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Resumen 
 

  La presente tesis es un estudio sobre los efectos de la reducción del tamaño de partícula 

(rg) en el superconductor a base de hierro SmFeAsO1-xFx. Este trabajo se centra en las propiedades 

magnéticas y su evolución a medida que se reduce el tamaño de las partículas.  En primer lugar, 

se preparó una muestra policristalina (con cristales orientados al azar) de SmFeAsO0.91F0.09, 

mediante el método de reacción de estado sólido en un solo paso, aplicando una molienda 

manual usando un mortero y pistilo de ágata. Para la identificación de las fases, se usó la técnica 

de difracción de Rayos-X (XRD en inglés), la cual confirmó la muy baja presencia de fases no 

deseadas. La temperatura crítica de la muestra (Tc) fue determinada por la transición observada 

en la curva Resistencia-Temperatura, indicando una Tc=56.1 K (las curvas Magnetización-

Temperatura indican 58.8 K). El contenido real de flúor en la muestra se determinó mediante 

comparación entre el valor experimental de Tc y el diagrama de fase Tc-x, de muestras 

sintetizadas de forma similar. 

Esta muestra de alta calidad fue dividida y molida suavemente a mano durante diferentes 

intervalos de tiempo, para obtener un conjunto de muestras con una variedad de tamaños de 

partícula: 1680 nm (sin molienda), 550 nm, 470 nm, 405 nm, 345 nm y 220 nm. El rango de 

tamaño abarca desde el tamaño en volumen de la muestra sintetizada, hasta la escala de la 

longitud de penetración (220 nm). Los picos principales de los patrones de difracción de Rayos-X 

no presentan corrimientos sistemáticos, lo cual indica que todas las muestras mantienen la 

misma estructura cristalina. El tamaño de partícula se determinó directamente a partir de 

micrografías tomadas en un microscopio electrónico de barrido. 

La caracterización magnética se realizó en un magnetómetro de muestra vibratoria. La 

naturaleza granular de las muestras se estableció por la presencia de una segunda caída 

(alrededor de T=19 K) en las curvas de Magnetización-Temperatura (M-T). Por otro lado, la región 

de magnetización virgen se estudió en las curvas de Magnetización-Campo Magnético (M-H). Se 

encontró que el campo crítico inferior (𝐻𝑐1), que limita el régimen de Meissner, presenta una 

dependencia cuadrática respecto del tamaño de partícula: 𝐻𝑐1 ~ rg
2, con valores en el rango de 

30 ≤ 𝐻𝑐1 ≤ 395 Oe, para 220 ≤ rg ≤ 1680 nm. Además, el campo de penetración completa H*, 

que limita la región de magnetización virgen, sigue una ley logarítmica dependiente de rg: H*=H0 

(1+rg/r0), con constantes H0=709.97 Oe y r0=178 nm. Los valores experimentales están en el rango 

de 510 ≤ H* ≤ 1570 Oe, para tamaños de partícula entre 220 ≤ rg ≤ 1680 nm. Ambos resultados 

experimentales concuerdan con algunos modelos teóricos aplicados previamente a otros 

superconductores de alta temperatura crítica (HTS en inglés).  
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Los valores experimentales obtenidos para 𝐻𝑐1 se utilizaron para calcular la longitud de 

coherencia efectiva (ξeff). Es evidente que esta se acorta a medida que disminuye rg, siguiendo 

una ley cuadrática ξeff ~ rg
2, con valores en el rango de 0.37 ≤ ξeff ≤ 2.5 nm, para 220 ≤ rg ≤ 1680 

nm. A su vez, estos resultados sugieren que la longitud de penetración efectiva (λeff) aumenta 

cuando rg → 0.  

El campo de irreversibilidad (Hirr) se determinó directamente a partir de los ciclos de 

histéresis de las curvas M-H, con valores en el rango de 7,1 a 15,8 kOe, para tamaños de partícula 

entre 220 ≤ rg ≤ 1680 nm. Para partículas con la misma escala que λ (220 ≤ rg ≤ 550 nm), Hirr
1/3 

disminuye linealmente con rg, mientras que para la muestra con mayor tamaño de partícula 

(rg=1680 nm) alcanza un valor de saturación. Este comportamiento puede ser explicado al 

considerar el límite para partículas pequeñas, del modelo de oscilaciones térmicas de los vórtices 

magnéticos (flux creep en inglés). Los valores de Hirr se utilizaron para estimar 𝐻𝑐2(50 K) sobre la 

base del modelo antes mencionado, obteniéndose magnitudes en el rango de 3.8 ≤ 𝐻𝑐2(50 K) ≤ 

22 T, para 220 ≤ rg ≤ 1680 nm. A su vez, 𝐻𝑐2(50 K) permitió calcular el valor de 𝐻𝑐2(0) (baja 

temperatura). Se obtuvieron magnitudes entre 18.5 T para rg=220 nm, y hasta 107 T para la 

muestra con mayor tamaño de partícula (1680 nm). Estos valores son mucho más bajos que los 

propuestos en los primeros años posteriores al descubrimiento de los superconductores basados 

en hierro, pero concuerdan con el comportamiento observado de Hirr y con estudios más 

recientes, donde se asume que el rompimiento de los pares de Cooper en estos materiales es 

debido al alineamiento de los espines de los electrones, causado por el campo magnético 

aplicado.    

La densidad de corriente crítica intragranular (Jintra) se determinó directamente a partir 

de las curvas M-H, mediante el modelo de Bean. La corriente crítica está determinada por el 

anclaje de los vórtices magnéticos, y está compuesta por la suma de dos componentes. Por lo 

tanto, el comportamiento de Jintra puede ser explicado considerando dos mecanismos de anclaje 

diferentes: Para H bajo, la interacción entre los vórtices es insignificante y Jintra puede 

considerarse independiente de H. En este régimen, domina el anclaje fuerte de vórtices. En el 

régimen intermedio de H, aparece la interacción vórtice-vórtice. En este caso, domina el anclaje 

colectivo débil de vórtices.  

La densidad de corriente crítica intergranular (Jc) se determinó de forma similar a Jintra, 

pero sólo para la muestra con rg=1680 nm, esto debido a que el proceso de molienda al que 

fueron sometidas el resto de las muestras, afecta grandemente la calidad de las mediciones 

eléctricas. El bajo valor de Jc= 6.56x105 A∙m-2 es debido a la fragilidad de las uniones Josephson 

que acoplan los granos que forman la muestra. La densidad de corriente crítica de 

desacoplamiento (JD) se calculó utilizando los valores de ξeff y λeff obtenidos previamente. Ésta 

resultó ser un orden de magnitud mayor que Jintra. Se encontró que JD disminuye linealmente con 

el tamaño de partícula, cuando rg ~ λ, mientras que para la muestra con mayor tamaño de 

partícula (rg=1680 nm) alcanza su valor máximo (en volumen). Este es exactamente el mismo 

comportamiento observado para Hirr1/3. 
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En general, se observa que los campos críticos, la longitud de coherencia y las corrientes 

críticas tienen magnitudes más pequeñas conforme el tamaño de partícula se hace cada vez más 

pequeño.  

Desde el punto de vista tecnológico, el método de polvo en tubo (powder in-tube) se usa 

con frecuencia en la fabricación de cables superconductores, y es precisamente el tamaño de 

partícula el parámetro que determina las propiedades de estos. En este contexto, los resultados 

del presente trabajo son una contribución al entendimiento de los efectos que el tamaño de 

partícula tiene sobre las propiedades superconductoras de los cables fabricados a partir de polvo 

superconductor de SmFeAsO1-xFx. 
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Abstract 
 

  The present thesis is a study of the size effects on the superconducting behavior of iron-

based SmFeAsO1-xFx alloy. This work is focused on magnetization properties and how it evolves 

as the particle size is reduced.  In first place, a randomly oriented polycrystalline sample of 

SmFeAsO0.91F0.09 was prepared by the one step method of solid state reaction. This was done by 

using hand-made milling. The phase identification was done by X-Ray diffraction (XRD), and 

confirms the very low presence of unwanted phases. The critical temperature (Tc) was 

determined by the transition observed in the Resistance-Temperature curve (R-T), indicating a 

Tc=56.1 K (M-T curves indicate 58.8 K). The fluorine content was determined by comparison, 

between the experimental Tc value and, the Tc-x phase diagram of samples synthesized in a 

similar way.  

  High quality sample was divided in six parts, and softly milled by hand over different time 

intervals, to obtain a set of samples with a variety of particle sizes: 1680 nm (unmilled), 550 nm, 

470 nm, 405 nm, 345 nm and 220 nm. The range of size covers from bulk size (rg = 1680 nm), until 

the scale of the penetration depth (220 nm). All samples kept the same crystalline structure 

(verified by XRD). The particle size was determined directly from SEM micrographs. 

  The magnetic characterization was done in a vibrating sample magnetometer (VSM). The 
present study is focused in the analysis of these measurements. The granular nature of the 
samples was stablished by the presence of a second transition fall around T=19 K, in the 
Magnetization-Temperature curves (M-T). On the other side, the virgin magnetization region was 
studied in the Magnetization-Magnetic Field curves (M-H). It was found that the lower critical 
field (𝐻𝑐1), which limits the Meissner regime, exhibit a quadratic power law dependence on the 
particle size: 𝐻𝑐1 ~ rg

2, with values  30 ≤ 𝐻𝑐1 ≤ 395 Oe, for 220 ≤ rg ≤ 1680 nm. Moreover, the 
full penetration field (𝐻∗), which limits the virgin magnetization region, follows a logarithmic law 

on rg: 𝐻∗ = 𝐻0(1 +
𝑟𝑔

𝑟0
), with constants H0=709.97 Oe and r0=178 nm. The experimental values are 

in the range 510 ≤ 𝐻∗ ≤ 1570 Oe, for 220 ≤ rg ≤ 1680 nm. The experimental results are in 
agreement with theoretical models of High Temperature Superconductors (HTS) previously 
reported. 
 
  The experimental values obtained for 𝐻𝑐1 were used to calculate the effective coherence 
length (ξeff). It gets shorter as the particle size diminishes, following a quadratic power law: ξeff ~ 
rg

2, with values in the range 0.37 ≤ ξeff ≤ 2.5 nm, for 220 ≤ rg ≤ 1680 nm. In turn, these results 
suggest that the effective penetration depth (𝜆𝑒𝑓𝑓) increases when rg → 0.  

 
 
  The irreversibility field (Hirr) was determined directly from M-H hysteresis loops, with 
values from 7.1 to 15.8 kOe, 220 ≤ rg ≤ 1680 nm. For particles with the same scale of λ (220 ≤ rg 
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≤ 550 nm), Hirr diminishes linearly with rg, while for rg = 1680 nm, it reaches a saturation value. 
This behavior is well represented by the small particle limit of the flux creep model. The values 
of Hirr were used to estimate 𝐻𝑐2 on the basis of the mentioned model, , with values in the range 
3.8 ≤ 𝐻𝑐2 ≤ 22 T, for 220 ≤ rg ≤ 1680 nm. The results are much lower than the ones proposed 
after the discovery of iron-based superconductors (IBSC), but are in agreement with the observed 
behavior of Hirr and recent studies. 
 

  The intragranular critical current density (Jintra) was determined directly form M-H curves. 

The critical current is determined by the magnetic vortex pinning and is composed by the sum of 

two components. Hence, the behavior of Jintra can be explained by considering two different 

pinning mechanisms: For low H, the interaction between vortices is negligible and Jintra can be 

considered independent of H. In this regimen, the strong vortex pinning dominates. In the 

intermediate regime of H, vortex-vortex interaction appears. In this case, the weak collective 

pinning dominates.  

  The intergranular critical current density (Jc) was determined in a similar way as Jintra, but 

only for the sample that was not ground to reduce its particle size (rg=1680). The low value Jc= 

6.56x105 A∙m-2 is caused by the well-known weak-link problem associated with granularity. The 

depairing critical current density (JD) was calculated by using the values of ξeff  and λeff previously 

obtained. It results one order of magnitude bigger than Jintra. JD decreases linearly with particle 

size (rg ~ λ), while for big enough particles (rg=1680 nm) it reaches its bulk value. This is the same 

behavior observed for Hirr
1/3.  

  In general, it is observed that critical fields, coherence length and critical currents have 

smaller magnitudes as particle size becomes smaller. 

From the technological point of view, a technique commonly used in the manufacture of 

superconducting cables is the powder in-tube method, where the particle size is the main 

parameter that determines the superconducting properties of the cables. In this vein, the results 

of this work contribute to the knowledge of the influence of the particle size in the technical 

characteristics of cables made from superconducting powder of SmFeAsO1-xFx.   
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Introduction 
 

  The word Nanoscience comes from the Greek nanos which means dwarf and from the 

Latin voice scientia which means knowledge. In 1960 the prefix nano (n) was included in the 

International System of Units and defined as one billionth of something (10-9), while the modern 

meaning of science refers to objective, structured and verifiable knowledge. Hence, Nanoscience 

is the study of Physics, Chemistry, and Biology that rules at small scale. This is one of the fastest 

growing branches of science at the beginning of the XXI century, due to a large number of possible 

technological applications. 

  Since the decade of 80´s, the miniaturization promotes the study of physical properties in 

small systems that can´t be considered anymore as macroscopic. This generated great interest in 

mesoscopic systems. Nevertheless, the development of techniques like scanning tunneling 

microscopy (STM), scanning electron microscopy (SEM), and atomic force microscopy (AFM), 

have allowed the observation and manipulation of materials at nanometric scale. The word 

mesoscopic comes from the Greek mesos, which means in the middle, and from scopio, which 

means to observe. This leaves the mesoscopic scale between the macro and nano scale.  

  Nanostructured materials, like nanoparticles, nanowires, nanodots and thin films, exhibit 

atypical physical and chemical properties. These unusual properties can be attributed to 

quantum size effects, the dimensionality of the sample or surface effects. 

  In a bulk material, the dimensions of the object are much larger than the range of the 

interaction potential of atoms. Hence, the boundaries do not interact locally inside the object 

(except at the borders). On the other side, nanoscale and mesoscopic materials have a large 

surface/volume ratio, and the range of the interaction potential of atoms is similar to the size of 

the object. Thus, the frontiers of the sample have a significant effect in the electron confinement, 

which gives rise to new phenomena.  

  The dimensionality is given by the size of the sample, for example, a material in bulk is 

considered 3-D, while a very thin film as a 2-D system. In the first case, the surface, interface and 

confinement effects are not considered because the length of the sample in any direction is too 

large and can be approximated to infinite. However, in a film sufficiently thin, the physical 

properties along the perpendicular direction will be dominated by quantum size and surface 

effects, while in the parallel directions the physical properties can be still approximated by those 

of the  bulk material. A nanowire is a 1-D system, and the size effects will be dominant in the 

perpendicular direction while in the longitudinal one the system will be nearly boundless. 

Nanoparticles, clusters, colloids, nanocrystals and fullerenes are examples of 0-D systems, in 

which electrons are confined over all directions.  
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  Quantum effects by reducing the size of a sample are observed in most of the physical 

properties of the materials, and superconductivity is not the exception. The present work 

considers particle sizes of hundreds of nanometers, a size range that permits to induce 

superconductivity, and studies the changes originated by the gradual reduction in the size of the 

sample. 

  Another effect of the reduced size is the increment of the total surface area. When a bulk 

material is reduced to small particles, the sum of the surface areas of all small particles will be so 

much higher than the surface area of the sample in bulk form. This can increase considerably the 

chemical reactivity of materials to the point that stable materials like aluminum can burn 

spontaneously at ambient conditions, making necessary the manipulation of chemical precursors 

under an inert atmosphere. 

  In a superconducting material, finite size effects can be observed in particles of 

mesoscopic size (like the particles used in this thesis). Size effects modify the Meissner state and 

the critical state, also known as vortex state. The critical fields and critical currents of a 

superconductor are determined by the penetration depth (λ) and the coherence length (ξ), both 

parameters identify the superconductor material and can vary from hundreds of nanometers to 

a few Angstrom (10-10 m), depending on the specific material. The influence of the effective size 

of the sample on the magnetic properties of superconductors has been established by theoretical 

and experimental works for a variety of superconducting materials of type I and type II. 

  This thesis is a complete study of the effects of reducing the particle size in 

superconducting polycrystalline powder samples of the iron-based superconductor SmFeAsO1-

xFx. The realized work can be divided in three steps: fabrication of the superconducting samples, 

characterization of the morphological, electric and magnetic properties, and finally the analysis 

and interpretation of the experimental results.  

  At the beginning of this work, the effort was focused on the chemical synthesis of 

SmFeAsO1-xOx, via a solid-state reaction performed by grinding. Different stoichiometries and 

variables of the fabrication process were tested. After this it was possible to obtain a randomly 

oriented polycrystalline sample of SmFeAsO0.91F0.09. This sample has a high Tc, and a minimum 

presence of contaminant phases, verified by X-ray diffraction.  

  High quality sample was divided and softly ground by hand, over different time intervals, 

to obtain a set of samples with a variety of average  sizes: 1680 nm (this sample was not ground 

to reduce its particle size), 550 nm, 470 nm, 405 nm, 345 nm and 220 nm. The range of size covers 

from bulk size (rg = 1680 nm), to the scale of the penetration depth (220 nm).  

  The morphological and crystallographic properties of the samples were studied by X-ray 

diffraction (XRD) and Scanning Electron Microscopy (SEM). The electric properties were studied 

by four-probe resistance measurements (R-T). The main study of the present work is based on 

the size effects on the magnetic properties of the SmFeAsO1-xFx superconductor. Therefore, the 
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magnetic characterization is the most important part in this thesis. This magnetic characterization 

encloses both magnetization vs. temperature (M-T) and isothermal magnetization (M-H). 

  The study includes the different regimes in a superconductor: Meissner state, virgin 

magnetization region, mixed state, and finally the upper critical field, which points to the loss of 

superconducting properties. By comparing the experimental results with some theoretical works, 

it was possible to find an explanation for the evolution of the main parameters of this 

superconductor: Meissner state, transition critical temperature (Tc), lower critical field (𝐻𝑐1), full 

penetration field (𝐻∗), penetration depth (λ), coherence length (ξ), irreversibility field (Hirr), 

upper critical field (𝐻𝑐2), intergranular critical current density (Jc), intragranular critical current 

density (Jintra) and depairing critical current density (JD). 
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1 A brief introduction to superconductivity 
 

1.1 History of superconductivity 
 

  In 1894 H. Kamerlingh Onnes, who was a professor at Leiden University, began to 

experiment in helium liquefaction, becoming one of the pioneers in low-temperature physics. In 

1908, his laboratory was the first in obtaining liquid helium (evaporation point is at 4.2 K), making 

accessible temperatures as low as 1 K. This achievement permitted Onnes to study the physical 

properties of a variety of materials at low-temperatures that before were inaccessible. In 1911, 

he found that electrical resistance of mercury drops to zero at a temperature of 4.15 K, Onnes 

called this phenomenon superconductivity. A year after, he found that a sufficiently strong 

magnetic field applied to the superconducting material reestablished the electrical resistivity. In 

1913, Onnes and his colleagues found superconductivity in lead at a temperature of 7.2 K; that 

same year, Onnes received the Nobel prize for his work on helium liquefaction [1]. 

  In 1933, Meissner and Ochsenfeld observed that the magnetic field is expelled from the 

inside of a superconductor, when it is cooled below its critical temperature in the presence of a 

weak external magnetic field [2]; this phenomenon is known as the Meissner-Ochsenfeld effect. 

The brothers Fritz and Heinz London, proposed the first phenomenological theory of 

superconductivity, in an effort to explain the Meissner effect, their results predict that the 

magnetic field is expelled from the bulk of the superconductor, but also that it penetrates a small 

distance inside the sample surface, known as the penetration depth [3]. 

  In 1950, superconductivity was described by Vitali Ginzburg and Lev Landau, in a 

phenomenological theory of superconductivity based on thermodynamical principles, in which 

the phenomenon was considered a phase transition. The formulation of this phase transition is 

based in terms of an order parameter. The London theory of superconductivity is a special case 

of the Ginzburg-Landau theory of superconductivity [4]. In the same year, H. Fröhlich explained 

that two electrons can experience a net attractive potential each other when a crystal lattice 

distortion is considered. This is caused by the circulation of the electrons across the lattice [5]. At 

about the same time the isotopic effect was discovered, which consists in the inverse relation 

between the superconducting transition (Tc) and the atomic masses of the different isotopes of 

one single chemical element [6,7]. The isotopic effect establishes the influence of the crystal 

lattice in the superconducting phenomenon.  

  During various decades, along with chemical elements, many alloys were found to be 

superconductors. In 1953, superconductivity in V3Si at 17.1 K; this material is part of the well 

know A15 group [8]. This new kind of materials was named as type II superconductors. The 
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compound V3Si was among the materials with the highest Tc, until the discovery of copper based 

superconductors with a perovskite structure.  

  In 1957, Alexei Abrikosov solved the Ginzburg-Landau equations and found solutions that 

explain the magnetic flux penetration inside type II superconductors, which led to a magnetic flux 

lattice (Abrikosov lattice), inside this kind of materials [9]. 

  Also, in 1957 John Bardeen, Leon Cooper, and John Robert Schrieffer developed the 

microscopic theory of superconductivity, known as BCS. Based on the Fröhlich results, they 

explained that the electron-phonon interaction causes a small attractive potential between 

electrons, which couple in pairs, with opposite spin and momentum, called Cooper pairs. The 

charge carrier in a supercurrent is the Cooper pair, which net spin is cero and is no more subjected 

to Pauli´s exclusion principle, so that, all Cooper pairs condensed in one single ground state 

[10,11]. This ground state is a superconducting state. Our current knowledge of the 

superconducting phenomenon is based on the BCS theory: However, it does not explain the 

physics of unconventional superconductors, like high Tc superconductors or the iron-based 

superconductors. 

  In 1959, Gor’kov proved that the phenomenological theory of Ginzburg-Landau is a special 

case of the microscopic BCS [12] theory. Nevertheless, the former is still very useful and in the 

present work, I try to explain some experimental results within terms of the Ginzburg-Landau 

theory. 

  A Josephson junction consists of two superconductors, separated by an insulator. In 1962, 

B.D. Josephson proposed that quantum tunneling can be possible for Cooper pairs [13]. The 

Josephson effect was experimentally observed by P.W. Anderson and J.M. Rowell [14].  In 1973, 

B. D. Josephson together with Leo Esaki and Ivar Giaever received the Nobel prize for their works, 

in the area of electron quantum tunneling.  In 1974, another compound of the A15 group, Nb3Ge, 

reached a Tc=23.2 K [15, 16], the highest until the discovery of superconductivity on cuprates. 

The first unconventional superconductor was found at the end of the same decade: CeCu2Si2 [17]. 

The physics involved in this kind of materials cannot be explained by the BCS or Bogolyubov 

theories. 

  William Little suggested in 1964, that organic superconductors would be possible [18]; 

however, it was not until 1980 that Klaus Bechgaard and his colleagues, found the first organic 

superconductor stable at standard pressure, (TMTSF)2PF6 [19], with a Tc=0.9 K. 

  The β-(BEDT-TTF)2I3, a second family of organic superconductors, was discovered in 1984 

[20]. Two years later, in 1986, J.G. Bednorz and K.A. Müller find superconductivity in BaxLa5-

xCu5O5(3-y) and at the same time discover a new family of superconducting compounds based on 

copper and oxygen usually named cuprates [21]. LaBaCuO has a Tc= 30 K, which is higher than 

the previous highest Tc= 23.2 K of Nb3Ge. Later, both scientists received the Nobel prize by the 

discovery of superconductivity in ceramic materials. In the same year, the compound YBa2Cu3O7−x  
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reached a Tc=93 K, that was the first time that a superconducting critical temperature exceeded 

the boiling point of liquid nitrogen [22]. 

