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Since the discovery of superconductivity in 1911, a lot of effort has been made to uncover and 

grasp this phenomenon from both theoretical and experimental aspects. In recent years, a 

significant development in the field of superconductivity has been made, leading to the 

discovery of new types of superconducting materials and subsequently to numerous 

cryoelectronic devices using these materials. One of the largest steps was made in 2006, by 

uncovering so-called iron-based superconductors, which turned upside down the overall 

knowledge on a concept of superconductivity in general. In this thesis, several studies on thin 

films of iron-based superconductors as well as on superconducting thin films based on 

magnesium diboride have been accomplished. 

In the first, theoretical part, a short introduction to superconductivity is presented. It 

the beginning, basic superconducting phenomena such as the zero electrical resistivity and 

the Meissner effect are briefly described. The section continues with the Ginzburg-Landau 

phenomenological thermodynamic theory of superconductivity and the microscopic Bardeen 

Cooper Schrieffer theory.  

The second part describes the Blonder Tinkham Klapwijik (BTK) theory using the 

Bogoliubov equations, where the model of current-voltage characteristics of a normal metal 

– superconductor (NS) and normal metal – insulator – superconductor (NIS) junctions is 

proposed. The following part illustrates the investigated materials, namely, magnesium 

diboride and iron-based superconductors and their essential properties.  



x 
 

The ensued part is an experimental section, in which used experimental methods are 

described, including preparation of the iron-based superconducting thin films by pulsed laser 

deposition. Electron beam physical vapor deposition and resistive thermal evaporation used 

for magnesium diboride preparation are also included. Following part is devoted to 

experimental methods used for investigations performed on the prepared superconducting 

thin films. This includes atomic force microscopy, scanning spreading resistance microscopy, 

scanning tunneling microscopy, x-ray photoelectron spectroscopy, scanning electron 

microscopy, x-ray diffraction, point-contact spectroscopy and electrical transport 

measurements. Optical lithography and ion beam etching, which served for preparation of 

microstructures, are additionally involved in this part. 

 In the results, we show several studies on thin films of iron-based superconductors and 

magnesium diboride. We present our examinations on Co-doped Ba(Fe0.90Co0.1)2As2. Surface 

transport properties of Fe-based superconductors, in particular, the influence of degradation 

on ambient atmosphere, and inhomogeneity of superconducting properties on micrometer 

and nanometer scale are subsequently shown. In the following results, surface properties of 

Co-doped Ba(Co0.1Fe0.9)2As2 thin films deposited on MgO with Fe buffer layer, and CaF2 

substrates are compared. Later on, an influence of the annealing atmosphere on structural 

and superconducting properties of magnesium diboride thin films is discussed. As the last 

result, enhancement of superconducting properties of magnesium diboride thin films using 

the oxygen annealing atmosphere is disclosed.  

 

Keywords: Superconductivity, superconducting thin films, iron-based superconductors, MgB2 
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Od objavenia supravodivosti v roku 1911 bolo vynaložené množstvo úsilia na objasnenie 

a pochopenie tohto fenoménu po teoretickej, ako aj experimentálnej stránke. V posledných 

rokoch sa v tejto oblasti uskutočnil veľký pokrok, ktorý viedol k novým supravodivým 

materiálom a k vývoju nových kryoelektronických zariadení využívajúc tieto typy materiálov. 

Jeden z množstva míľnikov bol uskutočnený v roku 2006, objavením takzvaných supravodičov 

na báze železa, ktoré kompletne prepísali koncept poznania supravodivosti ako takej. 

V predkladanej práci sa zameriavame práve na tenké vrstvy supravodičov na báze železa, ako 

aj na tenké vrstvy supravodičov na báze diboridu magnézia. 

