temperature-independent, and it is field-independent [3]. The 

magnetic susceptibility of diamagnetic materials is in order of  10−6. 

 2.1.3 Paramagnetism  

  The paramagnetic occurrence is correlated to the presence of permanent magnetic moments 

in a substance in which those dipole moments have a tendency to line up themselves with the same 

orientation of an external applied magnetic field. 
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2.1.3.1 Curie’s paramagnetic susceptibility law 

  The phenomenon of paramagnetism is observed in substances that have permanent 

magnetic dipole moments due to their physical and chemical structures. According to Curie and 

Weiss’s earlier experiments, paramagnetic materials can be categorized into two major types. First 

of all, Curie’s law describes the susceptibility of normal paramagnets materials to obey a certain 

dependence with altering temperature. The dependence occurs in a controlled pattern forcing the 

product of the susceptibility and the temperature to stay constant. This relation also applies to 

ferromagnetic and antiferromagneic materials above their ordering temperatures [4] 

𝜒paramagnetic =
𝐶

𝑇
 .                                                            1–5 

The other kind of paramagnetic materials follow susceptibilities that diverge from Curie’s law. In 

this deviation, at the time that the temperature of the material reaches near absolute zero, the 

susceptibility reaches a finite value associated to what is identified as the paramagnetic Curie 

point, 𝜃. The modified Curie law, which is recognized as the Curie-Weiss law, is expressed by the 

equation below [4]  

𝜒paramagnetic =
𝐶

𝑇−𝜃
 ,                                                          1–6 

where T 𝜃 . When employing the molecular field theory, the Curie-Weiss law will take into 

account the effects of neighboring atoms. As a result, a magnetic field of magnitude 𝑁W𝑀 will be 

added up to the external field. Thus, the entire field is deemed to be 𝐻 + 𝑁W𝑀. The total result for 

the magnetization is given by [4, 5]  

𝑀 = 𝜒(𝐻 + 𝑁W𝑀)
𝜒= 

𝐶

𝑇
⇒   𝑀 =  

𝐶𝐻

𝑇−𝐶𝑁W
= 

𝐶𝐻

𝑇−𝜃

𝜒=
 𝑀

𝐻
⇒  𝜒 =  

𝐶

𝑇−𝜃
 .                       1–7 

The atoms and the ions of transition group elements, which have unfilled inner shells, have 

permanent moments. In addition, odd-electron molecules experience permanent moments. 

Generally, metals do not obey Curie’s law even though they are paramagnetic [4].   

The classical kinetic theory of gases accounts for the particles’ average energy at an absolute 

temperature T to be of the order of 𝑘B𝑇, where 𝑘B is Boltzmann’s constant. The particle's energy 

eigenstates in the system are degenerate based on the quantum mechanical total angular (for H = 

0) momentum, 𝐽. Once an external magnetic field is applied, the degeneracy is broken and energy 

multiplets are revealed. A state with a total angular momentum quantum number 𝐽 forms 2𝐽 + 1 

multiplets. According to the classical probability distribution, each state in a certain multiplet 

might be occupied. Furthermore, three regimes are investigated in regard to the spacing of the 

multiplets in energy in comparison to 𝑘B𝑇. 
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i) Wide multiplets compared to 𝒌𝐁𝑻  

The excited states are unoccupied compared to the ground state in the regime 𝐸e − 𝐸g ≫ 𝑘B𝑇, 

where the energy levels are broadly separated. The ground state degeneracy, which is described 

by the angular momentum quantum number 𝐽, is eliminated by enforcing an external static 

magnetic field. The applied magnetic field produces magnetic moments with components 𝑚𝐽𝑔𝜇𝐵 

along the field direction. The parameter 𝑚J can take integer values between +𝐽 and −𝐽. The 

parameter g is the identified as gyromagnetic ratio, and 𝜇B is Bohr’s magneton. Therefore, the 

energy of the dipoles is −𝑚J𝑔𝜇B𝐻, where 𝐻 is the applied field. The average magnetization 

according to Boltzmann statistics is [4] 

𝑀 = 𝑛 
∑ 𝑚J𝑔𝜇B 𝑒

𝑚J𝑔𝜇B𝐻

𝑘B𝑇
J
−J

∑  𝑒

𝑚J𝑔𝜇B𝐻

𝑘B𝑇
J
−J

 .                                              1–8  

For low values energy separations compared to 𝑘B𝑇, the exponents can be expanded keeping just 

the first two leading terms [4,5] 

𝑒𝑥 = ∑  
𝑥𝑛

𝑛!
∞
n=0  =  1 +  𝑥 + 

𝑥2

2!
+⋯

𝑥≪1
⇒  𝑒𝑥 ≈ 1 + 𝑥.                           1–9  

Here 𝑥 ≡
𝑚J𝑔𝜇B𝐻

𝑘B𝑇

 
. The magnetization thus reads [4,5] 

          𝑀 = 𝑛
∑ 𝑚J𝑔𝜇B𝑒

𝑚J𝑔𝜇B𝐻

𝑘B𝑇
J
−J

∑ 𝑒

𝑚J𝑔𝜇B𝐻

𝑘B𝑇
J
−J

= 𝑛
∑ 𝑚J𝑔𝜇B(1+

𝑚J𝑔𝜇B𝐻

𝑘B𝑇

 

)
J
−J

∑ (1+
𝑚J𝑔𝜇B𝐻

𝑘B𝑇

 

)
J
−J

= 𝑛
𝑔𝜇B∑ 𝑚J

J
−J +

𝑔2𝜇B
2𝐻

𝑘B𝑇
∑ 𝑚J

2J
−J

∑ 1
J
−J +

𝑔𝜇B𝐻

𝑘B𝑇
∑ 𝑚J
J
−J

.               1–10 

The summations can be carried out accordingly [4,5] 

∑𝑚J

J

−J

= −𝐽 + (−𝐽) + 1 + (−𝐽) + 2 +⋯+ 𝐽 − 2 + 𝐽 − 1 + 𝐽 = 0, 

∑1

J

−J

= 2𝐽 + 1, 

∑𝑚J
2

J

−J

= 2[𝐽2 + (𝐽 − 1)2 + (𝐽 − 2)2 +⋯ ] =
𝐽(𝐽 + 1)(2𝐽 + 1)

3
. 

An expression for the magnetization can be found by substituting these results into Equation 1–

10, and the paramagnetic susceptibility confirming Curie’s law [4,5] 

𝑀 =
𝑛𝑔2𝐽(𝐽+1)𝜇B

2𝐻

3𝑘B𝑇
 
𝑀=𝜒𝐻 
⇒    𝜒paramagnetic = 

𝑛𝑔2𝐽(𝐽+1)𝜇B
2

3𝑘B𝑇
 .                     1–11 



7 
 

A complete expression for the susceptibility is derived from a quantum mechanical approach [6]  

𝜒paramagnetic = 
𝑛𝑔2𝐽(𝐽+1)𝜇B

2

3𝑘B𝑇
 +  

𝑛𝜇B
2

6(2𝐽+1)
 [
 𝐹(𝐽+1)

 𝐸J+1−𝐸J
−

 𝐹(𝐽)

 𝐸J−𝐸J−1
],                        1–12 

where 𝐹(𝐽) =
 [(𝑆+𝐿+1)2−𝐽2] [𝐽2−(𝑆−𝐿)2]

𝐽
, and 𝑆 is the total spin quantum number, and 𝐿 is the total 

orbital angular momentum quantum number. The second term of Equation 1–12, is a temperature-

independent term that add to the paramagnetic susceptibility, and it can be put as 𝑛𝛼(𝐽), where 

𝛼(𝐽) =
𝜇B
2

6(2𝐽+1)
[
𝐹(𝐽+1)

𝐸J+1−𝐸J
−

𝐹(𝐽)

𝐸J−𝐸J−1
].  

ii) Multiplet widths comparable to 𝒌𝐁𝑻 

The excited, as well as the ground states, are filled with a probability distribution in multiplets 

with energies comparable to 𝑘B𝑇. Therefore, the overall magnetization will be composed of 

contributions coming from the total of all atoms in various states. The paramagnetic susceptibility 

can be assessed using a similar procedure as for the wide multiplets since the number of atoms 

with a given angular momentum quantum number 𝐽 will be related to the Boltzmann factor 

𝑒
−𝑚J𝑔𝜇B𝐻

𝑘B𝑇  and the degree of degeneracy is 2𝐽 + 1. The result is [4] 

𝜒paramagnetic = 𝑛 
∑ { [

𝑔J
2𝜇B
2 𝐽(𝐽+1)

3𝑘B𝑇
] + 𝛼(𝐽)}(2𝐽+1) 𝑒−𝐸(𝐽)/𝑘B𝑇L+S

J=|L−S| 

∑(2𝐽+1)𝑒−𝐸(𝐽)/𝑘B𝑇
 .                          1–13 

iii) Narrow multiplets compared to 𝒌𝐁𝑻 

If the multiplets are separated into energies far smaller than 𝑘B𝑇, the orbital angular momenta 

and spin angular momenta can be considered to be decoupled such that each term individually 

gives rise to the susceptibility. The magnetization in an exterior applied field 𝐻 and the outcome 

paramagnetic susceptibility are [4,5]   

𝑀 = 𝑛 (
 ∑ 𝑀L𝑔L𝜇B 𝑒

𝑀L𝑔L𝜇B𝐻
𝑘B𝑇L

−L

∑  𝑒
𝑀L𝑔L𝜇B𝐻
𝑘B𝑇

 +  
∑  𝑀S𝑔S𝜇B 𝑒

𝑀S𝑔S𝜇B𝐻
𝑘B𝑇𝑆

−𝑆

∑  𝑒
𝑀S𝑔S𝜇B𝐻
𝑘B𝑇

) 

𝑀=𝜒𝐻
⇒    𝜒paramagnetic =

𝑁𝜇B
2

3𝑘B𝑇
[𝐿(𝐿 + 1) + 4𝑆(𝑆 + 1)].                     1–14                                                                  

The summations giving the above result are similar to the ones having the result of equation 1–11. 