  In 1991, superconductivity was found in fullerenes K3C60 reached a Tc=18 K [23]. Only two 

years later, HgBa2Ca2Cu3O8+𝛿 was developed. In the next year, this material established the 

current record of Tc=135 K [24]. 

  The first conventional high Tc superconductor appeared in 2001, MgB2, with a Tc=39 K [25] 

at normal pressure conditions, this critical temperature is one of the highest for a non-cuprate or 

iron-based superconductor.  In 2003, Abrikosov and Ginzburg received the Nobel prize for their 

contributions to the Ginzburg-Landau-Abrikosov-Gor’kov theory. 

  In 2006, Hideo Hosono, Yoichi Kamihara and collaborators discovered superconductivity 

in LaOFeP at temperatures under 5 K. This material belongs to a recently discovered family known 

as oxypnictides or iron pnictide compounds [26, 27]. Nowadays, the study of iron-based 

superconductors is an active research topic that could give clues about the nature of 

superconductivity in High-Temperature superconductors. In the specific case of SmFeAsO1-xFx, it 

is possible to obtain samples with superconducting critical temperatures over 56 K, the high Tc 

facilitates the observation of size effects on the superconducting properties. The 

superconductivity group at Physics Department of CINVESTAV, started to study this family of 

superconductors since 2011 and the present thesis is part of that effort. 

 

1.2 Basic concepts in superconductivity 
 

  Superconductivity is a physical phenomenon consisting of the complete loss of electrical 

resistivity (see Figure 1-1) and the expulsion of a magnetic field from the bulk of the material. 

The transition from normal to the superconducting state takes place when the material is cooled 

until the transition critical temperature (Tc) is reached (or lower temperatures), then the 

superconducting properties appear. The material returns to the normal state if: the temperature 

exceeds Tc, the sample is immersed in a strong enough magnetic field, called the critical magnetic 

field (Hc), or if a sufficiently high electrical current flows across the material, known as the critical 

current (Jc). 

  Commonly the superconductors behave like normal metals in the normal state, but they 

are not so good electrical conductors (for example, lead, tantalum, and tin). Good electrical 

conductors like gold, silver or copper never turn into superconductors. Moreover, as commented 

before, superconductors expel the magnetic field, so they are perfect diamagnetic materials 

(ideal case), but in the normal state they follow a paramagnetic behavior. The magnetic induction 

(B) inside any material is (in CGS units): 

                                                                            B= H+4πM                                                                        (1.1) 
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If the material is in the superconducting state and the Meissner effect occurs, then: B=0      (1.2) 

Substituting Eq. (1.2) in (1.1):                        0= H+4πM, 

                                                                             H= -4πM                                                                         (1.3) 

As can be seen in eq. (1.3), a superconductor has negative magnetization (M), so the material is 

diamagnetic and therefore the magnetic susceptibility is negative. Considering the usual 

relationship between the applied field H and the magnetization:   

                                                                          B= H+4π(χH);        B=0, M=χH. 

                                                                           0= H(1+ 4πχ) 

                                                                           0= 1+ 4πχ 

                                                                              1= -4πχ                                                                                  (1.4)   

If the superconductor is in the Meissner state, then χ= -1 and the material presents perfect 

diamagnetism. 

In green, the typical R-T curve of an ordinary conductor like cooper; the electrical resistivity falls linearly 

as T → 0 K. However, the material never reaches the null electrical resistance. In blue, the compound 

SmFeAsO1-xFx. It follows the same behavior until temperature falls to Tc. Then, the electrical resistance 

sharply falls to zero, and the material enters to the superconducting state. 

  The magnetic response is not the same for all superconducting materials. Some of them 

lose their superconducting properties, in a sharp fall at a value Hc (see Fig. 1-2); these materials 

are called type I superconductors. When applying an external magnetic field H, the 

superconductor is in the Meissner state, and presents perfect diamagnetism, but when H ≥ Hc 

the material loses its superconducting properties and M falls to zero, even if the material is at T 

Figure 1-1. Resistance vs. Temperature curve. 
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< Tc. On the other side, type II superconductors initially show the same perfect diamagnetism, but 

present two critical fields: at the lower critical field (𝐻𝑐1) the material loses the Meissner state, but 

there is not a sharp fall of M; instead of that, the material remains as a superconductor, and M 

suffers a smooth fall, until H reaches the upper critical field (𝐻𝑐2) (see Fig. 1-2) and the material 

finally returns to the normal state. The region bounded by 𝐻𝑐1 and 𝐻𝑐2 is known as the mixed or 

vortex state. Iron-based superconductors, like SmFeAsO1-xFx, belong to this kind of 

superconducting materials.               

 

 
Figure 1-2. Reversible magnetization of type I and type II superconductors. 

M-H graph of type I and type II superconductors. The solid line illustrates the reversible magnetization of 

type I superconductors. The dashed line illustrates the corresponding to type II superconductors. The 

striped region indicates the mixed state of type II superconductors. 

             As explained before, a superconductor in a Meissner state, expels the magnetic field from 

within, consequently, there are no currents in the bulk of the sample. Perfect diamagnetism is 

maintained in the bulk by surface currents, which produces a magnetic field in an orientation that 

cancels the magnetic flux inside the sample. The latter are called supercurrents and are confined 

to a thin shell on the surface of the material. The width of this shell, where the supercurrents 

flow, is known as the penetration depth (λ). Thus, λ measures the depth that H penetrates inside 

the material. It is usually expressed in length units (nm). The small scale of λ makes macroscopic 

samples appear as perfectly diamagnetic. 

           The concept of coherence length arises from the solution of the Ginzburg-Landau 

equations [28]. It was also proposed by Pippard [29] to introduce nonlocal effects in 

superconductivity. He proposed that the density of superconducting electrons ns, (Copper pairs 

were unknown at that time), varies slowly with position, so appreciable changes in ns occur within 

a distance that he called coherence length (ξ). From the point of view of the Ginzburg-Landau 

theory, ξ can be defined as the length in which the wave function of the Cooper pairs (ψ) decays 

from its bulk´s value to zero.  

           As we have already mentioned, there are two general kinds of superconductors; they are 

identified by the value of the Ginzburg-Landau parameter: κ = λ/ξ. In type I superconductors κ < 
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1/√2 (see Fig. 1-3.a). For type II superconductors κ > 1/√2 (see Fig. 1-3.b) The material SmFeAsO1-

xFx has a pronounced type II behavior characterized by κ >> 1/√2. 

 

 
Figure 1-3. Penetration depth (λ) and coherence length (ξ). Type I and II superconductors. 

a) Penetration depth (λ) and coherence length (ξ) in a type I superconductor. λ measures the depth that 

the applied magnetic field reach inside the material. ξ measures the length necessary for the order 

parameter ψ, to go from its bulk value ψ∞ to zero. b) Type II superconductor, notice that λ > ξ. 

 

1.3  Bibliography  
 

The information in section 1.2. Basic concepts in superconductivity, is treated in the book:  
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2 Phenomenological theories in superconductivity 
 

2.1 London theory of superconductivity 
 

  The Maxwell equations are insufficient to explain the magnetic state of a superconductor, 

for that reason, in 1935 Fritz and Heinz London proposed a theory that explains the Meissner 

effect [1]. In this phenomenological theory appeared the concept of penetration depth of the 

magnetic field inside a superconductor. The London theory is based on the Two-fluid model, 

proposed by C.J. Gorter and H.G.B. Casimir [2], in 1934. In this model, the free electrons in the 

crystal lattice are divided into two fluids, one composed by normal electrons, and the other 

composed by superconducting electrons. The normal fluid follows Ohm´s law:  Jn= σn E, and the 

Drude model that determines the electrical conductivity: σn= e2nnτ/m, where the subscript n 

indicates normal state and n, τ, and m are the charge carriers’ density, average dispersion time 

and the electron mass, respectively. The superconducting electrons, (at that time the Cooper 

pairs were an unknown concept), were proposed as a superfluid, no matter their fermionic 

nature, so electrons undergo a free acceleration related to the electric force1: 

    𝑭𝑒 = 𝑚
∗ 𝑑𝒗𝑠

𝑑𝑡
= −𝑒∗𝑬                                                 (2.1) 

and the current density is given by                 𝑱𝑠 = − 𝑒∗𝑛𝑠𝒗𝑠                                                          (2.2) 

  The London brothers proposed that the magnetic field, in fact, penetrates a small depth 

inside the superconductor, calling it, the penetration depth (λ). With this idea, they deduced two 

equations which describe the electrodynamic properties of superconductors [1]. By taking the 

derivative of eq. (2.2): 

                                                                    
𝑑𝑱

𝑑𝑡
= −𝑒∗𝑛𝑠  

𝑑𝒗𝑠

𝑑𝑡
 =⏞
𝑓𝑟𝑜𝑚 (2.1)

𝑒∗
2
𝑛𝑠𝑬

𝑚∗                                                   (2.3)        

Leaving 𝑬 alone in the left side:                            𝑬 =
𝑚∗

𝑒∗2𝑛𝑠
 
𝑑𝑱

𝑑𝑡
                                                                (2.4)     

This is the First London equation, where it was assumed that 𝑛𝑠 and 𝑛𝑛 are uniform and stationary 

(constant in space and time).  

  To explain the Meissner effect, the London brothers postulated the Second London 

Equation:  

−𝑩 =
𝑚∗𝑐

𝑒∗2𝑛𝑠
(∇ X 𝐉)                                                      (2.5)  

                                                           
1 In this thesis CGS units are used, unless otherwise stated.  
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which implies that the previous history of the system does not matter (field cooling or zero field 

cooling), and the magnetic flux inside the sample always will be null. To account for the magnetic 

flux inside the sample, as in type II superconductors, it was necessary to wait for the Ginzburg-

Landau equations. Equation (2.5) leads to the equation that determines the spatial variations of 

the magnetic induction 𝑩 and the current density J  in the superconductor. Using: 𝑩 = 𝑯− 𝟒𝝅𝑴 

in Maxwell´s equation ∇ X 𝐇 =
4𝜋

𝑐
𝑱 +

𝜕𝑫

𝜕𝑡
, it leads to:          ∇ X 𝑩 =

4𝜋

𝑐
𝑱                                             (2.6). 

Putting the curl of eq. (2.6) in eq. (2.5):           −𝑩 =
𝑚∗𝑐

𝑒∗2𝑛𝑠

𝑐

4𝜋
[∇ X (∇ X 𝑩)]                                               (2.7) 

But, ∇ X (∇ X 𝑩) = ∇ (∇ ∙ 𝑩) − ∇2𝑩 = −∇2𝑩, hence eq. (2.7) is rewritten as:           

                                𝑩 =
𝑚∗𝑐2

4𝜋𝑒∗2𝑛𝑠
∇2𝑩                                                     (2.8) 

The square of the London penetration depth can be defined as2:  

 𝜆𝐿
2 =

𝑚∗𝑐2

4𝜋𝑒∗2𝑛𝑠
=

𝑚𝑐2

8𝜋𝑒2𝑛𝑠
                                                   (2.9) 

where nowadays3 we know that 𝑚∗ is twice the mass of the electron (𝑚), and 𝑒∗ is twice the 

electron´s charge (𝑒). Thus, eq. (2.9) allows rewriting eq. (2.8) to obtain:                              

∇2𝑩 =
𝑩 

 𝜆𝐿
2                                                    (2.10) 

This equation describes the spatial variation of the magnetic induction inside the superconductor 

(see Fig. 2.1), 𝑩 penetrates to a depth λ inside the sample. 

 
Figure 2-1. London penetration depth. 

The figure illustrates the penetration of the magnetic flux, in the region near the surface of the sample. 𝑩 

penetrates to a depth λ inside the sample. 

                                                           
2 In SI units: λL

2= 
𝑚

2𝜇0𝑒2𝑛𝑠
 . 

3 When the London brothers proposed their theory, it was unknown that in the superconducting state the electrons 
are coupled in pairs (Cooper pairs). 
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From the definition of λL, The First London equation (2.4) can be rewritten as: 

𝑬 =
4𝜋 𝜆𝐿

2

𝑐2
(
𝑑𝑱

𝑑𝑡
)                                                       (2.11) 

This is an equation for the evolution of the current density. Also, the Second London equation 
(2.5) can be rewritten as: 

−𝑩 =
4𝜋 𝜆𝐿

2

𝑐
(∇ X 𝑱)                                                (2.12). 

The First and the Second London equations are summarized by:  

𝑱 = −
𝑒∗
2
𝑛𝑠

𝑚∗𝑐
𝐴                                                      (2.13) 

where 𝐴 is the magnetic vector potential. Equation (2.4) can be derived taking the temporal 

derivative of eq. (2.13). The Second London equation (eq. 2.5) is derived by taking the curl of eq. 

(2.13) and using 𝑩 = ∇ X 𝑨. Finally, it is possible to find an equation that describes the spatial 

variation of the current density inside the superconductor (see appendix A).    

                                   ∇2𝑱 =
𝑱 

 𝜆𝐿
2                                                    (2.14). 

This equation is an analogue to Eq. 2.10, and describes the spatial variation of electrical current 

density, in the superconductor material. 

  The London theory was the first successful approximation to the electrodynamics of a 

superconductor. Moreover, this theory introduced the concept of penetration depth, which is a 

fundamental parameter of any superconductor material. Later studies found deviations between 

experimental penetration depth and the value predicted by London (λL), and also a temperature 

dependence of λ.  Even if the London brothers considered λL as a constant, it was the first time 

that a theory accounted for the role of a length scale in the superconducting properties. 

 

2.2 Ginzburg-Landau theory of superconductivity 
 

  The Ginzburg-Landau theory was proposed in 1950 [3], this theory describes 

superconductivity from a phenomenological point of view, as a phase transition. The density of 

superconducting electrons is the order parameter used to describe superconductivity, (the 

concept of Cooper pair was unknown when the theory was proposed). The first postulate was:  

                                                                        𝜂𝑠 = {
0, 𝑇 > 𝑇𝑐
≠ 0, 𝑇 ≤ 𝑇𝑐

                                                                      (2.15) 

or, by normalizing the order parameter: 

𝜂2 = {
0, 𝑇 > 𝑇𝑐
1, 𝑇 ≤ 𝑇𝑐

                                                           (2.16) 
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where, by considering quantum mechanics concepts, ηs = |ψ|2 and ψ(r)= |φ(r)|eiφ(r) is the wave 

function of the superconducting electrons. In fact, ηs=1 for T << Tc and falls slowly to 0 as T tends 

to Tc, so that the total amount of electrons in the material is:    ηT = ηn - ηs. On the other hand, 

near Tc, ηs tends approximates to 0 and the thermodynamic free energy can be expanded in a 

power series of the order parameter ψ: 

                                          𝐹𝑠 = 𝐹𝑛0 + 𝛼|ψ|
2 +

β

2
|ψ|4 +

|(−𝑖ħ𝛻 − (e∗𝐀/c)) ψ|2

2𝑚∗
+
𝑯2

8𝜋
                               (2.17) 

where the energy of the electrons coupled to a magnetic field and the energy of the field itself 

are included. Fn0 is the free energy density of the system in the normal state, with no magnetic 

field applied. α|ψ|2 + β|ψ|4 is the series expansion for ψ. The last two terms of equation 2.17 

are present only if there is an applied magnetic field, 
𝑯2

8𝜋
 is the energy of the applied field and the 

remaining term is the energy of the canonical momentum, which is composed by the kinetic 

moment – iħ𝛻 and the magnetic moment e∗𝐀/c, where the vector potential 𝐀 is defined as 𝐵 =

∇ X 𝐀 The term4 e∗ is twice the electron charge,  and  m* is twice the electron mass i.e., the mass 

of one Cooper pair. On the other hand, ψ is a complex function and ψ* represents the conjugated 

of the Cooper pairs wave function.  Now, let´s first consider the case of no applied magnetic field. 

With the purpose to find the equilibrium conditions of the ground state, it is necessary to take 

the derivative of 2.17 and made it equal to zero: 

                                  
𝜕

𝜕𝜓∗
(𝐹𝑠 − 𝐹𝑛0) =

𝜕

𝜕𝜓∗
(𝛼𝜓𝜓∗ − 𝛽

2
𝜓2𝜓∗2) = 𝛼𝜓 − 𝛽|𝜓2|𝜓                (2.18) 

                                                    = 𝜓(𝛼 − 𝛽|𝜓2|) = 0                                                   (2.19) 

Equation 2.19 has two solutions, ψ=0, and so, ηs=0 and the system is in the normal state. The 

second solution is:  

𝛼 − 𝛽|𝜓2| = 0 ⇒ −
𝛼

𝛽
= |𝜓2|                                            (2.20) 

|ψ|2 is always positive, so α or β must have opposite signs. Further, these parameters are 

expressed in terms of the critical field and λ. Let´s choose α < 0 and β > 0. Then, the solution|ψ|2 

= 
− α

β
 is acceptable. The magnitude of |ψ|2 varies, reaching a maximum inside the bulk in the 

absence of magnetic field. This maximum is called ψ∞. Now, using eq. 2.20 in eq. 2.17 (there is 

no applied magnetic field), leading to the free energy density in the equilibrium state:  

𝐹𝑠 − 𝐹𝑛0 = 𝛼|𝜓|
2 + 𝛽

2
|𝜓|4 = 𝛼(

−𝛼

𝛽
) + 𝛽

2
(
−𝛼

𝛽
)2 = −

𝛼2

2𝛽
                  (2.21) 

On the other side, superconductivity is destroyed in the presence of an intense magnetic field. 

This is called the thermodynamic critical field 𝐻𝑐, and its magnitude depends on the specific 

material. 𝐻𝑐 is related to the free energy difference between the superconducting and normal 

                                                           
4 When Ginzburg and Landau proposed their theory, it was unknown that in the superconducting state, the 
electrons are coupled in pairs, called Cooper pairs. 
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states, at zero field conditions. This energy is known as the condensation energy density (Fconden), 

the energy released when normal electrons pass to the superconducting state. Thus, it is possible 

to equal the energy associated with holding the magnetic field out the superconductor (
𝐻𝑐
2

8𝜋
) with 

the condensation energy density (Fconden):                Fconden = Fn0 - Fs = 
𝐻𝑐
2

8𝜋
                                                        (2.22) 

  Therefore, the superconducting state has a lower free energy, compared to the normal 

state. In fact, eq. (2.22) is the maximum difference between the free energy densities of the 

normal, and the superconducting state. Using eq. (2.22) and eq. (2.21), the thermodynamic 

critical field can be expressed in terms of the parameters 𝛼 and 𝛽: 

                                                                                  
𝐻𝑐
2

8𝜋
=

𝛼2

2𝛽
                                                                (2.23) 

The temperature dependence of the free energy, can be obtained by expanding α=α(T) around 

Tc and taking the first order term: α(T)= α´(t-1), with α´> 0 and t= T/Tc. Putting this into eq. 2.20:      

                                                                |𝜓|2 =
−𝛼

𝛽
=

−𝛼´(𝑡−1)

𝛽
 = 
𝛼´(1−𝑡)

𝛽
                                       (2.24) 

If the penetration depth λ is defined in terms of the superconducting electrons density 𝜂𝑠, it is 

possible to determine the values of α and β. Taking eq. (2.9):   𝜆2 =
𝑚𝑐2

8𝜋𝜂𝑠𝑒2
=

𝑚𝑐2

8𝜋|ψ|2𝑒2
 , with   

ηs=|ψ|2. 

Then,                                                                                     |𝜓|2 =
𝑚𝑐2

8𝜋𝜆2𝑒2
                                                            (2.25) 

On the other side, from eq. 2.20: |𝜓|2 = 
−𝛼

𝛽
, ⇒  𝛼 = −𝛽|𝜓|2. 

Moreover, from eq. 2.23:                                           𝛽 =  
−4𝜋𝛼2

𝐻𝑐
2                                                             (2.26)  

Then:                                                                                           𝛼 = −
−4𝜋𝛼2

𝐻𝑐
2 |𝜓|2                                                     (2.27) 

But 𝜂𝑠 = |𝜓|2,  ⇒  0 = 𝛼(1 −
4𝜋𝛼𝜂𝑠

𝐻𝑐
2 )  ⇒  𝛼 =

𝐻𝑐
2

4𝜋𝜂𝑠
 . As pointed out above, form eq. (2.9) ηs = 

|ψ|2= mc2/8πe2λ2. Thus, the value of α becomes:   

   𝛼 =
2𝐻𝑐

2𝑒2𝜆2

𝑚𝑐2
                                                      (2.28) 

where Hc and λ depend on temperature. To obtain the value of 𝛽, substitute eq. (2.28) in eq. 

(2.26): 

 𝛽 =  
−4𝜋𝛼2

𝐻𝑐
2 = 

−4𝜋

𝐻𝑐
2 (

2𝐻𝑐
2𝑒2𝜆2

𝑚𝑐2
) =

−16𝜋𝐻𝑐
2𝑒4𝜆4

𝑚2𝑐4
                           (2.29) 
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2.2.1  Ginzburg-Landau equations with an applied magnetic field. 
 

  The free energy of a superconductor immersed in a magnetic field is given by eq. 2.17, 

with all its terms: 

                                              𝐹𝑠 − 𝐹𝑛0 = 𝛼|ψ|
2 +

β

2
|ψ|4 +

|(−𝑖ħ𝛻 − (e∗A/c)) ψ|2

2𝑚∗
+
𝐻2

8𝜋
 

As it is known, the system tends naturally to the state of minimum energy. It has been mentioned 

before, that the normal state has a higher free energy compared to the superconducting state. 

This minimum energy state corresponds precisely to the superconducting state. With the 

purpose to find the minimum of the free energy, it is necessary to derive with respect to the 

vector potential A and setting it equal to 0. 

𝛿

𝛿𝑨
(𝐹𝑠 − 𝐹𝑛0) =

𝛿

𝛿𝑨
(𝛼|ψ|2 +

β

2
|ψ|4 +

|(−𝑖ħ𝛻 − (
e∗𝐀

c
))ψ|

2

2𝑚∗ +
𝐻2

8𝜋
) =

𝛿

𝛿𝑨

|(−𝑖ħ𝛻 − (e∗𝐀/c)) ψ|2

2𝑚∗ +
𝛿

𝛿𝑨

𝐻2

8𝜋
=0 

(2.30) 

After some manipulation (see appendix B), the first term of this expression can be rewritten as: 

                          
𝛿

𝛿𝑨

|(−𝑖ħ𝛻 − (e∗𝐀/c)) ψ|2

2𝑚∗ = [
−𝑖ħe∗

2𝑚∗𝑐
(𝜓 ∙ 𝛻𝜓∗ −𝜓∗ ∙ 𝛻𝜓) +

2𝑒∗2|𝜓|2𝑨

2𝑚∗𝑐2
] ∙

𝛿𝑨

𝛿𝑨
                   (2.31)                

On the other side, the second term in Eq. 2.30 can be developed as follows: 

𝛿

𝛿𝑨

𝐻2

8𝜋
=

𝛿

𝛿𝑨

(𝛻𝑋𝑨)2

8𝜋
=

1

4𝜋
 (𝛻𝑋𝑨) ∙ (𝛻𝑋

𝛿𝑨

𝛿𝑨
)                                (2.32) 

Equations 2.31 and 2.32 can be substituted in Eq. 2.30: 

0 =  [
−𝑖ħe∗

2𝑚∗𝑐
(𝜓 ∙ 𝛻𝜓∗ − 𝜓∗ ∙ 𝛻𝜓) +

𝑒∗2|𝜓|2𝑨

𝑚∗𝑐2
] ∙

𝛿𝑨

𝛿𝑨
+
[(𝛻𝑋𝐴)∙(𝛻𝑋

𝛿𝑨

𝛿𝑨
)

4𝜋
                    (2.33) 

Where (𝛻𝑋𝑨) ∙ (𝛻𝑋
𝛿𝑨

𝛿𝐴
) =

𝛿𝑨

𝛿𝐴
∙ [𝛻𝑋(𝛻𝑋𝑨)], by using the vector identity: 𝛻 ∙ (𝐶⏞

𝛿𝑨

𝛿𝐴

XB) =  𝐵⏞
𝛻𝑋𝑨

∙ ( 𝛻XC) −

C ∙ ( 𝛻XB). This simplification leads to: 

𝛻𝑋(𝛻𝑋𝑨) =
2𝜋𝑖ħe∗

𝑚∗𝑐
(𝜓 ∙ 𝛻𝜓∗ − 𝜓∗ ∙ 𝛻𝜓) −

4𝜋𝑒∗2|𝜓|2𝑨

𝑚∗𝑐2
                   (2.34) 

Nowadays, we know that the “superconducting electrons” are in fact Cooper pairs of electrons, 

and e*= 2e and m*= 2m. Moreover, by taking the right member of this expression equal to the 

current density in the superconductor, eq. (2.34) takes the form of the Ampère equation: 

𝛻𝑋(𝛻𝑋𝑨) =
4𝜋

𝑐
𝑱. Hence, the final form of the First Ginzburg-Landau equation is:  

𝑱 =  
𝑖𝑒ħ

2𝑚
(𝜓 ∙ 𝛻𝜓∗ − 𝜓∗ ∙ 𝛻𝜓) −

2𝑒2|𝜓|2𝑨

𝑚𝑐
                                (2.35) 
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This equation determines the current density inside a superconducting material, when an 

external magnetic field is applied. In a similar way, by minimizing the free energy respect to the 

order parameter, it is possible to find another Ginzburg-Landau equation.  