Prvá, teoretická časť práce, prezentuje krátky úvod do supravodivosti. Na začiatku sú 

stručne vysvetlené základné supravodivé vlastnosti ako nulový elektrický odpor a Meissnerov 

jav. Časť pokračuje fenomenologickou termodynamickou Ginzburg-Landauovou teóriou 

supravodivosti a mikroskopickou Bardeen Cooper Schriefferovou teóriou. Druhá kapitola 

opisuje Blonder Thinkam Klapwijikovú teóriu, ktorá využíva Bogoliubové rovnice, kde bol 

navrhnutý model pre prúdovo-napäťovú charakteristiku spojov normálny kov-supravodič a 

normálny kov-izolátor-supravodič. Nasledujúca kapitola ilustruje študované supravodiče, teda 

hlavne tenké vrstvy magnézium diboridu a supravodičov na báze železa. Naviac uvádzame ich 

význačné vlastnosti.  
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Nasleduje experimentálna časť, ktorá zahŕňa prípravu supravodičov na báze železa 

pomocou pulznej laserovej depozície a prípravu diboridu horčíka pripraveného pomocou 

vákuového naparovania elektrónovým zväzkom a rezistívneho odparovania. Nasledujúca 

pasáž je venovaná meracím technikám použitých na štúdium pripravených supravodivých 

tenkých vrstiev, ktorá zahrňuje atomárnu silovú mikroskopiu, rastrovaciu odporovu 

mikroskopiu, rastrovaciu tunelovú miktroskopiu, röntgenovú fotoelektrónovú 

spektroskopiou, rastrovaciu elektrónovú mikroskopiu, röntgenovú difrakciu, hrotovú 

kontaktnú spektroskopiu a elektrické transportné merania. Uvedené sú taktiež metódy ako 

optická litografia a iónové leptanie, ktoré súžili na prípravu makroštruktúr. 

Vo výsledkoch práce uvádzame štúdiu tenkých vrstiev kobaltom dopovaného 

supravodiča Ba(Fe0.90Co0.1)2As2, ktoré boli pripravené pomocou pulznej laserovej ablácie na 

substráty MgO a CaF2. Zameriavame sa na povrchové transportné vlastnosti supravodičov na 

báze železa, kde študujeme hlavne, vplyv ich povrchovej degradácie na vzduchu a 

nehomogenity ich supravodivých vlastností na mikrometrovej a nanometrovej škále. Následne 

sú porovnané povrchové vlastnosti tenkých vrstiev kobaltom dopovaného supravodiča 

Ba(Fe0.90Co0.1)2As2, ktoré boli pripravené na substráty MgO so železnou bufferovou vrstvou 

a CaF2. V neposlednom rade je študovaný vplyv žíhacej atmosféry na štruktúrne a supravodivé 

vlastnosti tenkých vrstiev diboridu horčíka. Na záver je ukázané, ako umožniť zlepšenie 

supravodivých vlastností tenkých vrstiev diboridu horčíka využívajúc žíhanie v kyslíkovej 

atmosfére. 

 

 

Kľúčové slová: Supravodivosť, supravodivé tenké vrstvy, supravodiče na báze železa, MgB2 
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Preface 
 

Superconductivity is unquestionably one of the most spectacular and promising areas of 

research. During the history, hundreds of superconducting materials were discovered, and 

more are about to be found out. Superconductivity has brought a new line of materials and 

research into Condensed matter physics, with the possibility of many interesting applications. 

A real breakthrough was made by the discovery of superconductivity in mercury by 

Kamerlingh Onnes, but it was only the beginning. Subsequently, many elements turned out to 

be also superconducting, and nowadays we know plenty of classes of superconducting 

materials and their variations. The exceptionally important milestone was made by the 

discovery of superconductors with critical temperatures above the temperature of liquid 

nitrogen. Soon after, these superconducting compounds were labeled as high-Tc 

superconductors, from which cuprates are probably the most acknowledged. Later on, the 

significant achievement was made in 2001 by the discovery of intermetallic superconductivity 

in MgB2, being also the one of the subjects of the presented work. However, the very latest 

revolution was made by uncovering the special type of superconducting materials containing 

iron, in which the superconducting ordering seems to be slightly different compared to the 

previously known superconductors. This most recent sort of superconducting materials was 

named to be iron-based superconductors, and they have been up to now, one of the most 

promising areas of research of modern superconductivity. Many groups over the world have 

been attempting to grasp the nature of the iron-based superconductivity by numerous 

investigations and theory propositions, yet, so far, the real understanding is still not 

uncovered. 