Because of the relativistic effects, the gyromagnetic ratios related to the orbital angular 

momentum, 𝑔L , and spin angular momentum, 𝑔S , are taken as 1 and 2, respectively. 
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2.1.3.2 Saturation in paramagnetic substances 

This last section on paramagnetism examines saturation in paramagnetic substances. 

Curie’s law is invalid in conditions of low temperatures and high magnetic fields. In this region, 

the magnetization of a paramagnetic material can be described by [4] 

𝑀 = 𝑛𝑔𝜇B𝐽𝐵J(𝑥),                                                              1–15  

where 𝑥 =
𝐽𝑔𝜇B𝐻

𝑘B𝑇
 and 𝐵J(𝑥) is the Brillouin function given as [7] 

𝐵J(𝑥) = [
2𝐽+1

2𝐽
coth (

2𝐽+1

2𝐽
) 𝑥 −

1

2𝐽
coth

𝑥

2𝐽
].                                     1–16 

The Brillouin function becomes the classical Langevin function in the classical limit of 𝐽 → ∞, 

which corresponds to magnetic dipoles oriented in all directions [4].  

 

lim  𝐵J(𝑥) J→∞
 = coth𝑥 − 

1

 𝑥
 = 𝐿(𝑥).                                       1–17 

The Brillouin and Langevin functions reach unity in the limit of large applied magnetic fields. The 

magnetic dipole moments become parallel to the applied field in these extreme conditions, and the 

magnetization saturates. The material reaches a saturation in terms of its magnetic value. Figure 

2.1.1 illustrates the theoretical and experimental values of magnetization versus the applied 

magnetic field. 
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Figure 2.1.1 The effect of saturation in high fields and at low temperatures for various paramagnetic ions compared 

to the theoretical Brillouin functions [4]. 

2.1.4 Ferromagnetism 

Since ferromagnetism in a material arises when the pairing of the magnetic moments of 

different atoms are in favor of parallel alignment, a non-zero magnetization exists even though 

external applied magnetic field is not present. This spontaneous magnetization is seen under 

specific temperature, specifically the ferromagnetic Curie temperature, 𝑇f, which depends on the 

substance. At temperatures above 𝑇f the dipole moments couplings breakdown, and the material 

becomes paramagnetic.  

The most recognized ferromagnetic elements are iron, nickel, cobalt, and gadolinium. They 

are the only elements that display ferromagnetism. In contrast, most ferromagnetic substances are 

metals or alloys. In the absence of an applied field, many substances that fail to yield a net 

magnetization in the bulk form are considered to be ferromagnetic. Nevertheless, intense magnetic 

couplings between the magnetic dipole moments occur in an external magnetic field, even if it is 

weak. The existence of magnetic domains explains this phenomenon. The individual magnetic 

moments line up in a parallel fashion causing a net magnetization vector in every magnetic domain. 

The magnetization vectors are arbitrarily aligned in neighboring domains, and this leads to no net 

magnetization. The magnetic domains alter their volume when an external field is applied. Those 

that possess magnetization vectors in the same direction of the external field increase their volume, 

while the ones with magnetization vectors contrasting the magnetic field get smaller. Thus, the 
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field which depends on magnetization will get larger upon an increase in an external field, and the 

magnetization will reach a saturation value.  In many occurrences, the field-induced magnetization 

remains alive in spite of the external field having been turned off. 

2.1.4.1 The classical molecular field theory 

The molecular field, 𝐇m, is the origin of powerful phenomena that leads to the tendency to 

line up the magnetic dipole moments in a ferromagnetic material, and is characterized by an 

interior magnetic field. The strength of the molecular field is proportional to the spontaneous 

magnetization of the ferromagnetic substance [4]  

𝐇m = 𝑁W𝐌.                                                          1–18 

𝑁W in Equation 1–18 is the molecular field constant known as the Weiss constant. In the 

appearance of an external magnetic field, the overall field is [4] 

𝐇 = 𝐇ext + 𝐇m = 𝐇ext + 𝑁W𝐌.                                       1–19 

The magnetization, 𝐌 of a ferromagnetic specimen is now given by [4] 

𝐌 = 𝑛𝑔𝜇B𝐽𝐵J(𝑥),                                                      1–20 

where 𝑛 is the number density of atoms, 𝑔 is the gyromagnetic ratio, 𝜇𝐵 is the Bohr magneton, 𝐽 

is the total angular momentum of the atoms in the solid, 𝐵J(𝑥) is the classical Brillouin function 

(given as 𝐵J =
2𝐽+1

2𝐽
coth

2𝐽+1

2𝐽
𝑥 −

1

2𝐽
coth

𝑥

2𝐽
), and 𝑥 is a parameter defined below [4] 

𝑥 =  
𝐽𝑔𝜇B𝐻

𝑘B𝑇
.                                                        1–21 

In Equation 1–21, 𝐻 is given by Equation 1–19 for a ferromagnetic material, and therefore [4] 

𝑥 =
𝐽𝑔𝜇B

𝑘B𝑇
(𝐻ext + 𝑁W𝑀).                                        1–22 

2.1.4.1.1 The spontaneous magnetization region  

Because the spontaneous magnetization of a sample comes from making 𝐻ext equivalent 

to zero in Equation 1– 22, and taking into account the properties of the Brillouin function at 

extremely low temperatures, one finds [4] 

𝑀(𝑇)

𝑀(0)
=

𝑘B𝑇

𝑛𝑁W𝑔2𝜇B
2𝐽2
𝑥,   

𝑀(𝑇)

𝑀(0)
= 𝐵J(𝑥)                                 1–23 

where 𝑀(0) = 𝑛𝑔𝜇B𝐽. The Equations in 1–23 can be simultaneously solved via a graphical 

method. The graphical method to determine spontaneous magnetization as a function of 

temperature is presented in Figure 2.1.2. 𝑇f is the critical temperature of a case where the straight 

line is tangent to the Brillouin function at its origin. The curve and the straight line cross at two 

positions below this temperature: one at a non-zero value of  
𝑀(𝑇)

𝑀(0)
, and the other point at a zero 
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value. Therefore, spontaneous magnetization is realized at temperatures under the critical 

temperature, 𝑇f. The spontaneous magnetization vanishes beyond the critical temperature. 

 

Figure 2.1.2 Illustration of a graphical process for the finding of the spontaneous magnetization at a temperature 𝑇, 

𝑀(𝑇) [4]. 

      The classical Brillouin function for small values of 𝑥 can be estimated by [4] 

𝐵J(𝑥) ≈
𝐽+1

3𝐽
𝑥 −

𝐽+1

3𝐽

2𝐽2+2𝐽+1

30𝐽2
𝑥3.                                      1–24 

In Equation 1–24, as 𝑥 reaches zero, the slope of the tangent line reaches  
𝐽+1

3𝐽
. In contrast, the slope 

of the straight line is 
𝑘B𝑇

𝑛𝑁W𝑔2𝜇B
2𝐽2

. Thus, at the critical temperature, 𝑇 = 𝑇f, the conclusion is [4] 

𝑇f =
𝑛𝑔2𝜇B

2𝐽(𝐽+1)

3𝑘B
𝑁W.                                                 1–25 

Based on Equations 1–23 and 1–25, the spontaneous magnetization at temperature 𝑇 can be given 

as 

𝑀(𝑇)

𝑀(0)
=
𝐽+1

3𝐽
(
𝑇

𝑇f
) 𝑥.                                                   1–26 

The curve 
𝑀(𝑇)

𝑀(0)
 as a function of (

𝑇

𝑇f
) for a given 𝐽 gives a universal curve [4]. Figure 2.1.3 illustrates 

such curves for 𝐽 =
1

2
, 𝐽 = 1, and 𝐽 = ∞. 
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Figure 2.1.3 The spontaneous magnetization as a function of temperature. In the graph, the solid lines is found from 

theory, and the points stands for experimental results [4]. 

2.1.4.1.2 The paramagnetic region 

The spontaneous magnetization disappears for temperatures beyond the ferromagnetic 

ordering temperature 𝑇f, but magnetization is created if an external magnetic field is applied. The 

magnetization is expressed by the following equation, based on the assumption that the external 

magnetic field is not sufficient to cause the effects of saturation [4]  

𝑀 =
𝑛𝑔𝜇B(𝐽+1)

3
𝑥,                                                 1–27 

where 𝑥 =
𝐽𝑔𝜇B

𝑘B𝑇
(𝐻ext +𝑁W𝑀). An expression for the magnetic susceptibility is found once 

substituting 𝑥 into Equation 1–27 

𝜒 =
𝑀

𝐻ext
=

𝐶

𝑇−𝜃
 ,                                                1–28 

where the constant 𝐶 =
𝑛𝑔2𝜇B

2𝐽(𝐽+1)

3𝑘B
 and 𝜃 = 𝑁W

𝑁𝑔2𝜇B
2𝐽(𝐽+1)

3𝑘B
= 𝑁W𝐶. In Figure 2.1.4, the 

reciprocal of ferromagnetic susceptibility is plotted versus temperature beyond the ordering 

temperature. 