  Now, let´s take the functional derivative of Eq. 2.17 (the free energy of the 

superconductor), with respect to ψ: 

𝛿

𝛿𝜓∗
(𝐹𝑠 − 𝐹𝑛0) =

𝛿

𝛿𝜓∗
(𝛼|𝜓|2 +

β

2
|𝜓|4) +

𝛿

𝛿𝜓∗
(
|(−𝑖ħ𝛻 − (

e∗𝐀

c
))𝜓|

2

2𝑚∗ +
𝐻2

8𝜋
)          (2.36) 

Then, equating to zero, it is obtained:   

 𝛼𝜓 + β|𝜓|2𝜓+
|(−𝑖ħ𝛻 − (

e∗𝐀

c
))|

2

𝜓

2𝑚∗
= 0                                      (2.37) 

Again, e∗ = 2𝑒 and 𝑚∗ = 2𝑚. Thus, the Second Ginzburg-Landau equation is:  

𝛼𝜓 + β|𝜓|2𝜓 +
1

4𝑚
(−𝑖ħ𝛻 −

2𝑒𝑨

𝑐
)2𝜓 = 0                               (2.38) 

In addition, it is possible to write a boundary condition that establishes that there are no currents 

through the surface of the sample:  

                                       �̂� ∙ (−𝑖ħ𝛻 −
2e𝑨

𝑐
)𝜓 = 0                                             (2.39) 

where �̂� is a unit vector, normal to the surface of the sample. The set of equations 2.35, 2.38 and 

2.39, are known as the Ginzburg-Landau equations for superconductivity. From these equations, 

it is possible to describe fundamental characteristics of type II superconductors like the critical 

fields, the penetration depth and the coherence length. 

 

2.2.2 Penetration depth 

 

  The superconductors have two main characteristic lengths that determine their 

electromagnetic properties: the penetration depth (λ) and the coherence length (ξ). And both 

can be derived from the Ginzburg-Landau theory.  

Let´s take eq. 2.35, which defines the current density inside a superconductor, in the presence of 

an applied magnetic field: 

                            𝑱 =  
𝑒𝑖ħ

2𝑚
(𝜓 ∙ 𝛻𝜓∗ − 𝜓∗ ∙ 𝛻𝜓) −

2𝑒2|𝜓|2𝑨

𝑚𝑐
 

  Now, consider a weak applied field. Then, the variations of ψ in the space will be small. 

Hence, the equation above can be rewritten: 
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𝐉 = −
2𝑒2|ψ|2𝑨

𝑚c
                                                           (2.40) 

The last equation is the same obtained by using the London theory (eq. 2.13), with |ψ|2= ηs. 

Equation (2.40) has been found considering the special case, in which ψ has only small variations 

in space. Hence, the London theory is a special case of the more general Ginzburg-Landau theory.  

By following the same procedure used in the London theory, the penetration depth results: 

𝜆2 = (
𝑚𝑐2

4𝜋𝑒2|ψ|2
)                                                              (2.41) 

The penetration depth derived from the Ginzburg-Landau theory, accounts for the spatial 

variation of the magnetic flux density inside the material. 

 

2.2.3 Coherence length 
 

  The coherence length (ξ) is a new important parameter of the superconducting state, 

which appears in the Ginzburg-Landau theory. It accounts for the spatial variation of the order 

parameter ψ (which is related to the number of Cooper pairs), and hence, for the variation of ηs. 

Taking eq. (2.38) 

𝛼𝜓 + β|𝜓|2𝜓 +
1

4𝑚
(−𝑖ħ𝛻 −

2𝑒𝑨

𝑐
)
2

𝜓 = 0 

In the absence of an applied magnetic field, A=0 and ψ ϵ ℝ. With the purpose to minimize the 

energy, the above equation is normalized by 𝑓 =  
ψ

ψ∞
, where ψ∞ is the value of the order 

parameter in complete absence of an applied magnetic field, and deep inside the volume of the 

sample. 

ħ2

2𝑚|𝛼|

𝑑2𝑓

𝑑𝑥2
+ 𝑓 + 𝑓3 = 0                                               (2.42) 

The coherence length is defined by the first term, as:  

𝜉2(𝑇) =
ħ2

2𝑚|𝛼(𝑇)|
                                                    (2.43) 

  Now let´s continue to see the physical meaning of the Ginzburg-Landau coherence length 

𝜉. Putting eq. (2.43) in eq. (2.42), one obtains: 

𝜉2
𝑑2𝑓

𝑑𝑥2
+ 𝑓 + 𝑓3 = 0                                                 (2.44) 

ξ measures the length over which the order parameter ψ changes from its maximum ψ=ψ∞, to 

ψ=0. This observation is clearer when considering the linear approximation of eq. (2.44), with 
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𝑓(𝑥) = 1 + 𝑔(𝑥),   𝑔(𝑥) ≪ 1. This approximation implies that the order parameter has small 

variations around its equilibrium value. Then,   

𝜉2𝑔´´(𝑥) + (1 + 𝑔) − (1 + 3𝑔 +⋯) = 0                         (2.45) 

This last result leads to:                                                      𝑔´´ = 
2𝑔

𝜉2
                                                                              (2.46) 

The form of eq. (2.46) suggest an exponential solution:                  𝑔(𝑥) =  𝑒−√2𝑥/𝜉(𝑇)                  (2.47) 

This last result shows that the order parameter varies in space in the range of ξ. 

 

2.2.4 The Ginzburg-Landau parameter 
 

  The existence of type II superconductors was discovered in the 1930´s, when 

Mendelssohn´s group in Oxford, reported and incomplete Meissner effect at superconducting 

alloys. In a type I superconductor the material shows perfect diamagnetism (M=-H), while in type 

II superconductors, once 𝐻𝑐1 is reached, the material remains diamagnetic, but M decreases with 

H. In this state (𝐻𝑐1 < H < 𝐻𝑐2) the field inside the sample is no more null. 

As it has been pointed before, there exists a difference between both free energy densities of 

states: the normal and the superconducting ones. In the presence of a magnetic field, it can be 

written:  

𝐹𝑠 −  𝐹𝑛0 =
−1

8𝜋
(𝐻𝑐

2 − 𝐻2)                                        (2.48) 

where the first term of the right side of eq. (2.48) is the negative condensation energy of the 

material, and the second term is the positive magnetic energy density due to the applied 

magnetic field. This last term should be recalculated for type II superconductors. Let´s suppose a 

normal/superconductor interface. Then, the free energy density of the magnetic surface 

(𝐹𝑚𝑎𝑔,𝑠𝑢𝑟𝑓𝑎𝑐𝑒)  is given by the difference, between the real free energy density, and the ideal 

case (type I), see Fig. (2-2): 

𝐹𝑚𝑎𝑔,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = −∫
1

8𝜋
𝐻2𝑒

−𝑢
𝜆⁄ 𝑑𝑢 =

∞

0

−𝜆

8𝜋
𝐻2                     (2.49) 

As can be seen, it depends on λ, the penetration of the magnetic field inside the sample. Now, if 

the quantity of superconducting electrons is reduced near the surface, the same happens with 

the condensation energy density. Thus, the surface condensation free energy density is given by: 

𝐹𝑐𝑜𝑛𝑑𝑒𝑛,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = ∫
1

8𝜋
𝐻𝑐
2𝑒

−𝑢
𝜉⁄ 𝑑𝑢 =

∞

0

𝜉

8𝜋
𝐻𝑐
2                     (2.50) 

Thus, the total free energy density of a type II superconductor at the surface is: 

𝐹𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =
−1

8𝜋
(𝜆𝐻2 − 𝜉𝐻𝑐

2)                                       (2.51)  
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Figure 2-2. Free energy density in a superconductor. 

Compared to the normal state, the free energy density in the bulk of the superconductor decreases due 

to the free condensation energy density (blue), and is raised by the magnetic free energy density (green). 

The difference between both is –(Hc
2-H2)/8π (eq. 2.48). However, close to the surface in the London 

region (orange), the free energy density of the magnetic surface is reduced (eq. 2.49). Similar 

considerations can be applied to the surface condensation free energy density (eq. 2.50). Thus, the total 

surface free energy density of a type II superconductor is given by eq. 2.51. 

  Type I superconductors have positive surface free energy, while type II superconductors 

have a negative surface energy. The sign of 𝐹𝑠𝑢𝑟𝑓𝑎𝑐𝑒 depends on the value of the Ginzburg-

Landau parameter.  

                                                                            𝜅 =
𝜆

𝜉
                                                                      (2.52)  

This parameter related with the sign of the surface energy, defines the type of a superconductor:  

  𝜅 =  {
<   

1

√2
, 𝑇𝑦𝑝𝑒 𝐼

>  
1

√2
, 𝑇𝑦𝑝𝑒 𝐼𝐼

                                                  (2.53) 
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2.2.5 Magnetic flux quantization 

 

  At the beginning of the previous section, it has been mentioned that a type II 

superconductor presents an incomplete Meissner effect when H > 𝐻𝑐1. Under this condition, B≠0 

close to the surface, but also inside the material. With the aim of learn about this phenomenon, 

let´s consider a superconducting closed loop C, which is immerse in a weak magnetic field. Now, 

the order parameter can be written as:  

                                                                                𝜓 = |𝜓|𝑒𝑖𝜙                                                             (2.54) 

where 𝜙 is the phase of 𝜓. Then, eq. 2.35  

𝑱 =  
𝑒𝑖ħ

2𝑚
(𝜓 ∙ 𝛻𝜓∗ − 𝜓∗ ∙ 𝛻𝜓) −

2𝑒2|𝜓|2𝑨

𝑚𝑐
      

can be rewritten as  

𝑱 =  −
𝑒ħ

𝑚𝑐
|𝜓|2𝛻𝜙 −

2𝑒2|𝜓|2𝑨

𝑚c
                                            (2.55) 

J  is null in C, then:                                                  𝑨 = 
−ħ

2𝑒
𝛻𝜙                                                          (2.56)  

Integrating this last equation and using the Stokes theorem:  

∮ 𝑨 ∙ 𝑑𝑙 = ∬ 𝛻𝑋𝑨 𝑑𝑠 = ∬ 𝑩 𝑑𝑠 = 𝛷
𝐶𝐶𝐶

                                  (2.57) 

On the other hand, using eq. 2.56 in the above integral: 

∮ 𝑨 ∙ 𝑑𝑙 =
ħ

2𝑒
∮ 𝛻𝜙
𝐶

=
ħc

2𝑒𝐶
𝛥𝜙 = 𝛷                                      (2.58) 

𝛥𝜙 corresponds to the phase variation of 𝜓 after one circulation around C. To keep 𝜓 as a single-

valued function, we make 𝛥𝜙=2nπ, with n integer number. Then: 

𝛷 =
2nπħc

2𝑒
=  𝑛𝛷0                                                 (2.59) 

Hence, the magnetic flux is quantized. The quantum of magnetic flux is called fluxoid or fluxon:  

𝛷0  =
𝜋ħc

𝑒
= 2.0678 ∙ 10−7 𝑔𝑎𝑢𝑠𝑠 ∙ 𝑐𝑚2                                 (2.60) 

  Flux quantization provides a way to demonstrate the existence of the Cooper pairs. 

Goodmann and Deaver [4] measured the flux trapped in a hollow cylinder; their results confirm 

the quantization of magnetic flux and demonstrate that the charge carrier in a superconductor is 

a pair of electrons.  

  Then, on type II superconductors the magnetic flux B penetrates in some regions of the 

material, while other regions remain superconducting. This is the so-called Mixed State or Vortex 

State. The last name refers to the fact that the magnetic flux penetrates the superconductor in 
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the form of flux tubes, called magnetic vortices. Although it will not be demonstrated, it is 

important to mention that, due to energetic considerations, in the vast majority of cases, each 

magnetic vortex in a superconductor holds one single fluxon.  

 

2.2.6 The vortex lattice 
 

  As pointed before, for H > 𝐻𝑐1, the magnetic field applied to a type II superconductor 

penetrates inside the material in the form of magnetic vortices.  For a low applied field (close to 

𝐻𝑐1), there is a low density of vortices. On the other hand, if the applied field is intense (close to 

𝐻𝑐2), the density of magnetic vortices inside the material will be high, and the vortices will be 

arrange in a lattice.  

  First, let´s deduce an expression for the upper critical field 𝐻𝑐2. Consider eq. 2.38 with the 

approximation 
𝜓

𝜓∞
< 1, by keeping only the linear terms. Then, take A= Hx 𝒋̂ : 

𝛼𝜓 +
𝑖ħ

4𝑚
(−𝑖ħ𝛻 −

2𝑒𝐻𝑥𝒋̂

𝑐
)2𝜓 = 0                                  (2.38) 

Later, introduce the frequency:                                     𝜔 =
2𝑒𝐻

𝑚𝑐 
                                                                          (2.61) 

Then, after some manipulation:         −𝛼𝜓 = (−
ħ

4m

2
𝛻2 − iħ𝜔𝑥 𝜕

𝜕𝑦
+m𝜔2x2)2𝜓                           (2.62) 

The last equation has the form of the Schrödinger equation for a harmonic oscillator potential. 

This problem has the solution: 

𝜓 = 𝑒𝑖𝑘𝑦𝑦𝑓(𝑥)                                                   (2.63) 

With this solution, eq. 2.62 can be rewritten: 

                                         −𝛼𝑓 = 𝑒−𝑖𝑘𝑦𝑦 (−
ħ2

4𝑚
𝛻2 − iħ𝜔𝑥 𝜕

𝜕𝑦
+m𝜔2x2) 𝑒−𝑖𝑘𝑦𝑦𝑓(𝑥) 

After some manipulation and making the variable change x0 =
−ħ𝑘𝑦

2m𝜔
 

 −𝛼𝑓 = −
ħ2

4𝑚

𝜕2𝑓

𝜕𝑥2
+m𝜔2(x + x0)

2f                               (2.64) 

which corresponds to a 1-D harmonic oscillator. This problem leads to the Landau levels separated 

by the cyclotron energy ħ𝜔. The resulting harmonic oscillator eigenvalues are: 

−𝛼 =  ħ𝜔(𝑛 + 1

2
) =⏟
𝑛=0

ħ𝜔

2
 =⏟
𝑒𝑞.  2.61

ħeH

2𝑚𝑐
                               (2.65) 

in which the smallest 𝑛 corresponds to the applied field H that must be applied to break the 

Cooper pairs in the superconductor. Thus, taking H ≈ 𝐻𝑐2 
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                           𝐻𝑐2 = −
2𝑚𝑐𝛼

ħe
=⏟

𝑒𝑞.  2.43

ħc

2eξ2
                                            (2.66) 

Finally                                                                       𝐻𝑐2 =
Φ0

2πξ2
                                                            (2.67) 

This last equation is the well-known expression for the upper critical field of a type II 

superconductor. Although it is valid for some materials, in the case of iron-based 

superconductors, estimations made with eq. 2.67 have proven to be inaccurate. Thus, a more 

complex analysis is necessary, and this topic will be dealt with again in the chapter 6. 

  Now that we have deduced an expression for 𝐻𝑐2, let´s go back to the vortex lattice. 

Considering the case in which: H is very close to Hc2, then the nucleation of the magnetic vortex 

inside the bulk can be studied with help of a linearized Ginzburg-Landau equation 

(
𝛻

𝑖
−
2𝜋𝑨

𝛷0
)
2

𝜓 = −
2𝑚𝛼

ħ2
𝜓 =

𝜓

𝜉2(𝑇)
                                   (2.68). 

Then, taking a convenient vector potential                              𝐴𝑦 = 𝐻𝑥                                        (2.69) 

Eq. 2.68 is rewritten as                                        [−𝛻2 +
4𝜋𝑖

𝛷0
𝐻𝑥

𝜕

𝜕𝑦
+ (

2𝜋𝐻

𝛷0
)
2

𝑥2]𝜓 =
𝜓

𝜉2
                           (2.70) 

the effective potential depends only on x, then the solution is of the type: 

                                  𝜓 = 𝑒𝑖𝑘𝑦𝑦𝑒𝑖𝑘𝑧𝑧𝑓(𝑥)                                            (2.71). 

  However, real superconductors are finite. Thus, the effect of surfaces must be considered. 

To understand the arrangement of these vortices across the material, consider a narrow thin film 

with thickness d << ξ, immersed in an applied field H > 𝐻𝑐2. In the case of one single border, the 

optimum value of 𝑘𝑦 imply that the minimum of the effective potential is 𝜉 away from the 

surface.  In the case of a narrow film of a few hundred nanometersness thick, the effective 

potential will be determined by the superposition of the potentials related with each border 

surface (see Fig. 2-3). Thus, if d < dc ∼2ξ, the minimum of the effective potential is located in the 

mid-plane of the film. For a thick film (d >> dc), a superposition solution of the type 

𝜓 = 𝑒𝑖𝑘𝑦𝑦𝑓(𝑥) + 𝑒−𝑖𝑘𝑦𝑦𝑓(−𝑥) 

                               = 𝑐𝑜𝑠(𝑘𝑦𝑦[𝑓(𝑥) + 𝑓(−𝑥)]) + 𝑖 𝑠𝑒𝑛 (𝑘𝑦𝑦[𝑓(𝑥) + 𝑓(−𝑥)])                      (2.72) 

is expected. 

  Equation 2.72 indicates currents circulating around nodes (meaning vortices) along the 

mid-plane, at every point for which cos (kyy) =0, at intervals 𝛥𝑦 =
𝛷0

𝐻(𝑑−𝑑𝑐)
. Thus, the solution 

has periodicity in the y direction. For a thick film (bulk sample), there are an infinite number of 

solutions of the form   
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                               𝜓𝑘 = 𝑒𝑖𝑘𝑦𝑓(𝑥) = 𝑒𝑖𝑘𝑦𝑒
−(𝑥−𝑥𝑘)

2

2𝜉2                                     (2.73) 

 

 

Figure 2-3 Narrow thin film. 
Order parameter function (green) and superposition of the effective potential (blue) in a narrow thin film. 

As soon as H < 𝐻𝑐2, the minimum of the free energy solutions is such that the sample is filled by 

nodes (each node has one vortex). Moreover, it is expected that a periodic lattice of nodes has 

lower free energy than a random array. In conclusion, if every 𝜓𝑘  solution has same weight, 

there will be periodicity in the x  direction. Thus, 

𝐻𝛥𝑥𝛥𝑦 = 𝛷0                                                         (2.74)  

and each unit cell of the periodic lattice has one fluxon. 
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3 Magnetic properties of type II superconductors 
 

3.1 Magnetic states of type II superconductors 
 

  As explained before, in the case of type II superconductors immersed in a magnetic field, 

the magnetic flux penetrates the material in the form of flux tubes, called magnetic vortices. 

Therefore, the superconducting state is greatly modified by the presence of these vortices, which 

effects can be observed in the magnetization curves: Magnetization vs. Temperature (M-T) and 

Magnetization vs. Magnetic Field (M-H), the latter also called hysteresis loops. For the reason 

exposed above, the present work is focused on the study of the magnetization curves, which 

provide a large amount of information about the behavior of the main parameters of 

superconductivity.   In relation to SmFeAsO1-xFx, it is a High Temperature Superconductor (HTS) 

with a pronounced type II behavior. Thus, the study of the magnetization curves will provide a 

description of the superconductor under a magnetic field. Depending on the magnitude of H, a 

type II superconductor can be in one of three states: 

  1) Meissner state. Type II present the Meissner effect, when the applied magnetic field is 

0 < H < 𝐻𝑐1. In this state, the applied magnetic field penetrates only a small distance inside the 

material (penetration depth λ), over a thin superficial shell of some nanometers in thickness. The 

magnetic flux in the bulk of the material is null (B=0, perfect diamagnetism) and the behavior of 

the material is described by eq. 1.1-1.4.  

  2) Mixed state (also known as vortex state). When the magnetic field applied to a type II 

superconductor exceeds the lower critical field (𝐻𝑐1), the superconductor transits from the 

Meissner state to a mixed state: The Meissner state is lost, and the bulk of the material is 

penetrated by fine vortices of quantized magnetic flux, surrounded by regions of 

superconducting material. Thus, the bulk of the material is a normal/superconducting mixed 

region. The mixed state holds for 𝐻𝑐1 < H < 𝐻𝑐2. In contrast, type I superconductors lose 

superconductivity completely when its unique critical field Hc is reached.  

  The magnetization measurement of from a type II superconductor in the vortex state, is 

formed by the sum of two terms: The Reversible or Equilibrium magnetization, and the 

Irreversible magnetization. The equilibrium magnetization (Meq) is related with surface-like 

currents and is controlled by the repulsive vortex-vortex interaction. On the other side, the 

irreversible magnetization (Mirr) is related with the volume currents associated with the vortex 

pinning. Both will be explained in depth shortly. 

  3) Normal state. As the applied field increases over 𝐻𝑐1, type II superconductors 

experiment a gradual decay of the magnetic response.  Close to the upper critical field (𝐻𝑐2), the 
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vortex lattice turns into a more populated, rigid and periodic structure called the Abrikosov´s 

vortex lattice, due to the more intense vortex-vortex interaction. At this point, the material is 

fully invaded by magnetic vortices. However, complete suppression of superconductivity does 

not occur until an upper critical field (𝐻𝑐2) is reached. 𝐻𝑐2 can be very high (tens of teslas), and 

in the case of SmFeAsO1-xFx it is expected to be around 100 T or even higher. Then, the complete 

sample returns to the normal state. If the magnetic field is canceled, the material recovers the 

superconductivity. In contrast, type I superconductors transit directly from the Meissner to the 

normal state, once Hc is reached. 

 

3.2 Equilibrium magnetization  
 

  The equilibrium magnetization (Meq) comes from the shielding currents on the surface of 

a superconductor, and provides information about the fundamental parameters of 

superconductivity: 𝐻𝑐1, 𝐻𝑐2, λ, and ξ. In 1957, Abrikosov proposed that in the mixed state 

magnetic vortices appear subject to a repulsive vortex-vortex interaction; Meq describes the 

vortex dynamics in the absence of vortex pinning [1], which implies an almost defect-free 

material. 