Our group at the Department of Experimental Physics of Faculty Mathematics, Physics 

and Informatics, Comenius University, alongside with other European and Japanese groups 

joined the research on iron-based superconductors via the European 7th Framework Program 

under grant number 283141, shortly named as the “Iron-sea” project, which lasted from 

October 2011 to September 2014. The consortium made a great contribution to the overall 

knowledge of iron-based superconductivity through many published papers. As a part of the 

consortium, one of our tasks in the project was to analyze superconducting properties of thin 

films based on the iron-based superconductors, which were prepared by the Leibniz Institute 

for Solid State and Material Research in Dresden and at Prof. Maeda group at Tokyo University 
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by pulsed laser deposition. Moreover, the investigation on MgB2 thin films, which was 

additionally a part of the project, was employed. The MgB2 films were prepared at the 

Department of Experimental Physics by vacuum co-evaporation.  

The investigations on the iron-based and MgB2 thin films have been performed by 

several analytical techniques, including atomic force microscopy, scanning spreading 

resistance microscopy, scanning tunneling microscopy, x-ray photoelectron and Auger 

electron spectroscopy, scanning electron microscopy, x-ray diffraction, point-contact 

spectroscopy and electrical transport measurements. Atomic force microscopy has been used 

for surface topography measurements, spreading resistance microscopy for mapping the 

surface conductivity distribution and scanning tunneling microscopy for further 

characterization of the surface. The surface composition and chemical bonds were analyzed 

by x-ray photoelectron and Auger electron spectroscopy. Scanning electron microscopy was 

used for surface mapping and determination of thicknesses of MgB2 thin film samples by cross-

sectional scanning. The structural properties were performed by X-ray diffraction. 

Furthermore, point contact spectroscopy has been used to determine the width of the 

superconducting energy gap by measuring the differential conductance spectra versus applied 

voltage. Electrical transport measurements were done to uncover critical transition 

temperatures via measurements of R-T characteristics and critical currents through 

investigations of I-V characteristics. 
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State of knowledge  

 

Everything started in the year of 1908 when Heike Kamerlingh Onnes established the discipline 

of low-temperature physics by liquefying helium in his laboratory in Leiden. Subsequently, 

three years after, he observed that the DC resistance of mercury dropped to zero below the 

temperature of 4.2 K [1, 2, 8]. By this discovery, the field of superconductivity was 

unexpectedly born. Later on, Onnes found out that the application of a sufficiently strong 

magnetic field applied on superconductors restores the normal resistance to its normal value. 

One year later, in 1913, the superconductivity in lead was uncovered at the temperature of 

7.2 K. Seventeen years passed until another breakthrough was made by revealing the 

superconductivity in niobium, with the critical temperature of 9.2 K. A significant amount of 

time elapsed before physicists became aware of perfect diamagnetism of superconductors in 

their superconducting state. In 1933, Meissner and Ochsenfeld found out that when a 

superconducting material was cooled down below its critical transition temperature, and it 

was fully turned into a superconducting state, the magnetic field was completely expelled 

from its interior. This report suddenly led the London brothers, Fritz, and Heinz, to the 

proposition of their equations, which can explain and predict the penetration of a static 

magnetic field into a superconductor. Later, in 1950, the Ginzburg and Landau, tried to clarify 

superconductivity in terms of an order parameter and suggested a derivation of the London 

equations [1]. Soon after, in the same year (1950) it was proposed theoretically by H. Fröhlich 

that the critical transition temperature is a function of an average isotopic mass, and it was 

put forward that the transition temperature would decrease as the average isotopic mass 

increases [3]. This effect was subsequently called as an “isotope effect”, and was 

experimentally confirmed in the same year by E. Maxwell [4]. The isotope effect gives an 

enormous support for the electron-phonon interaction mechanism of superconductivity. So 

far, the most established theory describing the nature of superconductivity on a microscopic 