13 
 

 

Figure 2.1.4 The susceptibility of a ferromagnetic metal beyond the Curie point. 𝑇f is the ferromagnetic Curie point; 

θ is the paramagnetic Curie point. For temperatures slightly above the ordering temperature, the Curie-Weiss law of 

paramagnetism is realized [4]. 

2.1.5 Antiferromagnetism 

When the coupling of the individual constituents’ magnetic moments, atoms or molecules, 

prefers the anti-parallel orientation, antiferromagnetism in a substance happens. Néel suggested 

that an antiferromagnetic solid can be imagined to be of two sub-lattices, one of whose spins favor 

to line up anti-parallel the other’s [4,8]. Consequently, the overall magnetic moment of the 

antiferromagnetic substance is zero. Néel’s hypothesis can be experimentally studied, through 

neutron diffraction techniques, to reveal the magnetic dipole moments’ arrangements in a material. 

It appears the diversity of different anti-ferromagnetic orderings is more abundant than Néel’s 

straightforward model proposes. In the next section, an introduction to a number of theories of 

antiferromagnetism is presented.  

2.1.5.1 The molecular field theory of antiferromagnetism 

In this paragraph, an example of a simple antiferromagnetic ordering is explained by using the 

molecular field theory. A body-centered cubic structure can be visualized to consist of two 

interpenetrating cubic cells alongside the diagonal orientation in a way which one cell’s corners 

are at the cores of the other cell. The two cubic sub-lattices called 𝐴 and 𝐵 in this picture have 

their dipole moments line up anti-parallel to each other [9]. To further clarify, an A site atom is in 

a non-parallel spin formation with its six nearest neighbors that are atoms on B sites and the other 

way around. 

  In this model (molecular field theory) one considers the interaction between a dipole 

moment and that of its nearest and next nearest neighbors. The molecular fields on the atomic sites 

of 𝐴 and 𝐵 can thus be expressed by [4] 

𝐻mA = −𝑁AA𝑀A − 𝑁AB𝑀B           ,           𝐻mB = −𝑁BA𝑀A − 𝑁BB𝑀B.            1–29 

In Equation 1–29, if 𝑖 ≠ 𝑗, then 𝑁ij is the molecular field constant for nearest-neighbour 

interactions and for the next nearest-neighbour interactions if 𝑖 = 𝑗. The parameters 𝑀A and 𝑀B 

are the magnetizations of the sub-lattices 𝐴 and 𝐵, respectively. If the lattice basis in monatomic 
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is assumed, then the same type of atoms take place at the 𝐴 and 𝐵 sites. Therefore, 𝑁AA = 𝑁BB =

𝑁ii, and 𝑁AB = 𝑁BA. If an external magnetic field, 𝐻ext is exposed on to the system of sub-lattices, 

the fields at sites 𝐴 and 𝐵 can be given by [4] 

𝐻A = 𝐻ext − 𝑁ii𝑀A − 𝑁AB𝑀B           ,           𝐻B = 𝐻ext − 𝑁AB𝑀A − 𝑁ii𝑀B.            1–30    

The magnetizations and Brillouin functions for the sublattices 𝐴 and 𝐵, are given by [4] 

𝑀A =
1

2
𝑛𝑔𝜇B𝑆𝐵S(𝑥A)         ,           𝑀B =

1

2
𝑛𝑔𝜇B𝑆𝐵S(𝑥B),                      1–31                                                               

where 𝑥A =
𝑆𝑔𝜇B

𝑘B𝑇
𝐻A, 𝑥B =

𝑆𝑔𝜇B

𝑘B𝑇
𝐻B, 𝐵S(𝑥A) =

2𝑆+1

2𝑆
coth

2𝑆+1

2𝑆
𝑥A −

1

2𝑆
coth

𝑥A

2𝑆
, and 𝐵S(𝑥B) =

2𝑆+1

2𝑆
coth

2𝑆+1

2𝑆
𝑥B −

1

2𝑆
coth

𝑥B

2𝑆
. 

In antiferromagnetic materials, the temperature at which the ordered anti-parallel 

arrangement of the dipoles diminishes is called the Néel temperature (𝑇N).  In the following 

section, the molecular field theory of antiferromagnetism is discussed for temperatures above and 

below the Néel temperature. The next section also provides a short summary on the shift between 

the paramagnetism and antiferromagnetism regime when the external field is present.  

2.1.5.1.1 The paramagnetic region above Néel temperature 

In temperatures higher than the Néel temperature, magnetic ordering does not exist in an 

antiferromagnetic material. Because of thermal excitements, the dipole moments position 

themselves in arbitrary directions, from a classical perspective, resulting in a net-zero 

magnetization. However, a small magnetization is induced because of an external magnetic field. 

The Brillouin function can be replaced by 𝐵S(𝑥) ≈
𝑆+1

3𝑆
𝑥 if the applied field is not capable to cause 

saturation effects. In that case, the magnetization of the sub-lattices 𝐴 and 𝐵 turn out to be [4] 

𝑀A =
𝑛𝑔2𝜇B

2𝑆(𝑆+1)

6𝑘B𝑇
𝐻A     ,     𝑀B =

𝑛𝑔2𝜇B
2𝑆(𝑆+1)

6𝑘B𝑇
𝐻B.                         1–32 

Replacing the magnitude of the fields in equations 1–31 with their corresponding equations in 

equations 1–32, and as regards total magnetization 𝑀 = 𝑀A +𝑀B; therefore  

𝑀 =
𝑛𝑔2𝜇B

2𝑆(𝑆+1)

6𝑘B𝑇
[2𝐻ext − (𝑁ii + 𝑁AB)𝑀].                             1–33 

After the antiferromagnetic susceptibility after rearrangement of the terms to be solved for M, 

𝜒afm =
𝑀

𝐻
, would be 

𝜒afm =
𝐶

𝑇+𝜃
  ,                                                      1–34 

where 𝐶 =
𝑛𝑔2𝜇B

2𝑆(𝑆+1)

6𝑘B𝑇
, and 𝜃 =

1

2
𝐶(𝑁ii + 𝑁AB). Generally, 𝜃 is positive because the molecular 

field constant for nearest neighbour interactions is greater than the ones of next nearest neighbor 



15 
 

interactions. In Figure 2.1.5, for three cases, the reciprocal magnetic susceptibility is plotted versus 

temperature: the Curie law of Equation 1–6, the Curie-Weiss law of Equation 1–7, and Equation 

1–34).  

 

Figure 2.1.5 the graph illustrate the value of 1/𝜒 vs. temperature T. For Curve 1 the susceptibility, 𝜒  = 𝐶 (𝑇 −  𝜃)⁄  

(representing the Curie -Weiss law); curve 2, 𝜒 = 𝐶 𝑇⁄  (representing Curie's law), and curve 3, 𝜒 =𝐶 (𝑇 +  𝜃)⁄   [4].   

2.1.5.1.2 At the Néel temperature  

The Equations of 1–32 along with 1–30, and in the lack of an external applied field yield 

[4] 

 

𝑀A =
𝐶

2𝑇
(−𝑁ii𝑀A − 𝑁AB𝑀B)      ,      𝑀B =

𝐶

2𝑇
(−𝑁AB𝑀A − 𝑁ii𝑀B).            1–35      

An expression for the Néel temperature is found upon solving the pair of equations in Equation 1–

35 for nonzero magnetizations [4] 

𝑇N =
1

2
𝐶(𝑁AB − 𝑁ii).                                               1–36  

The ratio of the paramagnetic temperature, 𝜃, is provided by substituting 𝐶 from Equation 1–34 to 

the Néel temperature, 𝑇N [4] 

𝜃

𝑇N
=
𝑁AB+𝑁ii

𝑁AB−𝑁ii
.                                                          1–37 

2.1.5.1.3 Susceptibility below the Néel temperature   

  The susceptibility of an antiferromagnetic material is expressed with respect to temperature 

in Figure 2.1.6. The figure shows that the susceptibility of the material less than the ordering 

temperature for a given spin separates into two divisions: the perpendicular susceptibility to the 

applied external field which is a constant function 𝜒⊥; the susceptibility in the order that is parallel 

to the applied field which is 𝜒∥. The functional formula of the susceptibilities at temperatures lower 

than the Néel temperature are stated below [4]. 
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𝜒∥ =
𝑛𝜇B

2𝑔2𝑆2(
𝜕𝐵S
𝜕𝑥
)
x0

𝑘B𝑇+
1

2
(𝑁ii+𝑁AB)𝜇B

2𝑔2𝑆2𝑁(
𝜕𝐵S
𝜕𝑥
)
x0

        ,        𝜒⊥ =
1

𝑁AB
 ,                                     1–38 

𝑥0 =
𝑔𝜇B𝑆

𝑘B𝑇
[(𝑁AB − 𝑁ii)𝑀0] in the above equation, where 𝑀0 is the magnetization of sub-lattice 𝐴 

when the external magnetic field is absent.  

 

Figure 2.1.6 The susceptibility versus temperature for antiferromagnetic substance [4]. 

 Suppose the applied magnetic field makes an angle, α, with the uniaxial crystal 's easy direction. 