  The Lorentz force (FL) over one single vortex is null at an ideal type II superconductor. 

Moreover, FL ∝ Jlocal and thus to Curl(B) through Maxwell equations. Then, B has the same value 

at any point in the specimen, except in a region to the surface determined by the London 

penetration depth λL(T). In addition, B only depends on the applied field H and not on the way 

the field has been increased from zero to its final value. This implies an equivalence between the 

so called Field cooled (FC) and Zero field cooled (ZFC) vortex state [2]. In some way, this means a 

reversible process in the magnetization curves.  

 

 
Figure 3-1. Equilibrium magnetization of type II superconductors. 

The lower (Hc1) and upper (Hc2) critical fields are indicated. Notice the negative value of Meq. 
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Fig. 3-1 presents Meq of type II superconductors. For 0 < H < 𝐻𝑐1, Meq follows the linear relation 

[2]: 

𝑀𝑒𝑞 = −
𝐻

4𝜋
                                                                  (3.1)  

  In analogy with Meissner region at type I superconductors,  Meq has a discontinuity in 𝐻𝑐1. 

This critical field points to the creation of the first magnetic vortex, and the beginning of the 

Shubnikov or mixed state. This state occurs between 𝐻𝑐1 and 𝐻𝑐2; in this region Meq decays 

slowly, with a logarithmic tendency described by [2]: 

4𝜋 [
𝜕𝑀𝑒𝑞

𝜕𝐻
]
𝐻𝑐2≫ 𝐻 ≫ 𝐻𝑐1

=
−𝐻𝑐1

2𝐻 𝑙𝑛(𝜅)
                                     (3.2) 

with 𝐻𝑐1 =
𝛷0  ln(𝑘)

4𝜋𝜆2
. And close to 𝐻𝑐2: 

4𝜋 [
𝜕𝑀𝑒𝑞

𝜕𝐻
]
 𝐻 → 𝐻𝑐2

=
−𝐻𝑐2

(2𝜅2−1)𝛽
                                        (3.3) 

with β≈1. Meq is due to surface-like currents, and is controlled by the repulsive vortex-vortex 

interaction. Equations 3.1-3.3 give a general view of the equilibrium magnetization. The following 

sections will deepen in the vortex dynamics in the absence of vortex pinning (equilibrium 

magnetization). The study of vortex pinning and irreversible magnetization is left to the end of 

the chapter.  

 

3.3 Single vortex behavior and lower critical field Hc1  
 

  When the applied magnetic field exceeds the lower critical field 𝐻𝑐1, the superconductor 

transits from Meissner state to a mixed state. This critical field points to the creation of the first 

magnetic vortex, and the beginning of the mixed state (see Fig. 3-1). Thus, the bulk material is 

penetrated by fine vortices of quantized magnetic flux, leading to a normal/superconducting 

mixed region. As the applied field increases over 𝐻𝑐1, type II superconductors experiment a 

gradual decay of the magnetic response.       

  In the regime of low H, close to 𝐻𝑐1, the separation between vortices is larger than λ. 

Hence, the vortex-vortex interaction is negligible and the single vortex approximation describes 

well the behavior of the magnetization of type II superconductors.  

  The first vortex penetrates when 𝐺𝑠
𝑛𝑜 𝑣𝑜𝑟𝑡𝑒𝑥 = 𝐺𝑠

1𝑠𝑡 𝑣𝑜𝑟𝑡𝑒𝑥. Moreover, 𝐺 = 𝐹 −
𝐻

4𝜋
∫𝐵 𝑑𝑟, 

thus 𝐺𝑠 = 𝐹𝑠 in the absence of magnetic field, leading to 

𝐹𝑠 = 𝐹𝑠 + 𝜖1𝐿 −
𝐻𝑐1

4𝜋
∫𝐵 𝑑𝑟                                     (3.4) 
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where the term 𝜖1𝐿 is the vortex energy per unit length and 𝐿 is the thickness parallel to the 

applied field. Considering that the vortex carries one single fluxon 

𝐹𝑠 = 𝐹𝑠 + 𝜖1𝐿 −
𝐻𝑐1𝛷0𝐿

4𝜋
                                             (3.5) 

leading to: 

𝐻𝑐1 =
4𝜋𝜖1

𝛷0
                                                              (3.6) 

Thus, the lower critical field depends linearly on the vortex energy per unit length 𝜖1. The 

calculation of ψ or ϵ1 requires the solution of the nonlinear Ginzburg-Landau equations: 

𝑱 =  
𝑒𝑖ħ

2𝑚
(𝜓 ∙ 𝛻𝜓∗ − 𝜓∗ ∙ 𝛻𝜓) −

2𝑒2|𝜓|2𝑨

𝑚𝑐
                           (2.35) 

and                                                           𝛼𝜓 + β|𝜓|2𝜓 +
1

4𝑚
(−𝑖ħ𝛻 −

2𝑒𝑨

𝑐
)2𝜓 = 0                        (2.38). 

Unfortunately, this system requires numerical solutions. Here is enough to say that 𝜓 can be 

approximated by the function (see appendix C) 

𝜓 ≈ tanh
𝜈𝑟

𝜉
                                                          (3.7) 

with 𝜈~1.  As a result, ψ → 0 as r→ 0, while ψ→ ψ∞, for r > ξ. This behavior can be seen in Fig. 

3-2. It can be seen that ξ corresponds nearly to the radius of the magnetic vortex. For r=λ, the 

order parameter ψ has reached the saturation value ψ∞. Thus, the spatial variations of the order 

parameter are very pronounced in type II superconductors. 

 
Figure 3-2. Isolated vortex. 

Spatial variations of ψ and the magnetic flux density B. 

 

  However, a useful analytical result can be obtained if we consider the London limit: λ >> 

ξ or equivalently κ= λ/ξ >> 1. This condition is fulfilled by some high temperature superconductors 

like SmFeAsO1-xFx. In this case, when ψ → ψ∞ very rapidly, hence, the material behaves as a 

London superconductor. Except in a very small region with radius=ξ, around the vortex core. 

Then, we can approximate 𝜓 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 1. Thus, outside the core is possible to apply the 

London equation: 
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4𝜋𝜆2

𝑐
𝛻𝑋𝑱 + 𝑩 = �̂� 𝛷0𝛿(𝒓)                                               (3.8). 

where the equation has been matched to a delta function centered at the vortex core, to account 

for the vortex core. �̂� is the unit vector in the direction of the vortex´s longitudinal axis. Combining 

eq. (3.7) with Maxwell eq. 𝛻𝑋𝑱 =
𝟒𝝅

𝒄
𝑱, one obtains: 𝜆2(𝛻𝑋(𝛻𝑋𝑩)) + 𝑩 = �̂�𝛷0𝛿(𝒓). Thus, 

following the procedure used for the London theory: 

𝛻2𝑩 −
𝑩

𝜆2
= −

𝛷0

𝜆2
𝛷0𝛿(𝒓)                                               (3.9) 

This is a well-known result of the London theory, but with the addition of a delta function in the 

right side of the equation. The analytic solution to eq. (3.9) is:  

𝑩(𝑟) =
𝛷0

2𝜋𝜆2
𝐾0 (

𝑟

𝜆
)                                                    (3.10) 

where K0 is a Hankel function of order zero. This solution decays as 𝑒
−𝑟

𝜆  for r >> ξ and diverges as 

𝑙𝑛 (
𝜆

𝑟
) if r→ 0: 

𝐵(𝑟) =

{
 

 
𝛷0

2𝜋𝜆2
(
𝜋𝜆

2𝑟
)
1/2

𝑒−𝑟/𝜆,   𝑟 → ∞

𝛷0

2𝜋𝜆2
[𝑙𝑛 (

𝜆

𝑟
) + 0.12] ,   𝑟 → 0

                                     (3.11). 

3.4 Energy per unit length of an isolated vortex and lower critical field 
 

  In the previous section, an expression was found for the lower critical field 𝐻𝑐1 (eq. 3.6) 

in terms of the energy per unit length, 𝜖1. Nevertheless, the value of 𝜖1 was not given due to the 

difficult of solving the non-linear Ginzburg-Landau equations. However, in the special case where 

κ >> 1, it is easier to determine ϵ1 value of an isolated vortex. In turn, this result will provide an 

expression for 𝐻𝑐1 in terms of the Ginzburg-Landau parameter 𝜅, meaning the penetration depth 

𝜆 and the coherence length 𝜉. 

  Let´s consider an isolated vortex in a bulk superconductor.  If the core of the vortex is 

ignored, the important terms of G-L free energy (see eq. 2.17) are the magnetic field energy (first 

term in the right of eq. 3.12) plus the kinetic energy density. Thus, the energy per unit length of 

an isolated vortex is 

 𝜖1 = 
1

8𝜋
∫(𝑩2 + 𝜆2|𝛻𝑋𝑩|2)𝑑𝑆                                   (3.12) 

where the second term in at right member is the kinetic energy of the current density. In this 

London limit, ψ→ ψ∞,  Eq. (3.12) can be expanded as:           

  𝜖1 = 
1

8𝜋
∫ |𝑩|𝛷0𝛿(𝒓)𝑑𝑆 +

𝜆2

8𝜋
∮𝑩𝑋(𝛻𝑋𝑩)𝑑𝑙               (3.13). 
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The first integral is zero because the origin r=0 is omitted. The integral over the outer perimeter 

(for r=R→ 0) is null. But the integral over the inner perimeter (around the core vortex) gives: 

𝜖1 = 
𝜆2

8𝜋
[𝑩

𝑑ℎ

𝑑𝑟
2𝜋𝑟]

𝜉
≈ (

𝛷0

4𝜋𝜆
)
2

ln (𝜅)                         (3.14) 

where  
𝑑ℎ

𝑑𝑟
=

𝛷0

2𝜋𝜆2𝑟
  was used. This result can be substituted in eq. (3.6) to obtain the lower critical 

field: 

𝐻𝑐1 = 
𝛷0

4𝜋𝜆2
𝑙𝑛 (

𝜆

𝜉
)                                                  (3.15) 

this is the well-known expression for the upper critical field of type II superconductors. This last 

equation, with the addition of a constant in the logarithmic term to account for the vortex core, 

is very important in the analysis of the experimental results of this work. 

 

3.5 Vortex-vortex interaction 
 

  For H → 𝐻𝑐2, the distance between vortices gets shorter, and interaction between 

vortices occurs (Fig. 3-3). The vortex-vortex interaction determines the region Hc1 < H < Hc2 in 

Fig. 3-1. Also, eqs. (3.2) and (3.3) are derived for the vortex dynamics in the absence of pinning.  

Let´s continue with the case κ >> 1. In this case, the medium is linear and it is possible to use 

superposition of fields. Then, the magnetic field due to two identical vortex lines is:  

𝒉(𝒓) = [ℎ(|𝒓 − 𝒓1|) + ℎ(|𝒓 − 𝒓2|)]�̂�                                          (3.16) 

With r1 and r2, the positions of the vortex cores. Using eq. 3.12, the total increase of free energy 

per unit length can be calculated:  

∆𝐹 =
𝛷0 ℎ(𝒓1)

4𝜋
+ 

𝛷0 ℎ(𝒓2)

4𝜋
                                                (3.17) 

  The first term is the sum of two identical individual line energies. The second term is the 

increase in the free energy, due the interaction of both vortex lines. Thus, the force exerted on 

the second vortex line by the first one (in the direction 𝑖̂) is calculated by taking the derivative of 

the second term of eq. (3.17): 

𝑓2𝑥 = −
𝛷0  

4𝜋

𝜕ℎ(𝒓2)

  𝜕𝑥2
                                                     (3.18) 

By rewriting the eq. (3.18) in a vector form and using the Maxwell eq. 𝛻𝑋𝒉 =
4𝜋𝑱

𝑐
,  one obtains: 

𝑓2 = 𝑱1(𝒓2)�̂� 𝑋 
𝛷0  �̂�

𝑐
. The flux has the same direction in both vortices, and thus, the force 

between them is repulsive. This result can be generalized to the force exerted by all vortices over 

one given vortex line: 
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𝑓 = 𝑱 𝑋
𝛷0  

𝑐
                                                         (3.19) 

J  is the total supercurrent density due to all other vortices (and any transport current if there is 

one) at the position of a given vortex.  

 
Figure 3-3. Vortex-vortex repulsive interaction. 

The force exerted by vortex line 1 on vortex line 2 is caused by the magnetic field h2 (of vortex 2), and the 
current density J 1 (of vortex 1). If the vortex lines are too far separated, J 1 from vortex 1 will not interact 

with h2, and the interaction between vortices is considered null. 
 

In addition to the vortex-vortex interaction, vortices can be fixed to the imperfections of the 
crystal lattice (pinning) and have oscillations around their longitudinal axis. These three 
phenomena are the basis of the flux creep theory, a model for understanding the vortex dynamics 
inside a type II superconductor. Section 3.7 explores the subject of pinning in more detail, while 
flux creep theory was used to interpret the experimental results of critical fields and the critical 
current density. 
 

 

3.6 Vortex interaction near the upper critical field 
 

  If the applied magnetic field is high, close to the upper critical field 𝐻𝑐2, the vortices are 

closely packed. Then, for an applied field close to 𝐻𝑐2 the cores do not touch  but occupy most of 

the sample volume. Thus, it can be assumed that the magnetic flux across the sample is nearly 

uniform. However, in this limit the London approximation is not correct, and the solution requires 

the Ginzburg-Landau equations. Nevertheless, it is possible to simplify the problem, by 
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considering that 
𝜓

𝜓∞
< 1 for H → 𝐻𝑐2. This condition means that the density of Cooper pairs 

diminish considerably. Thus, it is possible to neglect the higher order term in:  

𝛼𝜓 + β|𝜓|2𝜓 +
𝑖ħ

4𝑚
(−𝑖ħ𝛻 −

2𝑒𝑨

𝑐
)2𝜓 = 0                                  (2.38) 

The result is a linearized Ginzburg-Landau equation. Hence, it is possible to use the well-known 

general solution proposed by Abrikosov (for an applied field close to 𝐻𝑐2): 

𝜓 = ∑ 𝑐𝑛𝑒
𝑖𝑛𝑞𝑦𝑒

−
(𝑥−𝑥𝑛)

2

2𝜉2
𝑛                                              (3.20) 

Abrikosov proved that in this regime the magnetization M is proportional to |ψ|2: 

𝐵 = 𝐻 + 4𝜋𝑀 = 𝐻 −
𝐻𝑐2−𝐻

(2𝜅2−1)𝛽𝐴
 ⇒ 𝑀 = −

𝐻𝑐2−𝐻

4𝜋 (2𝜅2−1)𝛽𝐴
                     (3.21) 

where 𝛽𝐴 =
〈𝜓4〉

〈𝜓2〉2
≥ 1. Notice that the factor (2𝜅2 − 1) = 0, for 𝜅 =

1

√2
, is the criterion to separate 

type I and II superconductors, as has been previously mentioned in section 2.2.4. 

  Equation (3.21) indicates a linear decrement of diamagnetism as H grows, reaching a 

normal state at 𝐻𝑐2=H. Moreover, the decay of diamagnetism is slower for smaller values of 𝛽𝐴. 

From an energetic point of view, this implies that a smaller 𝛽𝐴 coefficient corresponds to a lower 

free energy, and hence, to a more stable lattice. For a triangular lattice of vortices, 𝛽𝐴=1.16, and 

for a squared lattice, 𝛽𝐴=1.18. Thus, the vortices in the mixed state at high applied magnetic fields 

will order into a triangular lattice5.  

 

3.7 Irreversible magnetization and Bean model of a critical state  
 

  In a more realistic approximation, the imperfections in the material pin the vortex lines. 

Thus, a single vortex is subjected to a pinning force by the structural defects of the material. And 

there is also a magnetic vortex-vortex pressure. As this pressure is lower than the pinning force, 

the vortices stay fixed in space. Otherwise, vortices are depinned. The pinned vortices induce 

electrical currents flowing through the volume of the material. In turn, these pinning currents 

induce a new non-equilibrium magnetization term Mirr, so that the measured signal is M= Meq + 

Mirr. The commonly reported critical current density (Jc), is due to these volume currents.  

  The fact that magnetic vortices are pinned over the volume of the sample implies that the 

magnetization will depend on the previously applied magnetic fields, meaning that Mirr leads to 

the appearance of magnetic hysteresis on magnetization plots. In materials like iron-based 

                                                           
5 Initially, Abrikosov proposed the square lattice. Later, Kleiner et al. demonstrated that the triangular lattice is a 
system with the less free energy [3]. However, nowadays the triangular lattice is known as Abrikosov´s lattice. 
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superconductors, the Mirr signal can be intense, screening Meq. In that case, the magnetic signal 

measured will display hysteresis loop, like the one of Fig. 3-4.  

  A hysteresis loop can be divided in regions. For example, the virgin magnetization or first 

magnetization [4] is defined as the region for which the sample has not been previously exposed 

to a magnetic field, under the condition that H < 𝐻∗. The full penetration field 𝐻∗ [2] is the applied 

field required for a magnetic vortex to reach the center of the sample. The virgin magnetization 

gives information about the Meissner state, 𝐻𝑐1 and 𝐻∗.  

  For H > 𝐻∗, and if the applied field is strong enough, the magnetic hysteresis disappears 

and the loop closes in a single curve. This point is called the irreversibility field (Hirr). For H < Hirr, 

the magnetic vortices are fixed in their positions inside the material. If H > Hirr, the vortices will 

not be pinned anymore; they will move freely, in a similar way to the condition of equilibrium 

magnetization. Hirr is a key point that influences the behavior of multiple parameters of the 

mixed state including the upper critical field 𝐻𝑐2, and the intra- and intergranular critical current 

densities, Jintra and Jc. The critical fields 𝐻𝑐1 and 𝐻𝑐2 are illustrated in Fig. 3-1, the virgin 

magnetization and 𝐻∗ can be seen on Fig. 3-4. Hirr  is shown in Fig. Fig 6-13 of chapter 6. 

  To determine the influence of the applied magnetic field and the temperature on the 

vortex dynamics is difficult. For this reason, phenomenological models have been developed, the 

simplest of which is the Bean model. In this model, Jc is considered constant. This simple model 

gives a rough approximation to the vortex dynamics, the magnetic flux and the current density 

in the material [5].  

  As mentioned before, Meq can be screened by the Mirr. Hence, the former will be omitted. 

With the hypothesis that Jc=constant, Mirr can be defined as 

𝑀𝑖𝑟𝑟 = 
𝑀+−𝑀−

2
                                                 (3.22) 

where 𝑀+and 𝑀− are the upper and lower branches of the hysteresis loop. Thus, 𝑀𝑖𝑟𝑟 is defined 

by the vertical height of the loop. The model also allows calculating the critical current of the 

superconductor. With this purpose, let´s remember that the magnetization is the sum of the 

magnetic dipoles per unit volume induced by the current loops in the sample:  

𝑀𝑖𝑟𝑟 =
1

𝑉
∫ 𝑆𝑑𝐼
𝑅

𝑟∗
                                                (3.23) 

where the volume (cylindrical sample) is 𝑉 = 𝜋𝐿𝑅2, with 𝑅 the radius of the sample, 𝑑𝐼 = 𝐽𝑐𝐿 𝑑𝑟, 

and 𝑆 = 𝜋𝑟2. This leads to  

𝑀𝑖𝑟𝑟 =
1

𝜋𝐿𝑅2
∫ 𝜋𝑟2𝐽𝑐𝐿 𝑑𝑟 =

𝐽𝑐 𝑅

3

𝑅

𝑟∗
(1 −

𝑟∗3

𝑅3
)                 (3.24) 

Considering that 𝑟∗is the depth inside the sample so that 𝑟∗ = 𝑅(1 − ℎ), with ℎ =
𝐻

𝐻∗
, and     𝐻∗ =

𝐽𝑐𝑅, the irreversible magnetization can be written as 𝑀𝑖𝑟𝑟 =
𝐽𝑐𝑅

3
  (SI) or  𝑀𝑖𝑟𝑟 =

𝐽𝑐𝑅

30
  in CGS units. 

Thus, the critical current density Jc is  
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                 𝐽𝑐 =
30 𝑀𝑖𝑟𝑟

𝑅
                                                                (3.25)  

  A detailed explanation about the different critical currents of SmFeAsO1-xFx can be found 

in the chapter of experimental results. At the moment, it is necessary to say that the last equation 

gives the magnitude of the highest current density that flows across the superconductor, I mean 

the intergranular critical current density. This value is an important parameter for technological 

applications. The hysteresis cycle predicted by the Bean model is illustrated in the Figure 3-4. The 

characteristic of this loop is that the maximum (or the minimum) of the magnetization is a 

horizontal line (M+ or M-). 

 

Figure 3-4. Hysteresis cycle predicted by the Bean model. 
The virgin magnetization, also called first magnetization (orange) is limited by the full penetration field 

(H*). The vertical branches are often called reversal magnetization. The horizontal branches are known 

as the upper (M+, in blue), and the lower branch (M-, in green). 

3.7.1 Bean exponential model 
 

  The Bean model simplifies the complexity of vortex dynamics and allows determining Jc 

in an easy manner. Nevertheless, it does not fit well with observed behavior in HTS, including the 

iron-based superconductors. To avoid this issue, more complex models have been proposed, in 

which the critical current is not a constant anymore. Each of these models defines the 

dependence of Jc with regards to the applied magnetic field. From all the modified Bean models, 

the exponential decay of 𝐽𝑐(H), known as the exponential model, is the one that fits the best  the 

experimental behavior of SmFeAsO1-xFx [4,6]. With the purpose of calculating the magnetization, 

Jc  of eq. (3.24) cannot be considered a constant anymore [6], leading to 

𝑀 =
−1

10𝑅2
∫ 𝐽(𝐻(𝑟))𝑟2𝑑𝑟
𝑅

0
                                         (3.26) 

with                                                                              𝐽𝑐(𝑟) = 𝐽0𝑒
−|𝐻(𝑟)|

𝐻0                                                   (3.27) 
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where  J0 and 𝐻0 are constants that depend on the temperature and the material, and 𝑅 is the 

radius of the sample. From eqs. (3.26) and (3.27), it is possible to find an expression for the critical 

current density in analogy with eq. (3.25), but this time the deduced expression is more complex 

𝐽(𝑟) =
𝐽0𝑒

−ℎ

(1−(𝑅−𝑟) 𝑟0𝑒−ℎ⁄ )
                                           (3.28) 

where  ℎ(𝑟) is                                                    ℎ(𝑟) =
𝐻

𝐻0
+ 𝑙𝑛 (1 −

𝑅−𝑟

𝑟0
𝑒
−
𝐻

𝐻0)                            (3.29) 

and                                                                                     𝑟0 =
10𝐻0

4𝜋𝐽0
                                                            (3.30). 

As can be seen from eq. (3.28) and (3.29), the size of the sample affects the critical current 

density. This model also provides an expression for the full penetration field 𝐻∗, and its 

dependence on the size of the sample 

𝐻∗ = 𝐻0 ln (1 +
𝑟

𝑟0
)                                              (3.31). 

Figure 3-5 illustrates a real hysteresis loop for a SmFeAsO1-xFx sample. The contrast with Fig. 3-4 

is evident: there are no flat regions due to the field dependence of Jc. 

 
Figure 3-5. Hysteresis cycle of SmFeAsO0.91F0.09. 

Sample with particle size rg=1680 nm. The arrows indicate if H is increasing or decreasing. H is the same 

at points 1 and 2; however, the magnetization is quite different, so this graph illustrates a wide 

hysteresis cycle. 
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3.7.2 Magnetic hysteresis cycle 
 

  To explain the magnetic hysteresis, suppose a material is initially in a null applied 

magnetic field H=0. Later, H → Hmax (the highest applied field), and back, H → -Hmax. Finally, the 

field goes to zero. This is a complete hysteresis cycle. Type II superconductors present magnetic 

hysteresis; this means that M depends on a previously applied magnetic field. Fig. 3-5 illustrates 

a complete hysteresis cycle with five quadrants, measured from a sample of SmFeAsO0.91F0.09, 

with rg=1680 nm. The arrows indicate if the applied magnetic field is growing or decreasing.   

  The blue line at H=3000 Oe intersects the loop three times: number 1 points to the 

magnetization M1 when the sample is exposed for the first time to a field of H=3000 Oe (virgin 

magnetization). In 2, the sample has already reached Hmax < 𝐻𝑐2 and is immersed in a decreasing 

magnetic field, the magnetization at this point (M2) is being close to zero, so M2 ≠ M1. The figure 

illustrates a wide hysteresis loop. In 3, the sample has experienced the complete hysteresis cycle 

and is immersed in an increasing magnetic field, just as in number 1, but this time the previous 

exposure to H affects the magnetization of the sample (due to vortex pinning), so then M3 ≠ M1.  
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4 Introduction to particle size effects on the superconducting 

properties 
 

  Nanoscale structured materials have exhibited new and exceptional properties, which are 

unexpected in a macroscopic scale. Many of these outstanding properties can be attributed to 

finite size effects, quantum size effects, and surface effects. In superconductivity, the finite size 

effects are manifested in some physical properties, which include: critical temperature, 

superconducting gap, lower and upper critical fields, Meissner state as well as the critical state 

[1,2]. The size dependence of these properties will be observed at different length scales which 

go from the mesoscopic to the nanometric scale.  

  The effects of reducing the particle size in type I superconducting materials have been 

studied since the second half of the XX century. These phenomena include changes in the 

fundamental parameters, like the penetration depth and the coherence length, but also, other 

parameters like the critical current density and the critical fields of the superconductor are 

affected by the size of the superconductor. 

  However, for type II superconductors, there is scarce information available, and most of 

the size effects were studied in thin films and single crystals. The lack of information is probably 

due, to the difficulty in controlling the growth of the particles in materials like cuprates or iron-

based superconductors. These families of HTS are granular materials with a layered crystalline 

structure. 

  This chapter gives a short introduction to the already known effects related to particle 

size, and establishes a comparison for the experimental results obtained in the present work. 

 

4.1 Granularity and size effects 
 

  The critical fields and critical currents are determined by the penetration depth (λ) and 

the coherence length (ξ), which can be in the range of a few nanometers up to hundreds of 

nanometers (depending on the superconducting material), and the finite size effects on those 

physical properties might be observed in particles with mesoscopic dimensions. As a matter of 

fact, the influence of the effective size of the sample on the magnetic properties has been well 

established in various theoretical and experimental works for various superconducting materials 

[3-7]. In some of these works granularity has been pointed out as one of the most important 

characteristics that influences the superconducting properties of the HTS. 
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  The meaning of granularity can be explained as follows: It is supposed that a sintered 

pellet is formed by multiple superconducting grains, joined by intergranular links. Thus, the pellet 

can be seen as a chain of Josephson junctions (links). These junctions are composed by two 

superconducting grains, separated by a non-superconducting barrier. In this case, the barrier is 

the proper boundary between two coupled grains [8]. When the Josephson junctions break, 

either by increasing the temperature, by a high enough applied magnetic field or by the effect of 

milling, the sample can be seen as a group of individual grains. 

  The parameters referring to a property of the sample considered as one single 

interconnected entity are called inter. For example, the intergranular critical current density (Jc) 

corresponds to the maximum current that can flow across the grains, over the whole sample. On 

the opposite site, the parameters of the sample considered as a group of decoupled grains, are 

called intra. For example, the intragranular critical current density (Jintra) corresponds to the 

currents inside each single grain in the sample [9,10]. Thus, the concept of granularity is closely 

related with the effective size of the superconductor. 

  The nature of the links between grains is very important on how granularity affects the 

superconducting properties of the material. For example, while in the intermetallic Low 

Temperature Superconductors (LTS) junctions between grains would have a Superconductor-

Normal Metal-Superconductor character, in HTS they would have a Superconductor-Insulator-

Superconductor one. The latter makes easy to break the intergrain coupling, and, as a result, a 

polycrystalline sample of a HTS has low values of critical current densities [11,12]. This is known 

as the weak-link problem, and is the main difficulty faced to use cuprates and iron-based 

superconductors in technological applications. 

 

4.2 Transition critical temperature 
 

  Quantum size effects are observed as the suppression of superconductivity and have been 

related to destabilization of the superconducting gap or the Cooper pairs themselves [3], a 

phenomenon predicted by Anderson in 1960 [13]. Nevertheless, there is evidence that under 

some circumstances Cooper pairs are not destabilized but strengthened, because the surface 

effect can give place to a better electron-phonon coupling [14].  

  In type I superconductors with reduced particle size, the variation of the transition critical 

temperature (Tc) is governed mainly by a competition between Surface Effects (SE) and Quantum 

Size Effects (QSE). As the particle size gets smaller, the surface/volume ratio increases and the 

surface effects cause a phonon softening [14-16].  At the same time, a small particle size leads to 

a discretization of the energy levels, reducing the effective density of states at the Fermi level 

and also Tc [3].  
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  On the other hand, HTS like iron-based compounds and cuprates, have a granular nature, 

so that the intergranular coupling and strain effects, have also an important role in the behavior 

of Tc. In the conventional MgB2 (C-doped) type II superconductor, it was found that Tc decreases 

with rg [17]. The present work is not focused on the size dependence of Tc, but it is important to 

mention that a significant shift in the values of Tc was not found for rg in the range between 220-

1680 nm.  

 

4.3 Penetration depth and coherence length 
 

  Intrinsic superconducting properties are modified by the size of the particles that form 

the sample: the magnetic penetration depth λ, and the superconducting coherence length ξ.  

Therefore, it makes sense to expect changes in other superconducting properties when the 

sample dimensions reach the order of magnitude of λ or ξ.   

  The penetration depth measures how deep inside the sample the applied magnetic field 

can penetrate, so this length is very important for the behavior of the critical fields of a 

superconductor. On the other side, ξ is related to the value of the superconducting order 

parameter (ψ) and determines if there are non-local effects. Many early studies were focused on 

how these parameters are affected by the mean free path (l) of the superconducting electrons in 

the material.  

  In type I superconductors, where ξ is of the order of hundreds of nm, changes in the mean 

free path of the superconducting electrons can be achieved by the introduction of atomic 

impurities. This is known as the dirty limit (Pippard), and accounts for non-local effects. The 

coherence length is modified, after Pippard, as [18]: 

1

𝜉
= 

1

𝜉0
+
1

𝑙
                                                                     (4.1).  

where the intrinsic coherence length (𝜉0) is defined by the superconducting energy gap at zero 

temperature, and can be defined as the “size” of a Cooper pair. The values of ξ and 𝜉0 coincide 

at T=0. An alternative way to change l is to reduce the particle size rg. This implies that ξ is reduced 

as rg becomes smaller. It has been shown that the type I superconductor changes to a type II 

behavior, in the case of small particles [3]. 

  On the other case, type II superconducting materials usually have very small values of ξ (a 

few nanometers), and then, it is highly probable that these materials are in what is known as the 

clean limit (l > ξ). There is a relation between λeff and ξ; λeff increases when the particle size is 

reduced, leading to a decrease in ξ. This can be seen in eq. (4.2) [4]: 

𝜆𝑒𝑓𝑓 = 𝜆0(
𝜉0

𝜉
)1/2                                                            (4.2).  
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This equation is used in the present work, to have an estimation of ξeff as a function of the particle 

size rg. In both types of superconductors, the effective coherence length for a given particle size 

defines the penetration depth [4,18] and affects other important features.  

 

4.4 Magnetization and critical fields  
 

  The reduction of the size of the superconducting particles also has effects on the 

macroscopic properties like the magnetization; for example, it is well known that the 

demagnetizing field is affected by the grain size rg. In the case of superconductors with rg smaller 

than λ, the Meissner effect is vanished or is very limited, due to the increase in the penetration 

depth. This means that the penetration of the magnetic field inside the sample is easier, so that 

it floods the interior of the sample for lower magnitudes of the applied field.   

  The critical field 𝐻𝑐1 decreases with particle size; lower rg values lead to a smaller surface 

area, so the intensity of the surface shielding currents would decrease, making easier the vortex 

entrance [19]. This explanation is in agreement with the well-known calculation of the size 

dependence of the diamagnetic susceptibility, within the framework of the Ginzburg-Landau 

theory [20] 

𝜒 = −(
1

4𝜋
)

𝑟𝑔
2

10𝜆(𝑇)2
                                                       (4.3).  

Equation (4.3) holds for small rg. Thus, the term rg
2 decreases rapidly while λ increases, leading 

to a fast decrease of χ.    

  The full penetration field 𝐻∗ (see chapter 3) is also affected by the shrinkage of the 

sample. In the specific case of the cuprates, some theoretical works have shown that when the 

volumetric current decreases exponentially with the applied field, then, 𝐻∗ depends on rg 

following a logarithmic law [21] 

𝐻∗ = 𝐻0 ln (1 +
𝑟𝑔

𝑟0
)                                                  (4.4). 

4.5 The irreversibility field  
 

  In the case of elementary superconductors, like Nb nanoparticles, the irreversibility field 

Hirr  decreases with rg (Hirr was defined in chapter 3). However, this dependence has irregularities 

for some small values of size, in which Hirr actually increases [22].  The study of Hirr  in HTS began 

in 1987, when Müller and his colleagues identify the irreversibility line of La2-xBaxCuO4 [23]. The 

effect of size on Hirr has been also reported; The irreversibility line of Bi2Sr2Ca2Cu3Ox/Ag was 

studied in tapes of small dimensions, and it was found that it changes following a power law 

dependence Hirr ~ rg
0.13; on the other hand, the properties of Hirr in bulk material and single 
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crystals was compared with no significant differences [24]. These examples clarify that the 

behavior of Hirr depends on each specific material. 

  This observation also indicates that the critical current density must depend on the 

particle size of the material. In MgB2 (C-doped), which is the conventional superconductor with 

the highest Tc (39K), and is also a type II superconductor, it was found that Hirr increases as rg 

decreases, but this tendency is reversed if the particle size continues diminishing [17]. However, 

there is no much more information available in this regard, and the specific properties of the 

iron-based superconductor studied in this work (SmFeAsO1-xFx) are different from those of the  

materials mentioned above. For this reason, the dependence of Hirr(rg) is studied in this thesis.  

  When considering the simplest case (see Bean model, chapter 3), the irreversible 

magnetization does not show a dependence on rg. Nevertheless, the magnetic signal measured 

in VSM experiments of HTS shows a decrease with reduced particle size [25]. In an effort to 

explain this, some theoretical models suggest that the magnetization (M) depends on the particle 

size in materials where Jc depends on H (see Bean exponential model in chapter 3). In the case of 

HTS, like cuprates and iron-based superconductors, an exponential decay of Jc with the applied 

magnetic field H has been proposed. From these ideas result that M depens on H and rg 
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where 𝑀𝑖𝑟𝑟
+  and 𝑀𝑖𝑟𝑟

−  are the decreasing and increasing field branches of the hysteresis loop. 

The constant 𝑟0 is defined as:                                     𝑟0 =
10𝐻0

4𝜋𝐽0
                                                         (4.6) 

with H0 and J0 are constants that depend on the temperature [21]. This model fits particularly 

well with experimental magnetization curves when rg is reduced down to  the order of magnitude 

of λ. 

  The study of the relation between the upper critical field 𝐻𝑐2 and rg, is important in order 

to allow the technological uses of HTS. It is known that the upper critical field is inversely related 

to the coherence length (see chapter 2), as can be seen from the equation 

𝐻𝑐2 = 
𝛷0

2𝜋𝜉2
                                                                 (4.7).  

This result is true for many materials, like the elementary superconductors. Furthermore, as it 

has been mentioned before, the reduction of size entails a decrease of ξ. Then, it would be 

reasonable to conclude that the effect of reducing the particle size, is an increase of 𝐻𝑐2. 

However, the experimental observations refute this statement. On the contrary, 𝐻𝑐2 of type II 

superconductors tends to decrease as rg gets smaller. This has been observed in materials with 

important technological applications, like Nb3Sn [26, 27] and MgB2 [16].  
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  Nonetheless, this behavior has not been corroborated in structurally more complex 

materials, like layered cuprates or iron-based superconductors. In the particular case of 

SmFeAsO1-xFx, 𝐻𝑐2 reaches a value too high for a direct M-H measurement; it has been estimated 

that 𝐻𝑐2 must be in the range of 80-100 T for bulk material. Nothing has been said about 𝐻𝑐2as a 

function of 𝐻𝑐2(𝑟𝑔), this justifies important relation is studied in the present work.  

 

4.6 Critical current density  
 

  The critical current density Jc is the maximum current density that can flow across the 

sample without dissipation. It is determined fundamentally by the vortex-vortex interaction and 

by the flux pinning, defined as the interaction between the microstructure of the material with 

the magnetic vortex in the superconductor. In LTS, a smaller particle size provides a higher 

concentration of structural features that act as vortex pinning centers, resulting in an enhanced 

Jc [3,27]. Grain boundaries are the most common feature that favors a higher Jc, but also 

dislocations, micro-cracks, and other defects can behave as pinning centers.   

  These observations have been verified in LTS like NbTi, which was one of the first 

materials used to build superconducting magnets. In materials belonging to the A15 group, 

including V3Si, Nb3Sn, Nb3Ge, Cs3C60, and others, it is well known that the pinning force, and, in 

consequence, Jc are strongly influenced by rg. In the particular case of Nb3Sn, the total pinning 

force depends on particle size as Fpinning ~ (rg)-1 [27].  

  The discovery of HTS created the hope of superconducting cables with Tc above the boiling 

point of nitrogen. Nevertheless, the influence of grain boundaries on Jc of granular materials, like 

cuprates and iron-based superconductors, is contrary to the description given above; 

comparisons between Jc measurements performed on single crystals and polycrystalline samples, 

demonstrate that the latter values are many orders of magnitude smaller than those obtained 

for single crystals. This observation suggests that grain boundaries cause a large decrease of Jc in 

polycrystalline samples. 

  Hence, in polycrystalline HTS, the grain boundaries act as superconducting barriers 

between grains, negatively affecting superconductivity. So, the polycrystalline sample forms a 

chain of superconducting grains coupled by Josephson junctions, the so-called "weak link 

problem" [28-30]. Grain boundaries with pronounced misorientation angles, cannot form a 

continuous current path all across the sample, and do not contribute to the intergranular critical 

current density Jc. 

  As a result of the weak link problem, the strategy to enhance Jc in HTS is focused in trying 

to vanish the effect of Josephson junctions, by means of the manufacture of nearly single 

crystalline materials, in which the misorientations at the boundaries must be as small as possible 

[29,31]. 
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5 Experimental methods 
 

5.1 X-Ray diffraction and Bragg´s law 
 

  X-Rays were discovered by Wilhelm Röntgen in 1895 [1]. The name comes from their 

unknown nature at that time. The development of X-Ray diffraction motivated the study of Solid-

State Physics and the understanding of chemical bonding. The Coulombic force is used to produce 

X-Rays; A tungsten filament inside an evacuated tube is heated by a small AC voltage (5-15 V) to 

produce electrons. A second voltage (5-80 kV) between the filament and a metallic target (anode) 

accelerate the electrons, which hit the target, losing their kinetic energy almost instantly: Thus 

X-Ray radiation is emitted in all directions, with variable energies, depending on the number of 

collisions necessary to stop the electrons. The differences of energy are responsible for the 

continuous spectrum or Bremsstrahlung. 

  X-ray diffraction allows the study of the internal structure of matter. Diffraction occurs 

when waves scattering from an object and cause interference, constructive or destructive, with 

each other. The geometrical condition for X-Ray diffraction in real space was named Bragg´s law, 

to honor W.L. Bragg, who showed that crystallographic planes reflect X-Rays as mirrors causing 

the diffraction patterns. Now, be θ the incident angle of two parallel rays, and λ the wavelength 

of the incident X-Rays. The interplanar spacing d causes a difference of length in the path 

followed by the ray scattered by the first plane and the ray scattered by the second plane. As can 

be seen in Figure 5-1.a, the path length difference is 2d sin(θ). Constructive interference between 

diffracted X-Rays waves, occurs when the path difference is equal to a multiple of λ, and Bragg´s 

law is written  

2d sin θ = nλ,    n ϵ ℕ                                                       (5.1) 

In this way, Bragg´s law describes interference caused by the periodicity of the crystal lattice 

forms a diffraction pattern like the one shown in Figure 5-1.b.  

5.2 Scherrer´s equation 
 

  An important issue in nanoscience is to determine the size of the structures of interest. 

An X-Ray beam is formed by many rays with the same incident angle θB (Bragg´s angle), and 

others with angles of incidence slightly different from θB. Inside the crystal there will be planes 

that scatter the incident rays; the interference will be constructive for θB and partly destructive 

for other incident angles. This causes the broadening of the peaks in the diffraction pattern, as 

the crystallite size decreases. A more detailed explanation can be found in [2]. 
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Figure 5-1. Bragg´s law and X-Ray Diffraction pattern of SmFeAsO1-xFx. 

a) The successive crystallographic planes reflect X-Rays as mirrors, producing constructive interference in 

the diffracted rays. The incident and diffracted angle (θ) are the same, while the inter-planar distance is 

d. b) X-ray diffraction pattern of SmFeAsO0.91F0.09, produced with a source Cu-Kα1= 1.540598 Å.  

 
Figure 5-2. Scherrer´s law. Diffraction peak profile. 

Ideal case without broadening (green), where all the diffraction processes occur at exactly θB, and real 

case in black (from 2θ1-2θ2). Illustration was taken from [2]. 

Figure 5-2 shows the profile of an ideal (green line) and a real (black line) diffraction peak. The 

interval (2θ1, 2θ2) increases as the number of crystallographic planes decreases, with a 

corresponding increase in the width of the peaks in the diffraction pattern for smaller particles. 

Scherrer´s law is written 

𝑡 =  
𝑘 𝜆

𝐵 cosθ𝐵
                                                                  (5.2) 

where B is the Full Width at Half Maximum (FWHM) and 𝑘∼0.9 is a factor that accounts for the 

shape of the sample. Hence, Scherrer´s equation relates the average crystallite size t, with the 

broadening (FWHM) of the peaks in the diffraction pattern.  
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5.3 Scanning electron microscopy (SEM) 
 

  A scanning electron microscopy (SEM) has a high vacuum electron column. At the top is 

an electron gun that produces an electron beam, with the aid of an acceleration voltage. The 

beam is conducted across the column by a set of electromagnetic lenses, to a chamber where 

the sample is placed. The lenses also focus the electron beam over the sample (see Figure 5-3.a). 

Then, the scan coils deflect the electron beam with the purpose to scan the surface of the sample. 

The energy of the electrons (0- 30 keV) depends on the acceleration voltage, and determines the 

penetration of the beam (∼10-6 m) and the excitation volume in the sample. The resolution of 

the instrument is determined by the diameter of the beam (0.5-1 μm), the beam current (probe 

current ∼ 1 pA-1 μA), which measures the number of electrons that hit the sample in one second, 

the convergence angle of the beam´s tip 2α (0.001 -0.05 rad), and the work distance W (10-4-10-

2 m), see fig. 5-3.b. Beam interacts with the atoms of the sample to produce: Secondary electrons, 

created by inelastic scattering of beam´s electrons with the atoms of the sample. Characteristic 

X-Rays, created in the same way and gives information about the chemical elements present in 

the sample. Backscattered electrons (BSE) are beam electrons scattered by the sample, with 

energy similar to their incident energy. SEM, images are formed mainly by secondary electrons, 

but it is also possible to interpret the BSE signal to form an image of the surface of the sample. 

The highest magnification in SEM is around 200,000X and its best resolution is around 1 nm.   

 

 
Figure 5-3. Diagram of a Scanning Electron Microscope (SEM). 

a) Diagram of a SEM. b) Detail of the electron beam´s tip, the work distance (W), and the 

convergence angle of the electron beam over the sample. 
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5.4 Vibrating Sample Magnetometer (VSM) 
 

  A vibrating sample magnetometer (VSM) allows the measurement of the magnetic 

moment of the sample. It was invented independently in 1956, by G.W. Van Oosterhout [3] and 

S. Foner [4]. It is the basic instrument used to characterize the magnetic properties of 

superconductors. The physical principle behind the VSM is Faraday´s law. The sample is carefully 

centered between a pair of pickup coils. These coils are mounted on the poles of an 

electromagnet (see Figure 5-4.a) that generates a uniform magnetic field H. For superconducting 

characterization, the described experimental arrangement is set inside a helium cryostat fitted 

between the magnet poles. The measurement of the magnetic moment is performed by 

oscillating the magnetized sample between the detection coils. This induces a change in the 

magnetic flux through the coils, generating a voltage (𝑉𝑉𝑆𝑀) on them. According to Faraday´s law: 

𝑉𝑉𝑆𝑀 = 𝑛𝑐  𝑛𝑤  ∬
𝜕𝐵

𝜕𝑡
 𝑑𝐴                                           (5.3)  

where nc is the number of detecting coils, nw is the number of loops in each coil, A is the area 

enclosed by a single loop and B is the magnetic induction in the sample. This voltage signal is 

proportional to the magnetic dipole moment of the sample, and also to the vibration amplitude 

and frequency of the sample. Usually, the electromagnet is capable to generate very strong 

magnetic fields, whereby superconducting magnets are used. A VSM is well suited for 

measurements on magnetically hard or semi-hard materials, allowing the study of hysteresis 

cycles. The instrument used in this work has a sensitivity <10-6 emu. Thus, it allows performing 

measurements on soft magnetic materials also. The helium cryostat is capable to manage 

temperatures from 1.8 to 400 K, facilitating the study of superconducting samples.  

 
Figure 5-4. VSM diagram and hysteresis cycle. 

a) Detail of the experimental mounting of a sample in a VSM. b) Hysteresis loop of a sample of 

SmFeAsO0.91F0.09, measured with a VSM in the Physics Department, CINVESTAV. 
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   The Figure 5-4.b shows a magnetic hysteresis loop, measured from a randomly oriented 

powder sample of SmFeAsO0.91F0.09. The X-axis corresponds to the applied magnetic field (H), 

while the Y-axis represents the magnetization of the sample (M). It can be appreciated that for 

T>Tc, the magnetization of the sample is ferromagnetic, and in consequence, superconductivity 

is absent.  
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6 Experimental results and discussion 
 

  The iron-based superconductors (IBSC) were discovered in 20086 by Hosono et al [1]. At 
that time it was a surprise, because it was supposed that iron atoms would prevent 
superconductivity. IBSC are non-conventional superconductors, which means that the coupling 
mechanism of Copper pairs, is not explained by the BCS theory. For this reason, the study of IBSC 
is of great scientific interest. Moreover, these type II superconducting materials have attracted 
attention, due to its high critical temperature up to 58.1 K [3], and high upper critical field (𝐻𝑐2), 
which has been estimated to be over 80 T [4,5]. However, other characteristics like material 
anisotropy and a strong pinning potential make this material a candidate for technological 
applications.  
 
  The chemical compound SmFeAsO1-xFx, is part of the IBSC family REFeAsOF (with RE=Rare 
Earth), also known as 1111-type superconductors, due to the chemical composition of the parent 
compound SmFeAsOF (without doping). This work is focused on its superconducting properties 
and how they evolve as the particle size (rg) is reduced. With this purpose, polycrystalline samples 
of SmFeAsO1-xFx were synthesized7 by a one-step solid-state reaction. Phase identification was 
carried out by using X-Ray diffraction (XRD), confirming SmFeAsO1-xOx as the main phase with 
very small traces of SmAs and SmOF.  
 