In this case, the susceptibility of the antiferromagnetic substance is given by [4] 

𝜒afm−sc = 𝑥∥𝑐𝑜𝑠
2𝛼 + 𝑥⊥𝑠𝑖𝑛

2𝛼.                                      1–39 

Taking the average of Equation 1–39 over the unit sphere for a powdered or polycrystalline 

material to obtain 

𝜒afm−pc = 𝑥∥〈𝑐𝑜𝑠
2𝛼〉 + 𝑥⊥〈𝑠𝑖𝑛

2𝛼〉 =
1

3
𝑥∥ +

2

3
𝑥⊥.                    1–40 
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2.2 Superconductivity 

     In this section, a review of superconductors is briefly discussed. This overview is mostly 

focused on the magnetic properties of superconductors. 

2.2.1 Introduction 

   The story of superconductivity started in 1911 when H. Kammerlingh Onnes found that 

mercury has no measurable electrical resistance value when it is cooled below 4.2 K. This 

phenomenon was also found in many other materials when they were cooled below a certain 

temperature which is called the critical temperature 𝑇c. There are more than 20 metallic elements 

that could turn into superconductors. [1]. 

 In metals, the resistivity relation can be given as [1] 

                𝜌(𝑇) = 𝜌0 + 𝐵𝑇
5 ,                                                                    2-1 

where 𝜌(𝑇) is the resistivity at a given temperature, 𝜌0 is the resistivity at a temperature equal to 

zero, and B is constant. Below 𝑇c  the electric resistivity for superconductors drops to zero, as is 

shown in the graph below. 

  

 

 

 

 

Figure 2.2.1 (a) Low–temperature resistivity of normal metal-containing nonmagnetic impurities; (b) Low-

temperature resistivity of a superconductor (in a zero magnetic field) containing nonmagnetic impurities. At 𝑇𝐶 ,  𝜌 

drops abruptly to zero [1]. 

Some of the features of superconductors are [1]: 

1- Although superconductors have no DC electrical resistivity in the absence of driving 

electrical field, electrical currents persevere without any obvious deterioration.  

2- Superconductors can behave as a perfect diamagnet. They produce a magnetic field that 

opposes any external field within the superconductor.  
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2.2.1.1 Microscopic Theory 

The isotope effect provided a valuable contribution to the microscopic explanation of 

superconductors. In 1950, both Maxwell (using 198Hg) and Reynold et al. (using samples with 

average A=199.7, 202.0, and 203.4) discovered that there are variant 𝑇𝑐 in different mercury 

isotopes [2]. Maxwell noticed a 0.021 K increase, while Reynold et al. observed shifts in 𝑇𝑐 

between +0.011 K (A=199.7) and -0.024 K (A=203.4) [2]. Consequently, the phonon mediation 

is the tool behind coupling electrons. The isotope effect states 𝑇𝑐𝑀
𝛼= const., where M is the 

isotope mass. The BCS theory assumes constant-phonon interaction and a spherical Fermi surface, 

which makes the math simpler. 

 

Frohlich, in 1952 [2], showed that the electrons interact indirectly with each other in a 

crystal by releasing and absorbing phonons. Electron e1 with wave vector 𝑘⃗ 1 releases a phonon and 

moves to 𝑘⃗ '1. Electron e2 with wave vector 𝑘⃗ 2 gets this phonon and moves to 𝑘⃗ '2. This interaction 

indicates that electrons are attracted to one another within ћ𝜔𝐷 of the Fermi surface, where 𝜔𝐷 is 

the Debye frequency. Cooper in 1956 [2] concluded that the binding energy is negative between 

two electrons regardless of how minor the attraction is. 

 

BCS theory joins the two concepts together, by supposing the attractive potential is 

mediated by the scattering of phonons. Bardeen, Cooper, and Schrieffer noticed that electron pairs 

within ћ𝜔𝐷 of the Fermi surface are dispersed from inside Fermi sphere to the outside of it. This 

increases the kinetic energy and decreases the potential energy [4]. If the potential energy is 

reduced in excess of the kinetic energy, the ground state becomes one in which some states beyond 

Fermi energy EF are occupied, and some below EF are empty.  

Within the weak coupling BCS theory, 𝑇𝑐 is expressed as [4] 

                                              𝑇𝑐 =
1.13ћ𝜔𝐷

𝑘𝐵
𝑒

−1

𝑁(𝐸𝐹)𝑉𝑒𝑓𝑓  ,                                                            2-2 

where 𝑘𝐵, N(𝐸𝐹), 𝑉𝑒𝑓𝑓 are Boltzman’s constant, the density of states at the Fermi energy, and the 

potential of the effective interaction between electrons, respectively.  According to the BCS theory, 

if two electrons interact with an attractive force from the lattice vibration above the Fermi sphere, 

the two electrons form a bond state. This bond state is called a Cooper pair. 

 

 To maximize the number of these pairs, all the electrons in every pair should have a 

momentum of equal amount but conflicting orientation, as well as inverse-parallel spins. If the 

spins make a singlet state (S = 0), then the spatial wave function should hold even parity values (L 

= 0, 2, 4, …). If the spins make a triplet state (S = 1), the spatial wave function should hold an odd 

parity value (L = 1, 3, 5, …). In order to simplify calculations, BCS theory assumes the Fermi 

surface to be spherical, the pair to have L = 0 and S = 0, and electron-phonon interaction Vkk' is 

supposed to be constant [2] 
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                                            𝑉𝑘𝑘′ = {
 −𝑉       |∊𝑘|  ≤  ћ𝜔𝐷 ＆ |∊𝑘′|  ≤  ћ𝜔𝐷                                        

    
0           |∊𝑘|  >  ћ𝜔𝐷 ＆ |∊𝑘′|  >  ћ𝜔𝐷 ,                                         

         

with  

∊𝑘=
ћ2𝑘2

2𝑚
− 
ћ2𝑘𝑓

2

 2𝑚
 . 

One may write the excitation energy as [2] 

𝐸𝑘 = √∊𝑘
2+ ∆2, 

where Δ is the energy gap. In order to destroy one Cooper pair, an energy of at least 2Δ is required, 

where Δ is the superconductivity energy gap.  This gap depends on temperature, and it goes to zero 

as T→𝑇𝑐. In addition, there are two temperature-dependent length scales associated with 

superconductivity: The first one is the London penetration depth, λ. The penetrated depth is related 

to the extent in which the magnetic field penetrates indie the material which falls off exponentially 

with depth [3]. λ gives the distance at which the magnetic field inside the superconductor falls to 

1/e of the applied field. The second is the coherence length ξ. ξ in the BCS theory is the effective 

size of the Cooper pair [5] 

 

2.2.1.2 Families of superconductors 

The vast majority of superconducting non-transition elements show suppression of  𝑇𝑐 with 

pressure, while transition metals and their alloys 𝑇𝑐 increases with pressure [6].  

 

The study for high temperature superconductors (HTS) resulted in the finding of 

superconductivity with 𝑇𝑐~ 35 K in the La-Ba-Cu-O compounds [6]. It prompted searching for 

HTS materials with 𝑇𝑐 above the liquid nitrogen temperature. Researchers replaced La with Y, an 

isoelectronic element with a smaller size, to find superconductivity in Y-Ba-Cu-O with 𝑇𝑐= 93 K. 

This is the first superconductor with 𝑇𝑐 above the liquid nitrogen temperature [7]. Currently, 

HgBa2Ca2Cu3O8+δ is the copper oxide superconductor with the highest 𝑇𝑐, 164 K at 31 GPa [8]. 

 

In 2008, the discovery of the superconductivity in iron-based materials triggered a great 

interest in condensed matter community [9]. LaFeAsO1_xFx shows the superconductivity at 𝑇𝑐 ~ 

26 K [9], and it was the first compound in which significant amount of Fe does not suppress 

superconductivity. 

 

 

 

2-3 

2-4 

 

2-5 
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Magnetism usually limits superconductivity [9]. Therefore, the finding of 

superconductivity in compounds with moment bearing Fe was fascinating. Because of this, other 

structure classes of Fe-based superconducting compounds were discovered. They include: 

RFeAsO “111”, A1Fe2As2 “122”, A2FeAs “111”, FeSe “11”, CaA3Fe4As4 “1144” [3,9,10,11,12]. 

Here R is rare-earth metal, A1=Na,K,Rb,Cs,Ca,Sr,Ba,Eu; A2=Li,Na; A3=K,Rb,Cs, respectively. 

The AFe2As2 compound generated interest since it can be grown in large single crystal form, and 

it has a simple structure. In the BaFe2As2 compound, the undoped parent compound goes through 

coupled magnetic and structural transitions near 140 K [13]. Superconductivity was found in the 

doped 122 materials, as well as under pressure [14]. 

2.2.2 The transition temperature (the critical temperature) 

 The critical temperature at which the material is turned into a superconductor depends on 

the type of material, and this temperature varies when an external magnetic field is applied. The 

material will be superconducting as long as it is below 𝑇𝑐.  

The chemical purity of the sample and its crystalline perfection are also responsible in 

impacting the critical temperature. The strain and inhomogeneity in the purity of the sample plays 

an important role on broadening the temperature fluctuation at which the transition to the 

superconducting state occurs. The transition temperature scale may reach to a low temperature of 

1 mK for a pure sample [15].  

2.2.3 Magnetic properties of superconductor materials 

Perfect diamagnetism and the critical magnetic field in superconductor materials are 

reviewed in this section   

2.2.3.1 Perfect diamagnetism in superconductor materials 

In metals in a normal state, the external magnetic field can go through the materials. 