  Later, the sample was divided in different pieces. These were manually ground for 
different periods of time, with the purpose to obtain a set of samples of the same material, but 
with different particle sizes. The particle size of each sample was determined by microstructural 
observations, realized on a Jeol 7401 microscope (SEM). The dependence of DC electrical 
resistance on the temperature was measured for the sample with rg = 1680 nm, by the four-probe 
method, on a Quantum Design PPMS Dynacool equipment, in the range 3-100 K. In this way, a Tc 
of around 56.1 K was found.  
 
  The characterization of the magnetic properties of the complete set of samples was 
performed in a vibrating sample magnetometer (Quantum Design PPMS Dynacool). 
Magnetization vs. Temperature (M-T) curves were obtained for different applied magnetic fields. 
Also, Magnetization vs. Applied Magnetic Field (M-H) measurements were done for different 
temperatures. By analyzing these data, it was possible to study as a function of rg, the changes in 
the main properties of the superconducting state: lower critical field (𝐻𝑐1), full penetration field 
(𝐻∗), Meissner state, penetration depth (λ) and coherence length (ξ), irreversibility field (Hirr), 
upper critical field (𝐻𝑐2), decoupling critical current density (JD), intragranular critical current 
density (Jintra) and intergranular critical current density (Jc). 
 
                                                           
6 The same scientific group published about an iron-based superconductor in 2006 [2], but it is generally accepted 
the year 2008 as the date of discovery for these kind of materials. 
7 The superconducting samples were elaborated in the Physics Department of CINVESTAV Zacatenco. 
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6.1 Synthesis of SmFeAsO1-xFx  
 

  Polycrystalline samples of SmFeAsO0.91F0.09 were synthesized by a one-step solid-state 
reaction [5]. The chemical precursors were: Fe2O3, SmF3, Fe and Sm in the form of powders. The 
quantities of each species were set to a stoichiometric ratio8 of 1:1:1:1 for Sm, Fe, As, and O. The 
used amounts of oxygen and fluorine must add 1 mole. An additional reduction of oxygen was 
considered because of the ineluctable oxidative process of all the chemical precursors due to the 
oxygen present in the atmosphere. All these starting materials were mixed by manual grinding, 
inside a glove box filled with highly pure argon atmosphere (99.999 % purity), by using a pestle 
and a mortar made of agate, during a hundred minutes. Later, the powder thus produced was 
compressed under 10 Ton with the help of a hydraulic press, to form pellets. These pellets were 
covered with an envelope of tantalum and evacuated inside a quartz ampoule. Pellets inside the 
sealed ampoule were heated to 500 °C for 12 hours and 950 °C for 48 hours. After the synthesis 
process, the furnace was allowed to cool in a natural way9. The pellets obtained can be seen in 
Fig. 6-1. Afterward, pellets were divided into different pieces, each of them was ground for a 
specific period of time with the purpose to obtain samples with different particle sizes. 
 

 
Figure 6-1. Pellets of SmFeAsO0.91F0.09. 

 
 

6.2 Phase identification  
 

  Phase identification was carried out by using X-Ray diffraction (XRD) on a Rigaku Smart 
Lab Diffractometer10, equipped with a copper tube of Kα radiation λXRD = 1.5406 Å. The diffraction 
pattern of a sample synthesized in the Physics Department of CINVESTAV Zacatenco is presented 
in Fig. 6-2. This sample was elaborated with a nominal composition of fluorine of 0.2; however, 

                                                           
8 For a detail view of calculations see appendix D.  
9 Some illustrations of the process can be seen in appendix E 
10 Phase identification was carried out in the Physics Department, CINVESTAV Zacatenco. 
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due to evaporation, the quantity present in the final compound is lower. In spite of the presence 
of small traces of other phases, SmAs and SmOF, this is a high-quality material to realize this 
study. The data obtained from the X-Ray diffractometer was analyzed with the Match! v3.4 
(Demo version).  
 
  The phase identification of the complete set of samples with different particle size was 
realized in a diffractometer Bruker D8 Advance Eco Diffractometer11 equipped with a similar 
copper tube (Kα1). The experimental diffraction patterns of the samples with different particle 
sizes are shown in Fig. 6-3.  The diffraction patterns of two similar samples of SmFeAsO1-xFx with 
different fluorine contents, show a small shift in the position of the main peaks [6, 7]. As can be 
seen in figure, no clear shift in the positions of any of the peaks is detected in the diffraction 
patterns of the samples here studied; this is an indication that the manual grinding done after 
the sintering process does not produce a change in the fluorine content of the samples. 
Therefore, any change in the superconducting properties of the material is caused by the 
decrease of the particle size. Figure 6-3 indicates a broadening of the peaks of the diffraction 
pattern (this can be clearly seen in the main peaks) as the particle size goes to smaller values, this 
is due to a decrease in the crystallite size of the sample. However, there is no clear shift in the 
positions of any of the peaks in the diffraction patterns, this point is discussed in more detail in 
section 6.4. 
 

 
Figure 6-2. Diffraction pattern of SmFeAsO1-xFx. 

Diffraction pattern of SmFeAsO1-xFx obtained from a sample selected to realize the study. The main peak 
is identified with the Miller indices (102). In the region 25° < 2θ < 30°, there are two small peaks related 

with small traces of SmAs (°) and SmOF (*). 

 

                                                           
11 This study was carried out in the Chemistry Department, CINVESTAV Zacatenco. 
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Figure 6-3. Experimental X-Ray diffraction patterns. 

Samples with rg of: a) 1680 nm, b) 550 nm, c) 470 nm, d) 405 nm, e) 345 nm and f) 220 nm. There is no 
clear shift in the positions of any of the peaks in the diffraction patterns. 

 
 
  In Table 1, the crystallite sizes are reported for all samples. These were calculated with 
Match! v3.4 (Demo version), and a reference pattern from LaB6 was used. However, it is 
important to say that the crystallite size no necessarily correlates with the particle size in our 
samples, and the present work is focused on changes produced by the particle size. 
 

 

Particle size (rg) 
nm 

Standard deviation of rg  
(σ nm) 

Crystallite size 
nm 

1680 215 116 

550 77 100 

470 53 58 

405 54 52 

345 41 49 

220 30 -- 
Table 1. Particle size and Crystallite size of different samples. 

The values of rg and the crystallite size do not match: The particle size defines the effective size of the 

sample, while the crystallite size is related with the broadening of the peaks (2θ ∼ 31°) observed in the 

diffraction patterns of Fig. 6-2. Most of the times rg > crystallite size. 
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  The sample with particle size rg=220 nm was not available at the time of the study. 
However, the significant broadening of the main peak in Fig. 6-3.f as compared  to Fig. 6-3.e 
indicates that the crystallite size of this sample must be smaller than the 49 nm of the sample 
with rg=345 nm. The values of both columns do not math: The particle size defines the effective 
size of the sample. It can be related with the fundamental parameters of superconductivity, like 
the penetration depth and the coherence length. On the other side, the crystallite size is related 
with the broadening of the main peak (2θ ∼ 31°) observed in the diffraction patterns of Fig. 6-3. 
 
 

6.3 Micro-structural analysis and average particle size 
 

  With the purpose to determine the average particle size (rg diameter) of each sample after 

different grinding times, many micrographs of each sample were taken (see Fig. 6-4). The images 

were gridded in a similar way as Fig. 6-4.e. By gridding the micrographs, it is easier to keep track 

of which ones have already been measured, and thus avoid measuring the same particle twice. 

The diameter was measured as the distance between two edges of the particle, as indicated by 

the small orange lines in Fig. 6-4.e. The particles are considered as spheres. In the case of 

elongated particles, the size was taken the length. There are some theoretical works that support 

the spherical approximation [8,9]. Micrographs were taken in a microscope model Jeol 7401 

(SEM), while the diameter of the particles was measured with the aid of the software ImageJ 

v1.51. It was found that the distribution of particle size is approximately normal (see Fig. 6-4).  

  The average particle size rg of each sample was determined as the mode of its particle size 

distribution (a hundred measurements for each sample); as can be seen in Fig. 6-5, rg matches 

the peak´s position of the normal distribution (in blue) superimposed on the particle size 

distribution, for the sample with rg= 220 nm. The experimental values of rg and the related 

standard deviation (σ) are given in Table 1 (see section 6.2). 

  On the other side, the micrographs of Fig. 6-4 clearly show that as the grinding time 

increases, the particle size decreases. The microstructure of the as-sintered sample is shown in 

Fig. 6-4.a. It consists of a distribution of blocks composed by coalesced grains. rg of this sample is 

1680 nm. A grinding of 5 minutes produced a sample with separated grains of heterogeneous 

shapes and sizes, as can be seen in Fig. 6-4.b. The average particle size is rg= 550 nm in this case. 

Fig. 6-4.c  shows the sample with 30 minutes of grinding, in which the particles (grains) are smaller 

and more homogeneous size, with rg= 345 nm. Figure 6-4.d shows a sample with 90 minutes of 

grinding, with rg= 220 nm. The samples with 10 and 20 minutes of grinding time have particles 

with rg= 470 and 405 nm, respectively. Figure 6-4.e is a gridded amplification of (d).  



6 Experimental results and discussion 

60 
 

 
Figure 6-4. SEM micrographs. 

Micrographs of the complete set of samples. (a) Sample not ground to reduce its particle size (rg=1680 

nm). (b) Sample with grinding of 5 min, rg=550 nm. (c) Sample with a grinding of 30 min, rg=345 nm. (d) 

Sample with a grinding of 90 min, rg=220 nm. A decrease in particle size with increasing grinding time 

can be appreciated. (e) Gridded amplification of (d). It was used to ease the measurement of the particle 

sizes. 
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Figure 6-5. Histogram of the particle size distribution. 

Sample with 90 minutes of grinding. It can be seen that the particle size distribution can be 

approximated by a normal distribution. The similarity between the experimental and theoretical 

distribution (blue line) is evident. 

  The accepted value of λ, at T=0 K, for SmFeAsO1-xFx, is around 205 nm [10, 11], so the 
samples with the smallest rg have a size which is close to the magnitude of the penetration depth, 
or, at least, they have the same order of magnitude. It is expected that significant changes occur 
in the properties of the superconducting state of bulk materials, when rg tends to the 
characteristic lengths of a superconductor, λ and ξ, or when this size is even smaller.   
 
 

6.4 Fluorine concentration 
 

  The as-sintered sample has a nominal content of fluorine of x=0.2, so this material should 

have a formula: SmFeAsO0.8F0.2. However, during the thermal treatment of the sintering process, 

the low pressure inside the quartz tube and the high temperatures applied, favor the evaporation 

of fluorine. Hence, it is expected that the actual amount of fluorine in the final compound is lower 

than x=0.2. The overlapping between the characteristic x-ray lines for Fe (Lα1=0.705 keV) and F 

(Kα1=0.677 keV) makes difficult to realize a quantitative analysis of the fluorine content by means 

of energy dispersive X-Ray spectroscopy (EDS). Then, the actual fluorine content of the sample 

was determined by comparison of the experimental Tc value with the Tc-x phase diagram of 

samples synthesized in a similar way [12]. This gave a fluorine content of x=0.09, which is close 

to the optimal doping for the superconductivity in this material.  

  The fluorine content after grinding was verified. The position of the main peak of each 

sample can be found in Table 2. These peaks do not show a systematic shift with grinding time 

(see Fig. 6-6), which would be indicative of a loss of fluorine; instead, the position is randomly 
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shifted by less than 0.06 in 2θ. Then, it can be concluded that the fluorine content of the sample 

is not affected by the smooth grinding applied to reduce the size.  

 

Particle size (rg) 
nm 

Position of the main peak 
(°) 

1680 31.19 

550 31.12 

470 31.14 

405 31.16 

345 31.14 

220 31.24 
Table 2. Position of the main peak of the diffraction pattern. 

The shift of the position of the main peaks is inconsistent with a gradual loss of fluoride due to grinding. 

 

 
Figure 6-6. X-Ray diffraction patterns for three different particle sizes. 

(a) rg=1680 nm. Peak centered at 31.19°. (b) 550 nm. Peak at 31.12°. (c) 470 nm. Peak at 31.14°.  (d) 405 
nm. 31.16°. (e) 345 nm. Peak at 31.14°. (c) 220 nm. Peak at 31.24°. The shift of the position of the main 

peaks is inconsistent with a gradual loss of fluoride due to grinding. 
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6.5 Electrical properties 
 

  The electrical resistance was measured over a range of temperatures, from 3 to 300 K 

(appendix E has some pictures about it). This experiment was performed only in the sample that 

was not ground to reduce its particle size (rg = 1680 nm, as-sintered sample); because the 

powders compressed into pellets, do not allow reliable measurement of the electrical resistance. 

This is due to the defective electrical contact between the grains in the compressed sample.  

  The iron-based superconductors are one of the two main families of compounds that 

exhibit High-Tc superconductivity, similar to the cooper based superconductors, they are 

characterized by a layered crystal structure. However, the parent compounds of cuprates are 

Mott insulators, while in the iron-based superconductors, parent compounds are metals. Fig. 6-

7 shows the electrical resistance as a function of the temperature, for the as-sintered sample of 

SmFeAsO0.91F0.09. As can be seen, for the region above Tc, the resistances decrease with 

temperature, following a linear tendency, which is characteristic of High-Tc superconductors. The 

onset of the superconducting phase transition is indicated by the abrupt fall to zero, of the 

electrical resistance at Tc
onset = 56.1 K. The ΔTc transition width (90-10%) is 2 K.   

 

 
Figure 6-7. Resistance vs. Temperature graph. 

Sample of SmFeAsO0.91F0.09 (rg = 1680 nm). The arrow points to the onset of the superconducting 

transition at Tc
onset = 56.1 K. The resistance decreases with temperature, following a metallic behavior. 

The inset is focused on the low temperature region, The ΔTc transition width (90-10%) is 2 K.  
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6.6 Effect of the particle size on the magnetic properties of SmFeAsO1-xFx 
 

  The main purpose of this work is to analyze the changes in the magnetic properties of the 

superconducting state of SmFeAsO0.91F0.09, when rg is reduced. Then, it is necessary to explain 

briefly the effect of the magnetic field in the superconducting state. The measurements were 

performed in the Physics Department, CINVESTAV Zacatenco. In pursuance of isolating the 

diamagnetic part of the measurement, the ferromagnetic contribution was subtracted from the 

corresponding graphs measured under Tc. The detail procedure is explained in appendix F. Also, 

appendix E includes some pictures of the experimental procedure followed to perform the 

magnetic measurements. 

 

6.6.1 Experimental Magnetization vs. Temperature curves 
 

  The Magnetization vs. Temperature (M-T) curves were produced from polycrystalline 

samples of SmFeAsO0.91F0.09, under a low applied magnetic field of 100 Oe. The curves for each 

sample of different rg are shown in Fig. 6-8.a. The superconducting nature of the samples is 

revealed by the diamagnetic behavior of the curves. It can be seen that the signal weakens as rg 

decreases, in agreement with previous experimental and theoretical works [8,13]. As a matter of 

fact, when rg has the same order of magnitude of λ, a strong suppression of M is observed, 

according to the already known scaling formula [13] (see also eq. 4.3): 

M ~ (R/λ)2                                                                                                   (6.1)  

where R is the radius of the particles in the sample. The inset in Fig. 6-8.a shows that there is no 

appreciable variation in Tc, which in some way, confirms the invariance in the fluorine content of 

the samples ground  to reduce the particle size. Fig. 6-8.b shows the M-T curves for the as-

sintered sample, measured at H=100 and 1000 Oe. The granular character of the sample is 

revealed by the presence of two transitions. The first one is observed around 19 K, and is called 

the intergranular transition. It corresponds to the presence of Josephson junctions that couple 

the individual grains in the sample. It is considered that for temperatures ~20 K or above, the 

grains in the sample of SmFeAsO0.91F0.09 are decoupled, and the magnetic signal measured by the 

VSM corresponds to the sum of the individual magnetic responses, coming from each particle in 

the sample. 

  The transition observed around 56 K is called intragranular (see chapter 4.1), and is 

determined as the temperature at which the magnetization falls to negative values, and the 

material becomes diamagnetic. It corresponds to the transition of the individual superconducting 

grains, from the normal state into the superconducting state [14-16]. The Intragranular transition 

determines the critical temperature of the material, usually reported in books and journals as Tc. 

In Fig. 6-8.b, it can be seen that the magnetic signal becomes diamagnetic around 58.8 K. 

However, the critical temperature of the material must be verified also by R-T measurements. 
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6.6.2 Magnetization vs. Magnetic field curves 
 

  Isothermal magnetization was measured in the four quadrants (a complete hysteresis 

cycle) to study the hysteresis cycle (M-T curves). It was done for the complete set of samples for 

various ranges of applied magnetic field (H) and at different temperatures (T). The complete 

hysteresis loop can be divided in regions; for example, the first quadrant of the loop is called 

virgin magnetization region, and gives information about the Meissner state, 𝐻𝑐1 and 𝐻∗. 

However, the loop also allows to determine Hirr and gives information to determine 𝐻𝑐2, ξ, λ, JD, 

Jintra and Jc. 

 
Figure 6-8.  Magnetization vs. Temperature curves, for different particle sizes. 

(a) Applied field H=100 Oe. From the bottom up Black-particle size of 1680 nm, green-550 nm, blue-470 
nm, red-405nm, dark green-345 nm, orange-220 nm. The inset is focused around Tc, the variation of Tc is 

small. (b)  Particle size of 1680 nm. H=100 Oe (black), there is a simple transition around 58 K 
(intragranular). In blue, the same sample with H=1000 Oe, a second transition appears around 19 K 

(intergranular). For temperatures above the intergranular transition (~19 K) the grains in the sample are 
decoupled. 
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6.6.3 Virgin magnetization, lower critical field and full penetration field 
 

  Virgin magnetization or initial magnetization, is defined as the magnetization region for 
which the sample has not been previously exposed to a magnetic field, and under the condition 
that H < 𝐻∗, where 𝐻∗ is the full penetration field [8] (see chapter 3.7). 𝐻∗ is defined as the 
magnitude of the applied magnetic field, when it reaches the center of the sample.  
 
  Figure 6-9 shows the virgin magnetization curves in the range of 0-0.5 T, taken at 20 K. It 
starts with a linear dependence at low fields, that later bends to the X-axis, for higer values of 
applied field. The minimum of this curve corresponds to the maximum of magnetization (in 
absolute value), and is related to 𝐻∗. As observed, the graph shows a minimum indicating a strong 
field dependence on Jc, which is usually described by a modified Bean model as in the cuprates 
[17, 18]. It is important to observe how the magnitude of M tends to zero, as rg goes to zero too. 
 

 
Figure 6-9. M vs. H. Virgin magnetization. 

Applied field H= 0 → 0.5 T. From the bottom up: Black, particle size of 1680 nm; green,550 nm; blue, 470 
nm; red, 405 nm; dark green, 345 nm; orange, 220 nm. The curves were taken at 20 K, so it is expected 

that the measured signal corresponds to intragranular magnetization. M decreases with rg, as does the 
minimum of M, which is related to H*. 

 
  As usual, the magnitude of 𝐻𝑐1 was measured as the end of the linear trace in these curves 
[10]. With this purpose, in the region of the virgin magnetization around the origin the value of 
𝐻𝑐1 was determined carefully (see Fig. 6-10) as the point where the linear tendency (blue line) 
leaves the experimental points. The 𝐻𝑐1 values for each rg are reported in Table 3. As can be seen, 
the value of 𝐻𝑐1 diminishes for shorter values of rg, and in fact, 𝐻𝑐1 scales with rg

2. This is in 
agreement with the well-known calculation of the size dependence of the diamagnetic 
susceptibility, within the framework of the Ginzburg-Landau theory [19, 20], which predicts that, 
under weak fields, the susceptibility changes with the particle size as 
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 𝜒 =
𝑟𝑔
2

4𝜋∗10𝜆2(𝑇)
                                                               (6.2) 

 
This quadratic dependence is explained as follows: in the Meissner state, the surface currents 
prevent the entry of the magnetic field (vortices) inside the bulk of the superconductor. As rg gets 
smaller, the superficial area in which surface currents flow also decreases, facilitating the 
entrance of magnetic vortices. Thus, 𝐻𝑐1 can be reached for lower values of applied magnetic 
field. This behavior can be observed in Fig. 6-11.  
 
 

 
Figure 6-10. Experimental Hc1. 

M-H curves in the Virgin magnetization region and low H. The point where linear tendency (blue line) 
leaves the experimental points is considered the experimental value of Hc1. (a) rg=220 nm. (b) rg=345 nm. 

(c) rg=405 nm. (d) rg=470 nm. (e) rg=550 nm. (f) rg=1680 nm. 
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Particle size (rg) 
nm 

𝐻𝑐1 
Oe 

𝐻∗ 
Oe 

1680 395 1570 

550 130 1190 

470 85 910 

405 70 835 

345 55 780 

220 30 510 

Table 3.Lower critical field and full penetration field. 
SmFeAsO0.91F0.09 samples. Temperature=20 K. The average particle size (rg) was estimated from SEM 

micrographs. The lower critical field (Hc1) and the full penetration field (H*) were measured directly from 

the virgin magnetization region. 

 

 
Figure 6-11. Lower critical field (Hc1) vs rg.  

The particle size dependence of Hc1 exhibist a power law behavior. Experimental points are adjusted 
(blue line) to a quadratic power law: Hc1 ~ rg

2. The lines in orange indicate the confidence interval for 
each particle size rg. 

 
The virgin magnetization region ends when the applied magnetic field reaches the full 
penetration field (𝐻∗). At this point, the magnetic vortices have invaded the whole sample. If the 
applied field increases, the density of vortices will increase, and at the same time, the volume of 
the sample that remains superconducting (not invaded by vortices) will decrease. As a 
consequence, the absolute value of the magnetization will decay as H increases over 𝐻∗. For this 
reason, the minimum in the virgin magnetization curve is correlated with 𝐻∗. The values of 𝐻∗ 
are reported in Table 3 for the complete set of samples with different rg.  The magnitude of 𝐻∗ 
goes to lower values as rg tends to zero. For the case of the cuprates superconductors, some 
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theoretical works have shown that when the volumetric currents decrease exponentially with 
the applied field, 𝐻∗ depends on the particle size following a logarithmic law [21] 
 

𝐻∗ = ln (1 +
𝑟𝑔

𝑟0
)                                                       (6.3) 

 
For SmFeAsO1-xFx, the variation of 𝐻∗ related to rg also follows a logarithmic law (see Fig. 6-12). 
The experimental data fit (6.3) well; Thus, the behavior in iron-based superconductors is similar 
to that found in the cuprates. 

 

 
Figure 6-12. Full penetration field (H*) vs. rg. 

Temperature=20 K. Experimental data are adjusted to [21]: 𝐻∗ = 𝐻0𝑙𝑛(1 +
𝑟𝑔

𝑟0
). The blue line was 

calculated with H0=709.97 Oe and r0=178 nm.  
 

6.6.4 Anisotropy and particle size distribution 
 

  It is important to clarify that the material studied in the present work is a randomly 
oriented powder, so that, the experimental magnetic measurements present an averaging effect 
over different crystallographic directions. For this reason, the values of 𝐻𝑐1 and 𝐻∗, obtained 

from these measurements, are approximately an average of 𝐻𝑐1
𝑐  and 𝐻𝑐1

𝑎𝑏 or 𝐻𝑐
∗ and 𝐻𝑎𝑏

∗ , 
respectively; but for smaller particles, the magnetic response associated to the currents in the ab 
planes  (SmFeAsO has an orthorhombic crystalline structure, which changes to tetragonal by 
including fluorine [3]) should dominate [22].  
 
  The influence of the particle size distribution on the magnetic response has been studied 
in polycrystalline superconducting samples with a platykurtic size distribution. The diamagnetic 
signal from a few bigger particles dominates the signal over the rest of small particles [19,23]. 
Moreover, we have shown that 𝐻𝑐1 ~ rg

2. Then, we should expect that bigger particles have a 
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higher 𝐻𝑐1. As a result, the 𝐻𝑐1 determined from a sample with a platykurtic particle size 
distribution will be more representative of the bigger particles than of the smaller ones. In the 
present case, as can be observed in Fig. 6-5, long grinding times make the particle size more 
homogeneous, for this reason, the experimental values of 𝐻𝑐1 should not be so affected by the 
particle size distribution, except for the sample with an average size of rg = 550 nm, where the 
presence of particles bigger than the average are present. A similar behavior is expected for 𝐻∗. 
 
 

6.6.5 Effective coherence length 
 

  Different methods have been employed to determine the basic microscopic 
superconductor parameters [10, 24]. However, for the specific case of powder samples, it is not 
possible to use the Werthamer-Helfand-Hohenberg approximation (WHH), to calculate the upper 
critical field 𝐻𝑐2, and the magnitude of ξ from electrical measurements. This is due to the 
defective electrical contacts between the grains that form the sample. For this reason, another 
method is proposed to determine the effective coherence length (ξeff) for the set of samples with 
different rg values. 
 
  The experimental values obtained for 𝐻𝑐1 were used to calculate the effective coherence 
length (ξeff) for each rg as follows: The effective penetration depth in a type II superconductor is 
related to the effective coherence length by means of the relation  
 

                                                                 𝜆𝑒𝑓𝑓 = 𝜆√
𝜉0

𝜉𝑒𝑓𝑓
                                                       (4.2) 

 
The Ginzburg-Landau theory for superconductivity defines 𝐻𝑐1 in terms of λeff through the 

equation [25, 26]: 

                 𝐻𝑐1 = (
𝛷0

4𝜋𝜆𝑒𝑓𝑓
2 ) [ln (

𝜆𝑒𝑓𝑓

𝜉0
)  +  0.5]                      (6.4) 

By substituting eq. (4.2) into (6.4), 𝐻𝑐1 can be expressed in terms of ξeff 

𝐻𝑐1 =
𝛷0

4𝜋𝜆2
𝜉0
𝜉𝑒𝑓𝑓

 [ln (
𝜆

(  𝜉0 𝜉𝑒𝑓𝑓)
1/2) + 0.5]                               (6.5) 

This new equation can be reordered in an expression for ξeff =ξeff (𝐻𝑐1, 𝜉0, λ). The experimental 

values of 𝐻𝑐1for each rg, together with the known values for ξ0 and λ can be used to solve 

numerically ξeff for each rg. In these calculations, the constant values used are 𝛷0 = 2.0678 x 10-7 

gauss cm2, λ= 220 nm [10] and ξ0= 2.5 nm [10,11]. The calculated values for ξeff are shown in 

Table 4. It can be observed that ξeff gets shorter as the particle size diminishes and the calculated 

values are in the accepted range [27, 28].   
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  There is not a clear interpretation for the reduction of ξeff as the particle size decreases. 

Even in the case of Type I superconductors, evidence has been found suggesting that for the case 

of small size superconductors, ξ depends not only on the grain size rg, but also on the density of 

states [29]. In the case of HTS, in the clean limit (as in SmFeAsO1-xFx), ξ < 𝑙, (with 𝑙 the electron 

mean-free path), the picture is even more uncertain. However, the quadratic dependence of 

ξeff on rg (see Table 4 and Fig. 6-13) agrees with the model proposed by Fiolhais and Birman [30], 

in which the decrease of ξ with rg, is related to the discretization of the energy levels at the  

nanoscale.  

 

Particle size (rg) 
nm 

𝐻𝑐1 
Oe 

𝐻∗ 
Oe 

ξeff 
nm 

Ground state energy (E1) 
meV 

1680 395 1570 ξ0=2.5 3.6 

550 130 1190 1.87 25.5 

470 85 910 1.17 21.9 

405 70 835 0.94 23.7 

345 55 780 0.72 25.0 

220 30 510 0.37 31.6 

Table 4. Effective coherence length (ξeff) and ground state energy (E1). 
SmFeAsO0.91F0.09 samples. Temperature=20 K. rg, 𝐻𝑐1 and 𝐻∗ are the same as in Table 3. The effective 

coherence length (ξeff) was calculated as of 𝐻𝑐1. In turn, E1 was calculated from ξeff values.  

  As in most nanoscale solid state systems, important quantum size effects arise in small 

superconductors. For type I superconductors, the energy spectrum changes from an initially 

continuous to a discrete energy spectrum. The quantum confinement of the wave vector leads 

to the appearance of discrete energy levels [31]. The same phenomenon is expected in type II 

superconductors, but in this case, it has been proposed that a scalar Higgs-like field is present in 

the superconducting region [32]. The fluctuations of this field are negligible except for small 

superconductors (rg = λ), where fluctuations between the superconductor walls originate a new 

ground state, leading to a discretization of the energy spectrum for particles in the mesoscopic 

scale. It is also expected that this new ground state increases over superconducting condensation 

energy. Following this idea, an expression for the ground state energy of a mesoscopic type II 

superconductor can be obtained [30]:  

                                                                    𝐸1 =
3√2𝜋2ħ𝑐𝜉

2𝑟𝑔
2                                                              (6.6) 

where c is the speed of light and ξ is the coherence length. From eq. (6.6), a quadratic 
dependence of ξ on rg can be inferred. Moreover, as mentioned before, the calculated values for 
ξeff follow this quadratic behavior, as can be seen in Fig. 6-13, and in the results of Table 4. This 
means that the present experimental results support the model proposed by Fiolhais et al [30]. 
Nevertheless, this must be valid only for small particles; for big enough particles, ξeff should reach 
its maximum value ξ0=2.5 nm. Taking ξ=ξeff in eq. (6.6), we can use the values of Table 4 and 



6 Experimental results and discussion 

72 
 

calculate the energy of the ground state E1 for each rg. The results are shown in Table 4. The value 
of E1 for rg = 1680 nm was estimated with ξeff =ξ0 =2.5 nm. As can be seen E1 increases for shorter 
values of rg between 470 to 220 nm (inset of Fig. 6-13), following a nearly linear tendency (blue 
line). 
 

 
Figure 6-13. Effective coherence length (ξeff)  vs. rg. 

The calculated values of ξeff follow a quadratic power law: ξeff ∼ rg
2 (blue line). The inset shows ground 

state energy (E1) vs. rg. There is a linear tendency for 220 .≤ rg ≤ 470 nm (blue line). 

 

6.6.6 Irreversibility field12 

 
  The irreversibility field (Hirr) introduced in chapter 3.7 points to the boundary between 
the vortex glass/liquid regions. Above Hirr, flux pinning vanishes and the magnetic vortices can 
move easily from one pinning center to another [33], the result being that the hysteresis loop 
closes. Then, Hirr can be determined as the point where the upper and lower branches join, and 
the loop becomes reversible [34-36]. For H ≥ Hirr, the electrical transport current presents 
dissipation and Jc drops. Therefore, Hirr limits the range of practical applications [37]; for 
example, the manufacture of high-magnetic field magnets requires superconducting materials 
with a high value of Hirr. On the other hand, Hirr depends on the flux pinning strength and the 
magnetic anisotropy of the material, but also on the thickness of the film or the average powder 
particle size of the sample [38, 40]. 
 
  Hirr was determined directly from the M-H experimental curves as the point where the 

hysteresis loop closes. Figure 6-14 illustrates the procedure for the sample with rg=1680 nm. The 

                                                           
12 For reasons of practicality, SI units are used in some cases in the sections related with vortex pinning. 
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compound SmFeAsO1-xFx has a very high value of 𝐻𝑐2(0); therefore, Hirr must be also high, so 

that the hysteresis loop was measured at T= 50 K and Hmax= 7 T, facilitating the observation of 

Hirr. This procedure was repeated for the complete set of samples.  In this way, the behavior of 

Hirr is studied as the particle size decreases from rg=1680 nm, down to when rg reaches the scale 

of the penetration depth (λ=220 nm). The results can be found in Table 5. The measured Hirr for 

the sample with larger particle size is similar to the accepted magnitudes for Hirr near Tc in this 

same material [40]. 

 
Figure 6-14. Determination of the irreversibility field Hirr. 

M-H curve of a sample of SmFeAsO0.91F0.09. rg= 1680 nm. -7 T ≤ H ≤ 7 T. The curve was measured at T= 50 

K, with the sample in the superconducting state. The arrow indicates the point where the hysteresis loop 

closes. 

 

Particle size (rg) 
nm 

Hirr 
(Oe) 

𝐻𝑐2(50 K) 
(T) 

𝐻𝑐2(O) 
(T) 

1680 15874 22 107 

550 12175 10.8 52.5 

470 9921 7 34 

405 9109 5.9 28.7 

345 8235 4.9 23.2 

220 7161 3.8 18.5 

Table 5. Irreversibility field (Hirr) and upper critical field (Hc2) 
SmFeAsO0.91F0.09 samples. The experimental values of Hirr were obtained by direct measurement from the 

M-H curves (T=50 K). 𝐻𝑐2(50 K) was calculated as of Hirr. In turn, 𝐻𝑐2(0) was estimated from 𝐻𝑐2(50 K) 
values. 
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  Figure 6-15 shows the graph of the experimental values obtained for Hirr
(3-2γ)/2 ≈ Hirr

1/3 vs. 

rg, with γ=1.165. As can be seen, the values of Hirr
1/3 for 220 ≤ rg ≤ 550 nm follow a decreasing 

linear tendency with rg. This is in agreement with the limit for small particles (correlation length 

L > rg) of the flux creep model proposed by Matsushita [38,41-43] 

                                                                         𝐻
𝑖𝑟𝑟

3−2𝛾

2 =
𝐾

𝑇
[1 − (

𝑇

𝑇𝑐
)
2

]𝑚                                                (6.7) 

with                                                                         𝐾 =
4.23𝑔2𝐴 𝑟𝑔

 𝜁 𝐿𝑛 (
𝐵𝑎𝑓𝜈0

𝐸𝑐
)
                                                       (6.8) 

where 𝑎𝑓 is the fluxoid spacing, 𝜈0 is the oscillation frequency of the flux bundle, ζ is a constant 

that depends on the type of the pinning center, 𝐸𝑐 is the electric field criterion, 𝑔 is a constant 

proportional to the anisotropy of the coherence length and the dimensionality of the sample, 𝑚 

is a numerical parameter related to the magnetic field dependence of the creep-free critical 

current density, and rg is the thickness of the thin film or the average diameter of the particles in 

the case of powder samples [38, 44]. A is a constant related with the dimensionality of the sample 

[45].   

  Then, the effect of reducing the particle size is a decrease in Hirr. As can be seen in Fig. 6-

15, for big enough particles that reach the pinning correlation length (like rg=1680 nm), the 

influence of flux creep is less relevant and the linear tendency decreases. Thus, Hirr
1/3 tends to its 

bulk value, and of course the same happens for Hirr. The dotted line is a guide to illustrate this 

point. The observed behavior can be explained by the collective flux creep theory: it establishes 

that vortex thermal activation is stronger in small particles [42], but is less relevant as the particle 

size increases. The inset shows Hirr vs. rg, for 220 ≤ rg ≤ 550 nm.  The irreversibility field follows 

a power law dependence on rg, in agreement with eqs. (6.7) and (6.8) (see inset of Fig. 6-15) 

raised to the third power.   

 

  The anisotropy of the material is also related with the strength of the vortex pinning. It 

has been observed that introducing nano-scale columnar defects, the anisotropy caused by the 

layered structure of the material is reduced, and the intergranular critical current density Jc 

increases, due a more intense magnetic vortex pinning [46,47].  
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Figure 6-15. Cubic root of the irreversibility field (Hirr 1/3) vs. rg.  

The experimental values of Hirr
(3-2γ)/2 ≈ Hirr1/3 for small particles (for 220 ≤ rg ≤ 550 nm) follow a 

decreasing linear tendency diminishing with rg (blue line). For big enough particles (rg=1680 nm), this 

tendency changes and Hirr1/3 reaches a saturation value (dotted line). The inset shows Hirr vs. rg, for 220 

≤ rg ≤ 550 nm. The irreversibility field follows a cubic power law, in agreement with eq. (6.7) and (6.8) 

raised to the cube.  The dotted lines are guides for the eyes. 

 
 

6.6.7 Upper critical field  
 

  An applied magnetic field destroys superconductivity by breaking the Cooper pairs in two 

different ways. One, via the orbital pair breaking effect, related with the Lorentz force acting on 

the charge of the paired electrons (Cooper pair) with opposite momenta. The second mechanism 

for destruction of superconductivity is the Pauli pair breaking mechanism, also known as 

spin/paramagnetic effect. It consists in the alignment of the spin singlet of Cooper pairs into a 

triplet, due to the applied magnetic field [48].  

  Early calculations of 𝐻𝑐2(0) were based on Werthamer-Helfand-Hohenberg 

approximation (WHH), and suggest values between 150-400 T  for 𝐻𝑐2(0) [14, 40, 49, 50], a huge 

critical field over the BCS paramagnetic limit. However, nowadays it is not possible to generate a 

magnetic field or magnetic pulses of that magnitude. Other estimations that consider the specific 

properties of IBSC predict a lower value around 100 T. 

  In the present work, 𝐻𝑐2 was calculated by numerical solution of a model based on the 

flux creep theory [38,51] 

                                                            𝐻
𝑖𝑟𝑟

3−2𝛾

2 = (
𝐾

𝑇
)
2

[1 − (
𝑇

𝑇𝑐
)
2

]
𝑚−𝛾

(1 −
𝐻𝑖𝑟𝑟

𝐻𝑐2
)𝛿                       (6.9).  
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This is actually the equation used to derive (6.7), but here the factor (1 −
𝐻𝑖𝑟𝑟

𝐻𝑐2
)𝛿 is preserved with 

the purpose to estimate 𝐻𝑐2. The variables have the same meaning as for eqs. 6.7 and 6.8. The 

numerical parameter δ is related to the magnetic field dependence of the creep-free critical 

current density. The value of K=355 is twice the value for a powder sample of SmFeAsO0.85 (with 

no fluorine atoms) [51], with the use of SI units. The values 𝑚=1.5 and 𝛿=2 are in accordance to 

the magnitudes used for other High-Tc layered superconductors [38]. The reduced temperature 

is 𝑡 =
𝑇

𝑇𝑐
=

50 𝐾

56.1 𝐾
= 0.89,  𝛾=1.165 and Hirr was taken from Table 5. 

  With the parameter values mentioned above, eq. (6.9) was solved. The result was 𝐻𝑐2(50 

K)= 22 T for the sample with rg=1680 nm. This result is close to the values obtained in [40] for 

temperatures near Tc  (with 𝑡≈0.95) for this same material. 𝐻𝑐2(0) was estimated by using the 

empirical temperature dependence of the upper critical field [51] 

                                                                       𝐻𝑐2(𝑇) =  𝐻𝑐2(0)[1 − (
𝑇

𝑇𝑐
)2]                                       (6.10)  

𝐻𝑐2(0) is shown in the inset of Fig. 6-16. 

  The procedure explained before was repeated for the complete set of samples. The 

results can be found in Table 5 and Figure 6-16. It can be seen that for rg ~ λ, 𝐻𝑐2(50 K) decreases 

following a power law of the form rg
3/2 (blue line), while for rg=1680 nm, 𝐻𝑐2 has reached its bulk 

value. A value of 𝐻𝑐2(0)= 107 T was estimated for the sample with largest particle size. This 

magnitude is in agreement with some studies made using intense magnetic pulses of up to 60 T 

[52], and in which the spin paramagnetic effect was taken in account [40]. The behavior of 𝐻𝑐2(0) 

is similar to  that observed in 𝐻𝑐2(50 K), see inset in Fig. 6-16. 

 

  The early calculations of 𝐻𝑐2(0) based on the WHH approximation fail in two points: they 

were based mainly on the orbital pair breaking effect, which dominates pair breaking of 

conventional superconductors, in spite of SmFeAsO1-xFx being an unconventional one. In the last 

case, the spin paramagnetic effect plays an important role in the destruction of the Cooper pairs 

[53].  In second place, the WHH approximation os based in a material in the dirty limit, with l < 

ξeff [54]. Nevertheless, due to the small size of ξeff, it is unlikely that SmFeAsO1-xFx can reach this 

last condition, and in consequence, the material is considered in the clean limit (l >> ξeff). The 

estimations of 𝐻𝑐2 made here are much lower than the ones proposed early after the discovery 

of IBSC. However, by the reasons exposed above, the values of 𝐻𝑐2(50 K) and 𝐻𝑐2(0), calculated 

here on the basis of the flux creep model, are proposed as a more accurate estimation. Moreover, 

the decrease in 𝐻𝑐2 is in accordance with the observed behavior of Hirr. 
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Figure 6-16. Calculated values of Hc2 vs. rg. 

Values of Hc2, estimated from Hirr experimental values measured at a temperature of 50 K. The inset 

shows the values of Hc2(0) estimated from Hc2. Magnetic fields are expressed in Tesla. 

   

6.6.8 Critical current density 
 

  In polycrystalline samples of IBSC, two critical current densities have to be considered: the 
intragranular critical current density (Jintra), that corresponds to the volume currents inside each 
single grain in the sample, and the intergranular current density Jc, which corresponds to the 
current that flows across the grains, over the whole sample [55,56]. Moreover, the depairing 
critical current density (JD) is defined as the highest current density that a superconductor can 
reach before the breaking of the Cooper pairs. In polycrystalline high temperature 
superconductors like SmFeAsO1-xFx, it has been noticed that Jc << Jintra < JD. 
 
  The decrease of Jc is caused mainly, by the presence of large misorientations contiguous 

grain, the weak-link problem [57-59]. Due to the very small ξ of IBSC, the boundaries between 

misoriented grains cause the suppression of the superconducting order parameter, and, as a 

result, the material is divided into grains coupled by weak Josephson junctions. The pinning of 

Josephson vortices at the boundary, is weaker than the one of Abrikosov´s vortices at the bulk. 

Then, the grains are decoupled for current densities much lower than Jintra [60]. Any attempt to 

enhance Jc, is done with the purpose to reach the upper bound given by Jintra.  

  Jintra was determined experimentally by measuring ΔM from M-H hysteresis loops, 

measured at T=20 K. This temperature and the high applied magnetic field (-5000 ≤ H ≤ 5000 Oe), 
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favors the rupture of the Josephson junctions between the grains of the sample.  Then, by using 

[61]  

Jintra =
30𝛥𝑀

𝑟𝑔
                                                             (6.11)  

where 𝛥𝑀 is the magnetization loop width [61], the relation Jintra vs. H was calculated. The 

results13 can be seen in Fig. 6-17. On the other side, Jc was determined in a similar way as Jintra, 

but the hysteresis loop was measured at 5 K, under a low applied magnetic field (-200 ≤ H ≤ 200 

Oe). Both conditions prevent the rupture of the Josephson junctions that couple the grains in the 

sample. The calculation gave Jc= 6.56x105 A∙m-2, for the sample with rg=1680 nm. Jc was not 

calculated for the other samples, since the milling process prevents reliable electrical 

measurements. JD was calculated in the framework of the Ginzburg-Landau theory [58] 

 JD=
𝛷0

3√3𝜋𝜇0𝜆𝑒𝑓𝑓
2 𝜉0

                                                     (6.12) 

with  𝛷0= 2.0678 x 10-15 Tesla m2, 𝜇0= 4π x 10-7 Wb (A m)-1, and ξ0=2.5 nm. λeff was calculated 

with eq. (6.4) and the values of ξeff were taken from Table 4. The complete set of results can be 

found in Table 6 and Figure 6-18. 

 

 
Figure 6-17. Experimental intragranular critical current density (Jintra). 

T= 20 K. The curve in black corresponds to rg=1680 nm, in green, 550 nm; in blue, 470 nm;  in red, 405 

nm; in dark green, 345 nm; and in orange, 220 nm. 

                                                           
13 Eq. 6.11 requires ΔM in emu∙cm-3, rg in cm, and gives Jintra in A∙cm-2. These units are in accordance with the scale 

of the experiments. However, the results are presented in SI units (A∙m-2). 



6 Experimental results and discussion 

79 
 

Particle size (rg) nm 𝜆𝑒𝑓𝑓 (nm) JD
  (1011 A∙m-2) 

1680 220 8.331 

550 254 6.250 

470 321 3.913 

405 358 3.146 

345 410 2.399 

220 572 1.232 
Table 6. Effective penetration depth (λeff) and depairing critical current density (JD). 

SmFeAsO0.91F0.09 samples. T=20 K. The values of λeff, were calculated from the estimated values of ξeff. In 

turn, λeff was used to calculted JD. 

 

The magnitudes obtained for Jintra and Jc are in accordance with the results of other works 

[56,63,64]. The same happens for the calculation of JD [47]. As can be seen in Fig. 6-17, in the 

region of low H appears a peak in the maximum of Jintra. This maximum value increases as rg → 0. 

Moreover, the maximum value shifts to lower values of H as rg → 0. As H further increases, Jintra 

falls to a magnitude common for all samples. This fall is sharper as rg decreases. Only in the case 

of rg ~ λ (220 and 345 nm), it is observed that Jintra falls below the value shown by the other 

samples.  

 
Figure 6-18. Calculated depairing critical current density (JD). 

T=20 K. rg ranges from bulk size (1680 nm) to the scale of λ (220 nm). For magnitudes of rg close to λ, JD 

follows a linear dependence, similar to that observed in Hirr. 

 
  Jintra is determined by the magnetic vortex pinning, and in the case of charged-doped IBSC, 
the critical current is composed by the sum of two components. Hence, the behavior described 
above can be explained by considering two different pinning mechanisms: strong pinning and 
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weak collective pinning. The contribution of each one to Jintra is determined by the intensity of the 
applied field. For low H, the interaction between vortices is negligible and Jintra can be considered 
independent of H. In this regimen, strong vortex pinning dominates. This mechanism is caused 
by large and disperse defects that function as pinning centers, and also by the coexistence of 
phases (several nm in size) with variations in the dopant-atom density across the material [65,66]. 

In the intermediate H regime, vortex-vortex interaction appears and then Jintra ∝ H. In this case, 
weak collective pinning dominates; it is caused by dopant atoms which acts as quasiparticle 
scatterers, also pinning the vortex lines due to local variations in the dopant-atom density [65,66].  
 
  Regarding JD, it is one (or two) order(s) of magnitude larger than Jintra (Fig. 6-17 and 6-18). 

JD decreases linearly with rg, for rg ~ λ, while for larger particles (rg=1680 nm) it reaches the bulk 

value. If figures 6-15 and 6-18 are compared, it is evident that Hirr1/3 and JD have a very similar 

behavior.  