However, in superconductors, the external magnetic field cannot penetrate the interior of the 

materials. This phenomenon is explained by the Meissner-Ochsenfeld effect [16].  It states that if 

a normal metal is cooled under its superconducting transition temperature in a magnetic field, the 

magnetic flux is instantly ejected from it. Hence, surface currents occur in a way that their magnetic 

fields eliminate those of the interior. 

2.2.3.2 Critical field for superconductors 

Consider a superconductor at temperature T below the critical temperature 𝑇𝑐. When the 

magnetic field, H, is turned on, a surface current is created. This surface current will produce a 

magnetic field which opposes the external magnetic field and leads to zero interior magnetic field. 

If the external field exceeds a critical value then it will penetrate through the superconductor. Two 

different kinds of reactions are then noticed. They lead to type I and type II superconductors.  
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Type I superconductors 

The phase boundary diagram in type I superconductors is shown in Figure 2.2.2 (a), where 

both the normal state and the superconducting state can be observed.  The temperature dependence 

of the critical field 𝐻c is [16] 

                                                          𝐻𝑐(𝑇) = 𝐻𝑐(0) [1 − (
𝑇

𝑇𝑐
)
2

],                                                            2-6 

where 𝐻c(𝑇) is the critical field at temperature T and  𝐻c(0) is the critical field at absolute zero. 

Below 𝑇c  there will be no penetration of the field. When the applied field is higher than the critical 

field 𝐻c(𝑇), the whole specimen will go to its normal state, and the field penetrates the interior. 

As a result of this penetration, the superconductivity will diminish. 

 

 

Figure 2.2.2 (a) The magnetic field strength H versus temperature T in type I superconductors [16]; (b) Magnetization 

versus the magnetic field for  the two types of superconductors type I and type II [15]. 

Type II superconductors 

 In the case of type II superconductors, there are two critical fields,  𝐻c1(𝑇) and 𝐻c2(𝑇). 

The applied magnetic field 𝐻c2(𝑇) is higher than 𝐻c1(𝑇), and for external fields under 𝐻c1(𝑇) the 

flux does not penetrate the specimen. When the external field is higher than 𝐻c2(𝑇), the specimen 

will revert to its normal state, and consequently, the magnetic flux will penetrate the specimen. 

For the situation when the external field is between 𝐻c1(𝑇) and 𝐻c2(𝑇), the flux partially penetrates 

the superconductor. This particular mechanism of both normal and superconducting states is called 

as a mixed state. Figure 2.2.2 (b), shows the magnetization versus applied field for the type II 

superconductor.  

Usually, critical fields in type I superconductors are around 102 Gs well below the 

transition temperature. On the other hand, the critical field of type II superconductors can be as 

much as 105 Gs thus creating a significant market for type II superconductors in designing high-

field magnets. [16].  

-M 
Type I 

𝑯𝒄𝟏 

 

Type II 

H 𝑯𝒄𝟐 𝑯𝒄𝑯𝒄 

 (a) (b) 
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2.2.4 Coexistence of superconductivity and magnetism  

Superconductivity and magnetic ordering are two very unlike yet collective phenomena.  The 

question of how superconductivity and magnetism coexist is paramount, given their antagonistic 

character. The Russian theorist Vitaly Ginzburg first posed this question in 1957, but early 

experiments in 1959 by Bernd Matthias, revealed that when ferromagnetic ordering exists, 

superconductivity vanishes [17]. The cause of this ruinous characteristic is a quantum mechanical 

interaction between electron spin and the atomic magnetic moment. Below the superconducting 

transition temperature, the interaction between the electron spin magnetic moments tend to align 

them, thus destroying the Cooper pairs, within which spins are antiparallel. Therefore, exchange 

interactions put restrictions on the presence of superconductivity. In antiferromagnetic materials, 

superconductivity and antiferromagnetism can exist at the same time because, on average, the 

Cooper pairs will not be influenced by the magnetic moments in these compounds [17].  

In superconductors with ferromagnetic order, the superconductivity is destroyed at the 

ferromagnetic phase transition [17]. In the ferromagnetic phase, the magnetic moments will be 

aligned in the same direction with each other. When the aligned atomic magnetic moments interact 

with the electron spins, the Cooper pairs energy of the electrons will be affected. Consequently, 

the superconductivity cannot stop the magnetic transition.  

 In anisotropic ferromagnetic superconductors with regular lattices of magnetic ions, the 

coexistence phase with a domain-like transverse magnetic structure would be recognized under 𝑇𝑓 

(≪𝑇𝑐) [17]. Superconductivity has a gapless character in the coexistence phase in clean 

compounds. It is possible to realize the coexistence phase with the magnetic domain structure, the 

spontaneous vortex phase, and the Meissner ferromagnetic phase in superconductors with weak 

ferromagnetism.  

Most of the magnetic superconductors are considered as type II superconductors. However, 

at temperatures slightly beyond 𝑇𝑓   in a ferromagnet, or around 𝑇𝑁 in an antiferromagnet, they 

become type I superconductors [17]. This behaviour relies on demagnetization factors, and on the 

relation between the parameters of both the electromagnetic and exchange interactions between 

electrons and localized moments [17].  

In regular superconductors, the phase with a non-uniform superconducting order parameter 

as well as the Larkin-Ovchinikov-Fuld-Ferrel state (LOFF state), cannot be achieved [17]. Thus, 

magnetic superconductors present an exceptional opportunity for its experimental study, especially 

for the LOFF state, which can be observed in samples that were made in the shape of plates and 

put in a field which is in a perpendicular direction to the plate. 
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In order to partially or completely destroy superconductivity without diminishing the 

magnetic ordering, laser irradiation can be deployed [17]. The process of destroying the 

superconductivity offers the possibility to examine the magnetic structure without the presence of 

superconductivity, and in the temperature interval where the coexistence phase is realized. These 

experiments allow us to examine the impact of superconductivity on magnetic ordering 

It has been shown that superconductivity and magnetism can coexist in some materials.  

Thus, magnetic superconductors present an exceptional opportunity for its experimental study, 

because they should allow us to examine the impact of superconductivity on magnetic ordering 

and, generally, to better understand the phenomenon of superconductivity, especially the 

intervening interactions.  Therefore the reported recently Fe-based compounds that exhibit 

superconductivity, is of utmost importance. One of the iron-based materials is EuAFe4As4 (A = 

Rb, Cs). It exhibits a high  𝑇𝑐 [18]. These high-𝑇𝑐 superconducting materials also have a magnetic 

transition at about 15 K. To show the coexistence of superconductivity and magnetic state, two 

samples EuRbFe4As4, and EuCsFe4As4 will be taken as an example [18]. 

 

The temperature dependence of electrical resistivity of these two compounds is shown in 

Figure 2.2.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results of the electrical resistivity measurements showed that the electrical resistivity reduced 

dramatically at around 36.2 and 35.1 K for EuRbFe4As4 and EuCsFe4As4, respectively. The 

resistivity reached zero at 35.8 and 34.9 K for those materials. This result confirmed the existence 

of superconductivity in those materials. In terms of the magnetic measurements, magnetic 

susceptibility measurements were conducted for both samples. Figure 2.2.4 shows the magnetic 

susceptibility as a function of temperature. Here, the magnetic susceptibility shows a clear 

Figure 2.2.3 Temperature 𝑇 dependence of EuRbFe4As4 and EuCsFe4As4 electrical resistivity ρ. Inset ρ near 

superconducting transition temperature 𝑇𝑐 [18]. 
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Meissner diamagnetic signal at roughly 35 K, which agrees well with the 𝑇𝑐 confirmed from the 

electrical resistivity data (Figure 2.2.3). The measured  𝑇𝑐 values are 36 and 35 K for EuRbFe4As4 

and EuCsFe4As4, respectively. From the magnetic susceptibility data, we can see an anomalous 

magnetic transition at near 15 K. In EuAFe4As4, the anomalous behavior near 15 K is clear in the 

magnetic susceptibility data only (Figure 2.2.4), meanwhile the electrical resistivity is zero until 

to 5 K (Figure 2.2.3). There is a probability that the anomalous magnetic transition shown by 

EuAFe4As4 at near 15 K, that is under 𝑇𝑐, is a result of the existence of an Eu2+ ion-induced 

magnetic ordered state. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.4. Temperature T dependence of EuAFe4As4 (A = Rb, Cs) magnetic susceptibility χ 

[18]. 
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2.3 Mössbauer spectroscopy 

2.3.1 Introduction 

The Mössbauer effect was discovered by Rudolf Mössbauer in 1958. This phenomenon 

occurs when a nucleus emits recoil-free emissions and absorbs gamma rays.  

 

 
Figure 2.3.1 The nuclear resonance absorption of gamma-rays (Mössbauer effect) for nuclei with Z protons and N 

neutrons [1]. 

   Figure 2.3.1 illustrates a radioactive isotope nucleus with atomic number 𝑍′ and neutron 

number 𝑁′. The nucleus undergoes atomic reaction, and loses its excitation through either 𝛼 decay, 

or 𝛽 decay or electron capture. The remaining nucleus, labeled as 𝑍 and 𝑁, is produced in the 

excited state, 𝐸e, and afterward decays to its ground state, 𝐸g, which yields in the process a gamma 

photon. Essentially, the produced gamma photon is captured by a nucleus in the ground state, and 

this nucleus will be send to the excited state (this process is called resonant absorption). 

Afterwards, the nucleus in its excited state will then re-release its energy in the form of a gamma 

ray and move back to the ground state (this operation is called resonant fluorescence). This is the 

primary process behind the Mössbauer effect. The natural linewidth of the transition energy is 

illustrated in Figure 2.3.2.   