  On the other hand, the calculated value for Jc is extremely low, but is in accordance with 

the observation that randomly oriented polycrystalline samples of SmFeAsO1-xFx, have the lowest 

Jc when compared to thin films or single crystals [56,64]. This low value is caused by the well-

known weak link problem associated with the granular nature of the material. Nevertheless, the 

compound SmFeAsO1-xFx has a low Jc anisotropy. Then, in contrast with cuprates, the fabrication 

of wires or tapes would not require texturing processes [67]. Moreover, SmFeAsO1-xFx has a 

strong pinning potential [68]. Both characteristics give a good potential for high magnetic field 

applications. A possible solution to improve intergranular vortex pinning and elevate Jc, is by 

reducing the anisotropy caused by the layered structure of SmFeAsO1-xFx, with the introduction 

of nano-scale columnar defects [47,48].  
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7 Conclusions 
 

  This work studies the effects that particle size reduction has on the superconducting 

properties of the iron-based superconductor SmFeAsO0.91F0.09. The thesis is focused on the 

behavior of the critical fields (𝐻𝑐1, 𝐻∗, Hirr , 𝐻𝑐2), the characteristic lengths (λ, ξeff) and the critical 

currents (Jc, Jintra, JD) of this material. Although at present it is not feasible to accurately control 

the particle size in these materials, it was possible to determine the behavior followed by the 

fundamental parameters mentioned above as the particle size was changed from 220 to 1680 

nm. The trends observed should be valid for any particle with a size between 220-600 nm, that 

is, for particles whose size is similar to the penetration length λ. 

  It was synthetized a polycrystalline powder sample with a Tc= 56.1 K. The milling did not 

affect the crystalline structure of the set of samples (220 ≤ rg ≤ 1680 nm); this fact was verified 

by XRD.  

 The magnetic characterization provides the experimental data in which the conclusions 

of this thesis are based. The granular nature of the samples was stablished by the presence of a 

second transition around T = 19 K, in the M-T curves. On the other side, the virgin magnetization 

region was studied in the M-H curves. It was found that 𝐻𝑐1, which limits the Meissner regime, 

exhibit a quadratic power law dependence on the particle size: 𝐻𝑐1 ~ rg
2. Moreover, 𝐻∗ that limits 

the virgin magnetization region follows a logarithmic law as a function of rg: 𝐻∗ = 𝐻0(1 +
𝑟𝑔

𝑟0
), 

with H0=709.97 Oe and r0=178 nm. Both experimental results are in agreement with some 

theoretical models of HTS. 

 
  The experimental values obtained for 𝐻𝑐1 were used to calculate the effective coherence 
length ξeff. This parameter gets shorter as the particle size diminishes, following a quadratic power 
law: ξeff ~ rg

2, taking values from 2.5 nm for the sample with rg = 1680 nm, to 0.37 nm for rg= 220 
nm. The quadratic dependence of ξeff  as a function of rg agrees with a recently proposed model 
for clean type II HTS, which affirms that in particles with the same scale as λ appears a new ground 
state (E1), leading to a discretization of the energy spectrum.  
 
  Hirr  was determined directly from M-H hysteresis loops, the values going from 15.8 to 7.1 
kOe, with decreasing rg. For particles whose size is similar to the penetration length λ (220 ≤ rg ≤ 
550 nm), Hirr diminishes linearly with rg, while for larger particle size (rg = 1680 nm) it reaches a 
saturation value. This behavior is well represented by the small particle limit of the flux creep 
model.  
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  The values of Hirr were used to estimate 𝐻𝑐2(0) (107 T for rg = 1680 nm), with the aid of 
the flux creep model. The values are much lower than the ones proposed early after the discovery 
of IBSC, but are in agreement with the experimental behavior of Hirr and the tendency observed 
in recent experimental studies. 
 
  Jintra(H) was calculated by measuring the width of the magnetization loop in the M-H 

curves. Two types of vortex pinning mechanisms were found: For low H the strong vortex pinning 

dominates. In the intermediate H regime, the weak collective pinning dominates. The highest 

value of Jintra was obtained for the sample with rg= 220 nm. However, this is true only for a low 

applied field (< 500 Oe). The intergranular Jc was determined in a similar way as Jintra for the as 

sintered sample (rg = 1680 nm) only. The low value Jc= 6.56x105 A∙m-2 is caused by the weak-link 

problem.  

     The calculated values of ξeff  were used to calculate λeff, and these were in turn used to 

calculate JD. The calculated values of this critical current are one order of magnitude larger than 

Jintra. JD decreases linearly with particle size for values of rg of the order of  λ. While for a particle 

size rg=1680 nm, JD reaches its bulk value. This is the same behavior observed for Hirr
1/3. 

   The compound SmFeAsO1-xFx has a low Jc anisotropy, so that, although the Jc values are 

low, the fabrication of wires or tapes would not require texturing processes. Moreover, 

SmFeAsO1-xFx has a strong pinning potential, which give high Jintra values. These characteristics 

together with its high upper critical field, make this material feasible for magnetic field 

applications. Nevertheless, it is necessary to increase Jc to values close to Jintra. In this regard, a 

possible way to improve intergranular vortex pinning, which would increase Jc, is by reducing the 

anisotropy caused by the crystalline layered structure of SmFeAsO1-xFx. This can be done by 

introducing nano-scale columnar defects in the crystalline structure by heavy-ion irradiation.  

  Although the study of particle size effects on type I superconductors began in the mid-

20th century, little has been said about this topic for high critical temperature superconductors, 

and even less about iron-based superconductors, because all the attention has been focused on 

copper-based materials. In that sense, the conclusions of this thesis are pioneering results in this 

research field, covering the fundamental parameters that need to be studied in any 

superconducting material. In addition, the methodology used in this work could be used in the 

study of other materials.  
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8  Future perspectives 
 

  As can be seen from the results of this work, the iron-based superconductor         

SmFeAsO1-xFx has some properties that make it feasible for technological applications. In 

particular, the expected high value for the upper critical field  𝐻𝑐2, and the large intergranular 

critical current density, seem promising in this regard. However, the disadvantage of low 

intergranular critical current density remains to be solved. Once this problem is overcome, the 

material could be used in the generation of huge magnetic fields. This would undoubtedly open 

up new possibilities for scientific research and technological applications in a variety of fields.  

  Thus, in the future, a research line could be focused on the improvement of the critical 

fields and currents of the Josephson junctions that couple the grains in the HTS. Hopefully, such 

research will provide a solution to the low intergranular critical current density. The objective of 

a second research line can be the development of a synthesis process that allows controlling 

precisely the particle size of the HTS. This would give applicability to the knowledge acquired in 

the study of size effects in HTS. 

  From the perspective of basic science, it might be useful to investigate the behavior of the 

critical fields, the characteristic lengths and the critical currents for particle size below 220 nm, 

which is the minimum size achieved in the present study, and is also a value close to the 

magnitude of the penetration depth of SmFeAsO1-xFx. The results of such research could be 

important for the understanding of the physics involved in Cooper pair breaking induced by the 

shrinkage of particle size.    
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Appendices 
 

A. Derivation of eq. (2.14) 
 

It is necessary to take the curl of Eq. 2.11:  

∇ X𝑬 =
4𝜋

𝑐2
𝜆𝐿
2 ∇ X (

𝑑𝑱

𝑑𝑡
)                                               (A.1) 

Using Maxwell´s equation ∇ X𝑬 = −
1

𝑐

𝜕𝑩

𝜕𝑡
, and later taking the curl of eq. (A.1) 

−
1

𝑐
∇ X (

𝜕𝑩

𝜕𝑡
) =

4𝜋

𝑐2
𝜆𝐿
2 [∇ X (∇ X (

𝝏𝑱

𝜕𝑡
))] =

4𝜋

𝑐2
𝜆𝐿
2 [∇ (∇ ∙ (

𝝏𝑱

𝜕𝑡
)) − ∇2 (

𝝏𝑱

𝜕𝑡
)]         (A.2) 

But (∇∙J)= 0 by the conservation of charge in a steady state. Then, the first term of the right 

member of eq. (A.2) is null. Thus, the above equation is rewritten  

 
𝑐

4𝜋𝜆2
∇ X (

𝜕𝑩

𝜕𝑡
) = ∇2 (

𝝏𝑱

𝜕𝑡
)                                         (A.3) 

But  ∇ X 𝑩 =
4𝜋

𝑐
 𝑱, then 

 
1

𝜆2
(
𝑑𝑱

𝑑𝑡
) = ∇2 (

𝑑𝑱

𝑑𝑡
)                                              (A.4) 

Integrating  

                                                                                        
1

𝜆2
𝐽 = ∇2𝐽                                                      (2.14) 
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B. Derivation of eq. (2.31) 
 

The free energy of a superconductor immersed in a magnetic field, is given by eq. 2.17, with all 

its terms: 

                                                  𝐹𝑠 − 𝐹𝑛0 = 𝛼|ψ|
2 +

β

2
|ψ|4 +

|(−𝑖ħ𝛻 − (e∗A/c)) ψ|2

2𝑚∗ +
𝐻2

8𝜋
     

With the purpose to find the minimum of the free energy expressed above, it is necessary to take 

the derivative with respect to the vector potential 𝑨 and make it equal to 0. 

𝛿

𝛿𝑨
(𝐹𝑠 − 𝐹𝑛0) =

𝛿

𝛿𝑨
(𝛼|ψ|2 +

β

2
|ψ|4 +

|(−𝑖ħ𝛻 − (
e∗𝐀

c
))ψ|

2

2𝑚∗ +
𝐻2

8𝜋
) =

𝛿

𝛿𝑨

|(−𝑖ħ𝛻 − (e∗𝐀/c)) ψ|2

2𝑚∗ +
𝛿

𝛿𝑨

𝐻2

8𝜋
=0 

(2.30) 

The first term of eq. 2.30 can be extended as follows: 

                          
𝛿

𝛿𝑨

|(−𝑖ħ𝛻 − (e∗𝐀/c)) ψ|2

2𝑚∗ =
1

2𝑚∗  
𝛿

𝛿𝑨
[(𝑖ħ𝛻 − 

e∗𝐀

c
)𝜓∗ ∙ (−𝑖ħ𝛻 − 

e∗𝐀

c
)𝜓]                      

                     =
1

2𝑚∗  [(− 
e∗

𝛿

𝛿𝑨
𝐀𝜓∗

c
) ∙ (−𝑖ħ𝛻 − 

e∗𝐀

c
)𝜓 + (− 

e∗
𝛿

𝛿𝑨
𝐀𝜓

c
) ∙ (𝑖ħ𝛻 − 

e∗𝐀

c
)𝜓∗] 

                     =
1

2𝑚∗  [
𝑖ħe∗(

𝛿

𝛿𝑨
𝐀∙𝛻𝜓)𝜓∗

c
−
iħe∗(

𝛿

𝛿𝑨
𝐀∙𝛻𝜓∗)𝜓

c
+
𝑒∗2(

𝛿

𝛿𝑨
𝐀∙𝑨)|𝜓|𝟐

𝑐2
+
𝑒∗2(𝑨∙

𝛿

𝛿𝑨
𝐀)|𝜓|𝟐

𝑐2
] 

                                     = [
−𝑖ħe∗

2𝑚∗𝑐
(𝜓 ∙ 𝛻𝜓∗ − 𝜓∗ ∙ 𝛻𝜓) +

2𝑒∗2|𝜓|2𝑨

2𝑚∗𝑐2
] ∙

𝛿

𝛿𝑨
                                                  (2.31) 
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C. Derivation of eq. (3.7) 
 

As pointed out in chapter 3.3, the calculation of ψ or ϵ1 requires the solution of the nonlinear 

Ginzburg-Landau equations: 

𝛼𝜓 + β|𝜓|2𝜓 +
1

4𝑚
(−𝑖ħ𝛻 −

2𝑒𝑨

𝑐
)2𝜓 = 0                              (2.38) 

and                                                       𝑱 =  
𝑒𝑖ħ

2𝑚
(𝜓 ∙ 𝛻𝜓∗ −𝜓∗ ∙ 𝛻𝜓) −

2𝑒2|𝜓|2𝑨

𝑚𝑐
                               (2.35). 

However, it is possible to approximate a solution, and even find a useful analytic result for the 

limit κ >> 1.  Let us consider the case with arbitrary κ. The vortex wave function is obtained by 

normalizing the order parameter:                            

              𝜓 = 𝜓∞𝑓(𝑟)𝑒
𝑖𝜃                                                    (C.1).  

From the cylindrical symmetry of a vortex, it is assumed that 𝜓 = 𝜓(𝑟), with 𝑟 the length from 

the center of the flux line. The phase of 𝜓 along  one  circle of radius r changes by 2π, and the 

factor 𝑒𝑖𝜃 accounts for that. In addition, eq. (C.1) defines the vector potential as:  

 𝑨 = 𝐴(𝑟)�̂�                                                        (C.2).  

This equation leads to two values of 𝐴(𝑟), one for r ≤ ξ (near the core of the vortex), and other 

for r > ξ (most of the vortex and the bulk of the material). 

By substituting eq. (C.1) in (2.38), leads to: 𝑓 − 𝑓3 − 𝜉3 [(
1

𝑟
−
2𝜋𝑨

𝛷0
)
2
𝑓 −

1

𝑟

𝑑

𝑑𝑟
(𝑟

𝑑𝑓

𝑑𝑟
)] = 0          (C.3). 

From eq. (C.2), the current has only one component (�̂�), and from eq. 2.35: 

𝑱 =
−𝑐

4𝜋

𝑑

𝑑𝑟
[
1

𝑟

𝑑

𝑑𝑟
(𝑟𝑨)] =

𝑒ħ

𝑚
𝜓∞
2 𝑓2 (

1

𝑟
−
2𝜋𝑨

𝛷0
)                              (C.4). 

The problem consists in solving the system of differential equations (C.3) and (C.4). Considering 

that 𝐵 = 𝛻𝑋𝐴(𝑟)�̂�, and by using cylindrical coordinates, 𝛻𝑋𝐴(𝑟)�̂� =
1

𝒓

𝜕

𝜕𝑟
𝑟𝐴(𝑟)�̂�, leads to  

𝐴(𝑟) =
ℎ(0)𝑟

2
 for small values of r (close to the core). Putting this in eq. (C.3) gives: 

  𝑓 − 𝑓3 − 𝜉3 [(
1

𝑟
−
𝜋ℎ(0)𝑟

𝛷0
)
2

𝑓 −
1

𝑟

𝑑

𝑑𝑟
(𝑟

𝑑𝑓

𝑑𝑟
)] = 0                         (C.5) 

The function  𝑓 of eq. (C.5) has to fulfill three requirements: First,  it has to be a solution of eq. 

(C.5). Second, the order parameter tends rapidly to zero in the region 𝑟 <  𝜉;  third, the order 

parameter tends to a limiting value (𝜓∞) far from the core of the vortex. All requirements are 

kept by the approximate solution (𝑓≈ ψ) 

  𝑓 ≈ tanh
𝜈𝑟

𝜉
                                                                  (3.7)
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D. Balancing of chemical equations 
 

The chemical balance used in preparing SmFeAsOwFy by a solid-state reaction process is:    

a(Sm)+b(SmF3)+c(As)+d(Fe)+e(Fe2O3)    →   x(SmFeAsOwFy) 

The system of linear equations associated to the previous equation is: 

1) a(Sm) + b(SmF3)     =  x(Sm) 

2) d(Fe) + 2e(Fe2O3)   =  x(Fe), the coefficient e is multiplied by 2 because Fe2O3 has two atoms of 

Fe.                                                                                  

3) c(As)                         = x(As) 

4) 3e(Fe2O3)              = x(w)(O), the coefficient e is multiplied by 3 because Fe2O3 has three atoms 

of O and the coefficient (w) comes from the oxygen subscript in the product of the balance 

equation.  

5) 3b(SmF3)                 = x(y)(F), the coefficient y comes from the fluoride subscript on the right 

side of the balance equation. 

The example will be calculated for SmFeAsO0.65F0.2. Then, the system of linear equations has to 

be set out with x=1, y=0.2 and w=0.65: 

1) a + b    =  1 

2) d + 2e  =  1       

3) c           = 1 

4) 3e        = 0.65 

5) 3b        = 0.2     

The system can be solved by simple substitution or by using matrices. 

First x=1. 

Then, from 3):  c=1. 

By 4): e= 
65

100∗3
=

13

20∗3
=

𝟏𝟑

𝟔𝟎
 . 

From eq. 5): b =
0.2

3
= 

2

10∗3
=

𝟏

𝟏𝟓
=

𝟒

𝟔𝟎
 . 

Previous results give: 2)  d+2(
13

60
)=1. Thus,  d = 1 −

26

60
=

𝟑𝟒

𝟔𝟎
  . 
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And: Eq. 1) a+(
4

60
)= 1. Thus,  a = 1 −

4

60
=

𝟓𝟔

𝟔𝟎
  .    

A simple way to verify: 

a+b= 1.         
56

60
 + 

4

60
 =1     

d+2e= 1.       
34

60
 + 
26

60
 = 1. 

3e= 0.65.      3(
13

60
) = 0.65.   

3b= 0.2.        3(
4

60
)= 0.2.  

The system of linear equations can also be solved by using a matrix method. Equations 1-5 can 

be written as: 

[
 
 
 
 
1 1 0 0 0 |
0 0 0 1 2 |
0 0 1 0 0 |
0 0 0 0   3  |
0 3 0 0 0 |

𝟏
𝟏
𝟏

(𝟔𝟓 𝟏𝟎𝟎)⁄

(𝟐𝟎 𝟏𝟎𝟎)⁄ ]
 
 
 
 

 

Applying elementary matrix operations: 

[
 
 
 
 
1 0 0 0 0 |
0 0 0 1 0 |
0 0 1 0 0 |
0 0 0 0   1  |
0 1 0 0 0 |

(𝟐𝟖𝟎/𝟑𝟎𝟎)
(𝟏𝟕𝟎/𝟑𝟎𝟎)

𝟏
(𝟔𝟓 𝟑𝟎𝟎)⁄

(𝟐𝟎 𝟑𝟎𝟎)⁄ ]
 
 
 
 

 

The results from the last matrix are: a =
280

300
 =
56

60
 ,  b =

20

300
 = 

4

60
 ,  c = 1,  d =

170

300
 =
34

60
 , e =

65

300
 =
13

60
 .  

Choosing a convenient amount of reactants, we need to calculate the moles of samarium in 0.4 

g. 

1 𝑚𝑜𝑙 𝑆𝑚

150.36 𝑔
:
𝑥 𝑚𝑜𝑙

0.4 𝑔
 

The result is that 0.4 g of samarium represent a quantity of 0.002660281 mol of samarium. This 

number represents a fraction of  
56

60
  from the total amount of samarium present in the reactants. 

So we need to calculate the total amount of samarium considering both the reactants Sm and 

SmF3: 

0.002660281 𝑚𝑜𝑙

56
60⁄

:
𝑥 𝑚𝑜𝑙

1
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The result is 0.002850301071 mol of samarium present in the reactants. The quantity (in grams) 

of reactants can be calculated by using this result and the previously determined coefficients. 

Fe2O3: 

1 𝑚𝑜𝑙 𝐹𝑒2𝑂3
159.68 𝑔

: 
0.002850301071  𝑚𝑜𝑙

𝑥 𝑔
 

The result is 0.4551360750 g. Now, multiplying by the corresponding coefficient (e= 
13

60
), the 

quantity of Fe2O3 necessary is 0.0986 g.  

The quantities of the rest of the reactants can be calculated following the previous procedure. 

The results are: 

SmF3=0.0394 g. 

As=0.2135 g. 

Fe=0.0902 g. 
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E. Pictures of the experiments   
 

1. Synthesis of the superconductor SmFeAsO1-xFx. 

 

 

 

 

Fig. E-1. The chemical precursors were mixed by grinding inside the glove box shown in the photograph, 

under a highly pure argon atmosphere.   

 

 

 

 

 

 

 

 



Appendix E. Pictures of the experiments 

97 
 

 

2. Resistance-Temperature measurements 

 

 

 

 

 

Fig. E-3.  In (a) the PPMS equipment (without the VSM module). (b) shows the electrical connections 

between the sample (a similar sample) and the holder. This arrangement is necessary to perform R-T 

measurement. (c) shows the coupling of the holder to the rod.  Fig. (d) shows the placement of the 

sample inside the PPMS tank.   
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3. Magnetic measurements 

 

 

 

 

Fig. E-4. The first picture (a) shows a small quantity of superconducting powder (dark) inside the sample 

carrier. Then, the sample is fixed in a holder, the distance between the tip of the holder and the 

superconducting powder must be precise (35 mm), as can be seen in Fig. (b). Then, the holder is 

attached to a rod (Fig. c). Finally, in Fig. d, the VSM module is coupled to the PPMS tank and the rod is 

placed inside the PPMS tank.
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F. Diamagnetic signal from VSM measurements 
 

Magnetization vs. Magnetic field curves (M-H) measured from the SmFeAsO0.91F0.09 sample in the 

superconducting state, T < Tc=56.1 K, show a narrow ferromagnetic hysteresis. The presence of 

a ferromagnetic background in SmFeAsO1-xFx was first reported by Senatore et al. [1], and is 

attributed to unreacted Fe and Fe2O3 in the sample. In consequence, the M-H curves obtained 

directly from VSM measurements are considered the sum of a diamagnetic contribution and a 

ferromagnetic complement [1,2].  

In pursuance of isolating the diamagnetic signal, the ferromagnetic contribution was considered 

as a temperature independent background, and the M-H curves measured for T > Tc (with only 

the ferromagnetic signal) were subtracted from the corresponding curves measured under Tc 

(which includes diamagnetic and ferromagnetic signals). The procedure is based on references 

[1,3], and is described in the following. 

In the first instance, the hysteresis loop for the sample with particle size of 550 nm was 

measured14 under the conditions T=50 K, and  -1000 ≤ H ≤ 1000 Oe (see Fig. a). The loop shows 

a ferromagnetic behavior in spite of the temperature being under Tc. The net magnetization 

measured by the VSM consists of the sum of a diamagnetic and a ferromagnetic signal. A second 

measurement was performed under similar conditions, but this time at T=70 K, so that the 

material is not in the superconducting state and, in consequence, the diamagnetic contribution 

is null. Thus, the net magnetization measured by the VSM comes only from the ferromagnetic 

contribution (see Fig. b). The magnetization in (b) is greater than that in (a) because it is not 

attenuated by the diamagnetic signal.  

 

                                                           
14 M-H measurements were performed on a Quantum Design PPMS Dynacool, in the Physics Department, 

of CINVESTAV Zacatenco. 

[1] Physical Review B 78, 054514 (2008). https://doi.org/10.1103/PhysRevB.78.054514. 

[2] Chinese Physics Letters, Volume 26, Number 3. https://doi.org/10.1088/0256-307X/26/3/037401. 

[3] Modern Physics Letters B, Vol. 26, No. 30 (2012) 1250197. Doi: 10.1142/S0217984912501977. 

 



Appendix F. Diamagnetic signal from VSM measurements 

100 
 

The hysteresis loop of Fig. c is the result of subtracting the experimental data in Fig. b from data 

in Fig. a. The subtraction of the experimental data is an elementary arithmetic operation. 

However, the experimental data must be ordered to ensure that the values of magnetization M 

from (a) and (b) that are subtracted, have been measured for similar magnitudes of applied field 

H. For example, the magnetization M50K and M70K in row 1 of the table below can be subtracted, 

because their corresponding values of applied field (H) are similar. The result is in column Msc, 

and can be used to plot (c). On the contrary, M50K and M70K  in row 3 have different values of H, 

and cannot be used to plot (c). 

Row a) 550 nm-50 K b) 550 nm-70 K c) 550nm- 50 K SC 

 H (Oe) M50K (emu/g) H (Oe) M70K (emu/g) H (Oe) MSC (emu/g) 

1 50 0.00212 50 0.00107 50 0.00105 

2 62 0.00258 62 0.00115 62 0.00143 

3 74 0.00305 91 0.00123 --- --- 

4 110 0.00398 135 0.00131 --- --- 

 

Following the method explained above, the diamagnetic magnetization due to superconductivity 

can be isolated from the M-H measurements. Once the diamagnetic signal is isolated, the 

hysteresis loops can be used to study the superconducting properties. This procedure was used 

in all M-H measurements, so the present work is probably the first in applying the method to 

study the particle size effects in an iron-based superconductor.    

 

 

 