 

 

 

 

 

 

 

 

Figure 2.3.2 Illustration of the intensity distribution I(E) for the emission of gamma rays with the mean transition 

energy E0 ,where the gamma transition energy between the excited state and ground state natural line width is shown 

[1]. 
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The excited nuclear state’s average lifetime is usually between 10−11 s and 10−6 s (the 

lifetime of the first excited state of Fe 
57  is 1.43 × 10−7s) [1]. The 𝛾 ray’s transition energy 

appropriate for Mössbauer spectroscopy may vary between 10 to 100 keV. The transition energy 

is 14.4 keV for Fe 
57  Mössbauer spectroscopy. The Lorentzian profile, which characterized by (Γ) 

where Γ is the full width at half maximum of the natural linewidth, is the uncertainty measure in 

the energy of the excited nuclear state (for Fe 
57 , Γ = 4.55 × 10−9 eV). 

Scientists did not think it would be possible to get the process of gamma radiation resonant 

emission and absorption before Mössbauer’s finding. Scientists’ belief was inspired by the energy 

and linear momentum transported to, or delivered by in the absorption event, the nucleus by 

gamma radiation. The centers of the emission and absorption lines move in separate directions due 

to the conservation of momentum and its recoil energy. Consequently, the emission and absorption 

lines would not converge, and thus the nuclear resonance will not occur. Some efforts were made 

using what is known as the relativistic Doppler effect thus widening and shifting the emission lines 

to promote a higher degree of overlap. Such efforts were accomplished using transducers to put 

the source and/or absorber of the emission lines in constant relative motion.  

Based on Maxwell-Boltzmann’s statistics, especially in gaseous systems, the velocity of 

the particles comprising the system appears to have a temperature-dependent distribution. 

Different particles in the system have broad variations (normal distribution) of speeds. Thus, the γ 

ray energy emitted resulting from nuclear state transitions go through Doppler shifts. These shifts 

caused by the recoiling of nuclei and rapid kinetic motion result in emission and absorption lines 

with a Gaussian profile shape, which as opposed to the natural linewidth that has a Lorentzian 

profile. 

The Doppler broadening in energy related to gas particles at a temperature  𝑇 is given by 

[1] 

ΓD = 2√𝐸R𝑘B𝑇,                                                                3–1 

where 𝐸R is the nucleus’ recoil energy shifting between the ground and the excited states, and 𝑘B 

is the Boltzmann constant.  According to Equation 3–1, the Doppler broadening and the recoil 

energy have the same order.  For the 14.4 keV transition energy of Fe 
57  and the recoil energy of 

1.95 × 10−3eV at room temperature ΓD is about 10−2eV [1]. Thus, the Doppler shifts’ drop in 

recoil energy could be compensated for by the nuclei in gases and liquids. Nonetheless, the overlap 

of the emission and absorption lines is negligible, such that experimentally detecting the resonant 

result for gasses and liquid will become impractical. 

Equation 3-1 shows that the Doppler broadening is directly proportional to the square root 

of the temperature and the resonant energy. The Mössbauer effect is easier to observe at lower 

temperatures, i.e., the nuclear resonant effect is more efficient at lower temperatures in solids. 

Only the quantum theory of solids can explain this phenomenon [2], and a brief explanation will 

be given below.  
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The nuclei within the solid are physically bound on lattice points and vibrate about 

equilibrium. The temperature plays a role in identifying the intensity of the vibration and their 

amplitude. The value of the vibrational frequencies can be in order of ~ 1013 Hz [3]. Conversely, 

the vibration periods is less than the half-life time of the excited state nuclei by six orders of 

magnitude. Therefore, during the transition times, an average of zero displacement of the nuclei 

will not cause any Doppler shift in the emission profile. In addition, the entire crystal will absorb 

all the recoil momentum caused by the nuclear transition. This is due to the crystal’s large mass, 

and the velocity on the emitting nuclei are insignificant which leads to a vanishing of the recoil 

energy [1] 

𝑃 = 𝑀crystal𝑣, ≪ 1 ⟹ 𝐸R =
1

2
𝑀crystal𝑣

2 ≈ 0,                          3–2 

where 𝑀crystal is the mass of the crystal, 𝑣 is the induced velocity of the emitter.  

 

Phonons which are a form of lattice vibration excitations, absorb some part of the transition 

energy during the nuclear transition that takes place in solid state. In the creation process of these 

phonons, the energy transfer is significantly larger than the nuclear levels’ natural linewidth, which 

does not make the resonant effects possible [1]. But in a solid without phonon creation or 

absorption, there is a limited probability of nuclear transitions named as zero-phonon processes. 

This non-zero possibility is directly related to a portion of nuclei which go through non-recoil 

emission and absorption of γ rays, resulting in resonant effects. The fraction that goes through non-

recoil process is identified as the Mössbauer-Lamb factor,𝑓, and it is equivalent to the Debye-

Waller factor in X-ray diffraction from solids. At room temperature, a standard value of 𝑓 for Fe 
57  

Mössbauer spectroscopy is 0.91 [1]. It is considered that the recoil-free factor, 𝑓, is  associated 

with the local shift of the nucleus from its equilibrium position 𝑥 by way of the equation below [1] 

𝑓 = 𝑒
−
〈𝑥2〉𝐸γ

(ℏ𝑐)2 ,                                                               3–3                                                                                                                              

where 〈𝑥2〉 is the average squared of displacement or the vibrational amplitude squared of the 

nucleus, c is the speed of light, ħ = ℎ/2𝜋, where h is Planck’s constant, and 𝐸γ is the emitted 

(absorbed) photon energy. The Debye model overall describes the vibrations of the nuclei.  In the 

Debye model there is a distribution of the frequencies from 0 to the Debye frequency 𝜈D and the 

density of states is proportional to 𝜈2 [4]. A given material within the Debye model is characterized 

by a Debye temperature which is related to the highest phonon energy ℎ𝜈D. The Debye temperature 

is given by [4] 

𝑇D =
ℎ𝜈D

𝑘B
 ,                                                                    3–4 

The recoil-free factor’s temperature dependence is given by [1,2]  

𝑓(𝑇) = 𝑒
{−

3𝐸λ
2

𝑘B𝑇D𝑀𝑐
2[
1

4
+(

𝑇

𝑇D
)
2

∫
𝑥

𝑒𝑥−1
𝑑𝑥

𝑇D
𝑇
0

]}

.                                              3–5 
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This equation may be analyzed in both high and low-temperature regions. The upper limit of the 

integral in the exponent approaches infinity at very low temperatures (𝑇 ≪ 𝑇D) [1,2] 

∫
𝑥

𝑒𝑥−1
𝑑𝑥

∞

0
=
𝜋2

6
 ⟹ 𝑓(𝑇) ≈ 𝑒

{−
3𝐸λ

2

𝑘B𝑇D𝑀𝑐
2[
1

4
+(

𝑇

𝑇D
)
2
𝜋2

6
]}
= 𝑒

−
𝐸λ
2

2𝑘B𝑇D𝑀𝑐
2(
3

2
+
𝜋2𝑇2

𝑇D
2 )

.                    3–6 

The exponent is proportional with temperature in a quadratic ratio, but in high-temperature region 

(𝑇 ≳ 𝑇D), it is a linear behaviour for the exponent. In the integral 𝑒𝑥 can be estimated by 1 + 𝑥 

(since 𝑥 is of the order of 
𝑇

𝑇D
) [1,2] 

∫
𝑥

𝑒𝑥−1
𝑑𝑥

𝑇D
𝑇
0

≈ ∫ 𝑑𝑥

𝑇

𝑇D

0
=

𝑇

𝑇D
⟹ 𝑓(𝑇) ≈ 𝑒

−
3𝐸λ

2𝑇

𝑘B𝑇D
2𝑀𝑐2 .                                    3–7 

Mössbauer spectrum’s intensity depends on the recoil-free factor. Because the required time to 

acquire a sufficient signal to noise ratio is relative to the intensity square [1], the Mössbauer spectra 

can be significantly improved by lowering the temperature of the samples to temperatures 

equivalent to liquid nitrogen and liquid helium. 

The Mössbauer effect, as stated earlier, is known as the recoilless emission and absorption 

of 𝛾 rays by nuclei in the solid state caused by the zero-phonon processes. To observe the 

Mössbauer effect one must have high enough value of the recoil-free factor f.  

Overall, the increase in the recoil-free factor depends on three important parameters: 

decreasing the temperature of the system, decreasing the energy transitions, and by increasing the 

Debye temperature. 

2.3.2 Hyperfine interactions 

In Mössbauer atoms, an electromagnetic field is created because of the Mössbauer atoms’ 

electrons. The electromagnetic field interacts with the Mössbauer nucleus causing what is called 

the hyperfine interaction. The hyperfine interaction results in either an alteration in the nuclear 

energy levels or a splitting in the nuclear energy states. Hyperfine interactions occur in three major 

forms. The first one is the electric monopole interaction, which is responsible for the isomer shift. 

The second interaction is between magnetic field and dipole moments. This process causes a split 

in the energy levels, and it is called the Zeeman effect. The third type is the electric quadrupole 

dipole interaction caused by the exchange of the component of electric fields and the charge 

distribution of the Mӧssbauer nucleus. The electric quadrupole interaction causes a degeneracy 

removal in the resonance transition lines between the ground state and excited state.  
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2.3.2.1 The isomer shift  

The electric monopole interaction is associated with the total charge of the Mössbauer 

nucleus. The electric monopole interaction causes a shift in energy, and the shift in energy is given 

by [1] 

                                                         𝐸I.S. = 𝛿𝐸el = −
2𝜋

5
𝑍𝑒2𝑅2|𝜓(0)|2,                                           3–8 

where Z is the atomic number, e is the electron charge, and R is the nuclear radius. From equation 

3-8 it is clear that the electric monopole interaction is proportional to the square of the nucleus’ 

average radius. Whereas similar nuclei have dissimilar radii (𝑅g ≠ 𝑅e), where 𝑅g is the radius for 

the ground state and 𝑅e is the radius for the excited state, the monopole interaction  is not going 

be the same for the nuclei in their ground states as opposed to the ones in the excited states. In 

consequence, the shift in the nuclear energy level is not going to be same for the ground state 

(𝛿𝐸)g compared to the one for the excited state (𝛿𝐸)e. This change causes the Mӧssbauer isomer 

shift (IS). A schematic of isomer shift and the derived shift in the Mössbauer spectrum is 

demonstrated below.  

 

 

 

 

 

 

 

The isomer shift in the Mössbauer spectrum will be 𝛿 [1] 

                             𝛿 = 𝐸A − 𝐸S =
2𝜋

5
𝑍𝑒2[|𝜓(0)|A

2
− |𝜓(0)|S

2
](𝑅e

2 − 𝑅g
2).                          3–9 

In the center shift, one should account for the second-order Doppler shift (SOD). Because of the 

thermal motion of the emitting and absorbing nuclei, there will be a relativistic shift in the energy 

of the 𝛾 phonons. This shift is represented by second-order Doppler shift which is given by the 

equation 

                                                   𝛿SOD = −𝐸γ
〈𝑣2〉

2𝑐2
,  𝛿exp = δ + 𝛿SOD,                                            3–10 

where 𝐸γ is the photon energy, and 〈𝑣2〉 is the mean square velocity of the Mössbauer nuclei. 

Figure 2.3.3 The interaction of the electric monopole between the nuclear charge and the electron density at 

the nucleus. The results of this interaction is the shift of the nuclear state, and it gives the isomer shift [1]. 
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2.3.2.2 Electric quadrupole splitting 

 The electric quadruple interaction is caused by the interaction of the electric field and the 

charge distribution of the nucleus. When the system has a nuclear spin quantum number of more 

than 1 2⁄ , the nucleus will have a nuclear quadrupole moment. As a result, splitting in the nuclear 

energy will occur, and the equation of the quadruple interaction energy eigenvalues can be given 

as [1] 

                                   𝐸𝑄 =
𝑒𝑄𝑉𝑧𝑧

4𝐼(2𝐼−1)
[3𝑚𝐼

2 − 𝐼(𝐼 + 1)] (1 +
𝜂2

3
)
1
2⁄

,                                       3–11 

where 𝜂 the asymmetry parameter of the electric field gradient (EFG) tensor 𝜂 =
𝑉𝑥𝑥−𝑉𝑦𝑦

𝑉𝑧𝑧
 , 𝑄 is the 

quadrupole moment of the nucleus, and 𝑉zz is the main component of the electric field gradient. 

For the Fe 
57  Mӧssbauer nuclei, the first nuclear excited state will split into a doublet as is shown 

in the figure below. 

 

 

 

 

 

 

 

 

 

 

Similarly, for the 151Eu Mössbauer isotopes, there will be splitting into three sublevels in 

the ground state, and into four sublevels in the excited state, as is shown in Figure 2.3.5. There 

will be eight allowed transitions.  

 

 

 

Figure 2.3.4 Quadruple interaction of the 57Fe |𝐼 = 3/2,𝑚3/2⟩ state and 

the resulted Mössbauer spectrum [1]. 
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2.3.2.3 Magnetic dipole interaction and magnetic splitting 

 The Mössbauer nucleus possess a magnetic dipole moment 𝜇, and this magnetic moment 

is a result of the nuclear spin angular momentum. The value of 𝜇 is giving by [6] 

                                                     𝜇 = 𝑔𝑛𝜇𝐵𝑛𝐼,                                                                          3–12 

where 𝑔𝑛 is the nuclear Landé splitting factor, and 𝜇𝐵𝑛 is the nuclear Bohr magneton. If there is a 

magnetic field at the site of the nucleus, the magnetic dipole moment will split into (2𝐼 + 1) 

sublevels with the eigenvalues [6]  

                                             𝐸𝑚 = −
𝜇𝐻𝑚𝐼

𝐼
= −𝑔𝑛𝜇𝐵𝑛𝐻𝑚𝐼 ,                                                       3–13 

where 𝑚𝐼 is the nuclear magnetic quantum number with the values 𝑚𝐼 = 𝐼, 𝐼 − 1,… .−𝐼, and 𝐻 is 

the magnetic field. 

From Equation 3–13 for 57Fe nuclear states, the 𝐼 = 3/2 state divides into four subsets, and 

the 𝐼 = 1/2 state divides into two subsets. The transitions are selected by the selection rules of 

∆𝑚 = 0 , ± 1. There will be six allowed transitions, which are shown in the figure below.  

Figure 2.3.5 The allowed transitions between the nuclear energy levels of 151Eu 

due to quadrupole interaction [5]. 
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On the other hand, for the 151Eu Mӧssbauer isotopes, it is clear from Figure 2.3.7 that there 

will be eighteen allowed transitions, and the spectra for a variety of linewidths are shown in Figure 

2.3.8. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.6 Magnetic dipole interaction splitting in Fe 
57  and the resultant spectrum [1]. 

Figure 2.3.7 Nuclear energy levels for 151Eu in the presence of a magnetic hyperfine 

interaction [5]. 
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2.3.2.4 The combined electric and magnetic interaction 

Quadruple splitting, isomer shift, and magnetic dipole interaction could simultaneously 

occur in a typical Mössbauer spectrum. Figure 2.3.9 shows a 57Fe Mössbauer spectrum. 

 

 

 

 

 

 

 

Figure 2.3.8 Theoretical 151Eu Mössbauer spectra in the presence of a magnetic hyperfine field of 

-340 kOe, with isomer shift of 0.0 mm/s and four different linewidths given in mm/s [5]. 

 

Figure 2.3.9 Quadruple splitting, magnetic dipole interaction splitting, and 

isomer shift in Fe 
57  and the resultant Mössbauer spectrum [3]. 
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2.3.3: Experimental procedure 

 This section outlines the procedures undertaken regarding sample and instrument setup 

while discussing the measuring technique used during the experiment.  

2.3.3.1: Sample preparation 

All of the samples studied in this thesis follow a certain sample preparation. The following 

paragraph summarizes the procedures used for weighing and preparing the samples.  

2.3.3.1.1: Sample weighing  

It is critical for this experiment to determine the weight of the sample accurately. Such 

accuracy is achieved through various measures of precautions including but not limited to clean 

environment, choosing appropriate sample portions and using higher precisions weighing 

machine. In this experiment, it is desirable to utilize larger lumps of the sample throughout the 

experiment to minimize risk of sample loss. The scale used to measure the sample is showing in 

Figure 2.3.10. 

 

 

 

 

 

 

 

Figure 2.3.10 The scale used to weigh the sample during the experiment.  

2.3.3.2: Mӧssbauer set-up 

 The complete set-up of the Mössbauer spectrometer consists of radioactive source, 

transducer, absorber, and detector.  

A suitable radioactive source is required to provide resonant gamma radiation. Thus, a 

transducer is used to generate a mechanical movement for the source. An electronic signal 

generator drives the transducer to swing back and forth (side to side). The electrical waveforms 

from the generator could be modified to refine the movement of the transducer. The Mössbauer 

absorbers consist of a mixture of powder of the studied compound and boron nitride, which is 

pressed into a pellet that was put into an 8-μm-thick Al disk container to ensure a uniform 

temperature over the whole absorber.  The detector is a proportional counter filled with Kr gas 

with some methane, and is directly connected to a pre-amplifier. The preamplifier is then 

connected to an amplifier as shown in Figure 2.3.11. The amplified signal then goes through a 
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series of channel analyzers. A single channel analyzer (SCA) receives the signal and sends it to a 

multi-channel analyzer (MCA). The electronic signal generator controls the start-delay signals to 

the MCA and the voltage signals to the transducer creating a sync between the MCA and 

transducer.  

 

 

 

 

 

 

 

 

 

 

Figure 2.3.11 The schematic set up for the Mossbauer spectroscopy [7]. 

The radioactive source is installed on the transducer allowing it to ripple at a specific 

velocity profile 𝑣 with respect to the fixed absorber. Accordingly, a Doppler effect is created 

resulting in the modulation of 𝛾-ray energies upon arrival to the absorber. The 𝛾 photons and the 

transmission intensity are recorded using an attached detector. These results are later plotted as 

functions of the Doppler velocity 𝑣.  

The 57Fe and 151Eu Mössbauer measurements were conducted using standard Mössbauer 

spectrometers operating in the sine mode, with sources 57Co(Rh) and 151Sm(SmF3) at room 

temperature, respectively. The spectrometers were calibrated with a 6.35-μm-thick α-Fe foil. The 

absorber is put in a cryostat which is kept in a static exchange gas atmosphere at a pressure of 

6×10−3mbar. The low-temperature Mössbauer spectrometer used in this research is shown in the 

Figure below. 

 

 

 

 

 

 

Figure 2.3.12 The low-temperature Mössbauer spectrometer. 
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Figure 2.3.13 shows the transducer and the detector which are used in the low-temperature 

Mössbauer spectrometer.  

 

 

 

 

 

 

 

 

Figure 2.3.13 The transducer and the absorber of the low-temperature Mössbauer spectrometer. 
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Chapter 3: Discussion and conclusions 

 

In the following pages, I will discuss the results presented in chapters four through nine 

and draw conclusions.  

 

The Rietveld analysis of the X-ray XRD spectrum of ThFeAsN showed that the studied 

material crystallizes in the tetragonal space group P4/nmm. The unit cell parameters determined 

from this analysis yielded the lattice parameters a = 4.0356(1) Å and c = 8.5286(1) Å. It was 

proved, based on the 57Fe Mössbauer spectroscopy, that there is an absence of magnetic order of 

the Fe magnetic moments down to 2.0 K. The nonappearance of Fe magnetism was suggested to 

be as a result of an internal uniaxial chemical pressure whose presence is reflected in the unusually 

small c/a ratio. The Mössbauer spectra were all in the shape of a quadrupole doublet with a small 

quadrupole splitting that rise with lowering the temperature. The experimental extrapolated 0 K 

quadrupole splitting is in an excellent agreement with the calculated one. The calculated value of 

Vzz = 3.908 × 1020 V/m2 corresponds to Δ = 0.0610 mm/s.  The fit of the Δ(T) data gives Δ(0) = 

0.0664(8) mm/s. The value of Δ(0) is in a very good agreement with the calculated value of 0.0610 

mm/s. The Debye temperature of ThFeAsN was found to be 332(2) K, and it agrees with the 

calculated value of 370 K. Theoretical discussion is offered for the presence of ionic and covalent 

chemical bonding and metallic characteristics. The energy band structure of ThFeAsN is analyzed 

in detail. 

 

The room-temperature powder XRD pattern of CsEuFe4As4 reveals that the compound 

studied crystallizes in a tetragonal space group P4/mmm, as revealed by a Rietveld refinement 

analysis, with the lattice parameters of a = 3.8956(1) Å and c = 13.6628(5) Å. The detailed analysis 

of 57Fe and 151Eu Mössbauer spectra at different temperatures proved that the Fe atoms have no 

magnetic moment down to 2.1 K and that the ferromagnetic order is associated exclusively with 

the Eu magnetic moments. The Mössbauer spectrum of CsEuFe4As4 at 11.2 K is slightly broader 

than the 17.2 K spectrum (Fig. 7 in Chapter 5). This subtle effect of 0.010 mm s−1 broadening is 

the result of the appearance at 11.2 K of a very small Hhf that is transferred to the 57Fe nuclei from 

the ferromagnetically ordered Eu sublattice. Its presence constitutes a clear proof for the ordering 

of the Eu sublattice. The calculated values of Vzz = 7.142 × 1020 V/m2 at the Fe site corresponds 

to Δ = 0.1222 mm/s-1. The fit of the Δ(T) data gives Δ(0) = 0.1182(4) mm/s-1. 
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The 151Eu Mössbauer spectra of CsEuFe4As4 from room temperature down to 17.1 K were 

fitted with a large-spectral-area quadrupole pattern due to CsEuFe4As4 and a small-spectral-area 

singlet originating from an impurity phase. For the temperatures between 15.7 K and 4.8 K, the 

spectra were fitted with a large-spectral-area Zeeman pattern due to CsEuFe4As4 and a small-

spectral-area singlet originating from an impurity phase. The temperature dependence of Hhf 

yielded the Curie temperature of the Eu sublattice 𝑇c = 15.97(8) K. The detailed analysis of the 

low-temperature 151Eu Mössbauer proved that the Eu magnetic moments lie in the ab plane. The 

temperature dependence of the main component of the electric field gradient tensor at both Fe and 

Eu sites is well described by a T 3/2 power-law relation. The calculated values of Vzz at the Eu site 

is 58.017 × 1020 V/m2, and the fitted value of Vzz(0) is 0.516(5) × 1022 V/m2. There is a good 

agreement between the calculated and measured parameters of the hyperfine-interactions. The 

Debye temperature of CsEuFe4As4 was found to be 295(3) K.  

 

Our ab-initio calculations provide evidence for a mixture of ionic, covalent, and metallic 

bonding in the CsEuFe4As4 superconductor. They show that, in agreement with the experiment, 

the magnetic moment of CsEuFe4As4 results from the strongly localized Eu f states. They also 

show that an almost zero magnetic moment of the Fe atoms results from an apparent symmetry of 

the spin-up and spin-down Fe d states. The Fermi surfaces are found to have the hole-like and 

electron-like pockets located at the center and corners of the Brillouin zone, respectively. 

 

 The Rietveld analysis of the room-temperature powder XRD spectrum of Rb1−δEuFe4As4 

showed that the compound studied crystallizes in the tetragonal space group P4/mmm and its lattice 

parameters are a = 3.8849(1) Å and c = 13.3370(3) Å. A careful analysis of the 57Fe and 151Eu 

Mössbauer spectra at various temperatures demonstrates that the Fe atoms have no magnetic 

moment down to 2.1 K and that the ferromagnetic order is associated entirely with the Eu magnetic 

moments. We show that the Eu magnetic moment induces the transferred hyperfine magnetic field 

Hhf at the 57Fe nuclei and that the Curie temperature determined from the temperature dependence 

of the latter is consistent with that obtained from the temperature dependence of Hhf at the 151Eu 

nuclei. The analysis of low-temperature 151Eu Mössbauer proves that the Eu magnetic moments 

are perpendicular to the crystallographic c axis. At both the Fe and Eu sites, the temperature 

dependence of the main component of the electric-field-gradient tensor is well represented by a T 
3/2 power-law relation. The calculated value of Vzz = 5.270 × 1020 V/m2 at the Fe site corresponds 

to Δ = 0.0921 mm/s-1. The fit of the Δ(T) data gives Δ(0) = 0.1188(2) mm/s-1. The calculated value 

of Vzz at the Eu site is 49.659 × 1020 V/m2, and the fitted value of Vzz(0) is 0.470(6) × 1022 

V/m2. The calculated and measured hyperfine-interaction parameters showed a good agreement. 

The Debye temperature of Rb1−δEuFe4As4 was found to be 391(8) K. 
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Similarly to the ab-initio study of CsEuFe4As4, we find evidence for the presence of a 

mixture of ionic, covalent, and metallic bonding in the RbEuFe4As4 superconductor. The magnetic 

moment of RbEuFe4As4 is shown to be a result of the strongly localized Eu f states. We also find 

that an almost zero magnetic moment associated with the Fe atoms is the consequence of symmetry 

of the spin-up and spin-down Fe d states. The chemical and electrical properties are shown to be 

strongly linked with the Fe 3d states in the Fermi energy region. The hole-like and electron-like 

pockets that are located, respectively, at the center and corners of the Brillouin zone, are found in 

the Fermi surfaces of RbEuFe4As4. 

 

Based on the analysis of the 57Fe Mössbauer spectra of both the new EuFeAs2 compound 

and the 14 K superconductor EuFe0.97Ni0.03As2, it is concluded that in both systems the Fe 

sublattice orders in the antiferromagnetic spin-density-wave fashion. The Néel temperatures of the 

Fe sublattice and the Fe saturation magnetic moments are found to be 106.2(1.9) K, 0.78(1)𝜇B and 

56.6(2.2) K, 0.47(1)𝜇B, respectively. In addition, the fits of the 151Eu Mössbauer spectra of 

EuFeAs2 and EuFe0.97Ni0.03As2 allow us to find out that the Néel temperatures and the saturation 

hyperfine magnetic fields of the antiferromagnetically ordered Eu sublattice in both compounds 

are, respectively, 44.4(5) K, 294.2(7) kOe, and 43.5(1) K, 290.5(1) kOe. These results show that a 

tiny substitution of Fe by Ni in EuFeAs2, apart from inducing superconductivity in 

EuFe0.97Ni0.03As2, significantly reduces the magnetism’s strength of the Fe sublattice and has 

practically no influence on the magnetism of the Eu sublattice. The presence of 

antiferromagnetically ordered Fe and Eu sublattices in EuFe0.97Ni0.03As2 constitutes evidence that 

superconductivity and magnetism do coexist in the EuFe0.97Ni0.03As2 superconductor. We show 

that a T 3/2 power-law relation can explain the magnitude increase of the main component of the 

electric field gradient tensor at both Fe and Eu sites with lowering temperature. For EuFeAs2 

compound the fitted value of Vzz(0) at the Eu site is 0.498(5) × 1022 V/m2. For EuFe0.97Ni0.03As2 

the fitted value at the Fe site of the Δ(T) data gives Δ(0) = 0.1590(17) mm/s-1, and at the Eu site, 

the fitted value of Vzz(0) is  0.448(5) × 1022 V/m2. The Debye temperatures of EuFeAs2, 

EuFe0.97Ni0.03As2, and the FeAs2 impurity phase were determined to be 355(18), 428(14), and 

594(25) K, respectively. 
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Chapter 4: Absence of the stripe antiferromagnetic order on ThFeAsN 
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Chapter 5: Ferromagnetic order in CsEuFe4As4 
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Chapter 6: Mössbauer spectroscopy and magnetic study of RbEuFe4As4 
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Chapter 7: Magnetic and Mössbauer spectroscopy study of EuFeAs2 and 

EuFe0.97Ni0.03As2 
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Chapter 8: Electronic structure and magnetism of  CsEuFe4As4 
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Chapter 9: Ab-initio study of RbEuFe4As4 
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