level remains the so-called BCS theory, proposed by J. Bardeen, L. Cooper, and J. R. Schrieffer 

in 1957 [5, 6]. The theory assumes that bound electron pairs that carry the supercurrent are 

formed and that an energy gap between the normal and superconductive state is created. It 

was soon shown that the results of both, the London brothers and the Ginzburg and Landau, 

fit well into the BCS theory. Later, after inspections of elemental superconductors, eyes were 
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drawn to alloys and different kinds of compounds, in particular, the so-called A15 composite 

types such as Nb3Sn, Nb3Ga, Nb3Ge. Subsequently, many more were discovered. In Table 1., 

the evolution of superconducting elements and several superconducting compounds is shown 

as they were discovered over time to the year of 1994, including their critical temperatures. 

 

 

 

 

 

Table.1: Superconducting transition temperatures of some of the superconducting compounds as they 

were discovered over time [8]. 

 

Moreover, numerous other sorts of superconducting compounds have been investigated in 

recent years, especially, the so-called heavy fermions systems, in which, the effective masses 

of superconducting electrons have the values of 100 me (where me = 9.1x10-31 kg) or even 

more. On the other hand, organic superconductors have shown a dramatic rise in critical 

transition temperatures during the past two decades. Later on, a brief article reporting 

possible superconductivity in the system of BaLaCuO was published by J. G. Bednorz and K. A. 

Müller, initiating the era of high-temperature superconductivity [9]. However, in the 

beginning, the scientific community was skeptical. Although sharp drops in resistance 

attributed to High-Tc superconductivity had appeared from time to time over the years, when 

it was examined, they had always failed to find a required diamagnetic response. 

Nevertheless, it was a Japanese group [10] and Chu’s group in the United States [11], which 

tried to reproduce the results on BaLaCuO and were finally successful. Soon after, researchers 

all over the world struggled to investigate similar types of superconductors by variation of 

Material Tc(K) Year 

Hg 4.15 1911 

Pb 7.2 1913 
Nb 9.2 1930 

NbN0.96 15.2 1950 

Nb3Sn 18.1 1954 

Nb3(Al0.75Ge0.25) 20-21 1966 

Nb3Ga 20.3 1971 

Nb3Ge 23.2 1973 
BaxLa5-xCu5Oy 30-35 1986 

(La0.9Ba0.1)2CuO4-δ at 1 GPa 52 1986 
YBa2Cu3O7-δ 95 1987 

Bi2Sr2Ca2Cu3O10 110 1988 
Tl2Ba2Ca2Cu3O10 125 1988 

Tl2Ba2Ca2Cu3O10  at 7GPa 131 1993 
Hg2Ba2Ca2Cu3O8+δ 133 1993 
Hg2Ba2Ca2Cu3O8+δ  at 25 GPa 155 1993 

Hg0.8Pb0.2 Ba2Ca2Cu3Ox  133 1994 
Hg2Ba2Ca2Cu3O8+δ  at 30 GPa 164 1994 
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several elements. By the beginning of the year 1987, it was possible to fabricate the lanthanum 

compound reaching the superconducting state close to 40 K at atmospheric pressure [12] and 

by applying high pressure, even temperatures of up to 52 K were achieved [13, 14]. Afterward, 

the yttrium barium system discovered by Chu et. al. in [11, 14], showed the superconducting 

transition at the temperature of about 90 K. The critical temperature above liquid nitrogen 

was finally attained. In early 1988, superconductivity in the compound of BiCaSrCuO appeared 

at 110 K, found out by Chu et al. and Maeda et al. [15, 16]. Then, the 120 – 125 K temperature 

range in TlCaBaCuO by Sheng and Herman in 1988 as well as by Sheng et al. [17, 18] was 

reached. In 1993, the critical temperature of about 131 K in Tl2Ba2Ca2Cu3O10-x at the pressure 

of 7 GPa was reported [8]. Subsequently, many researchers published Tc above 130 K in the 

perovskite compounds based on mercury, particularly, in HgBa2CanCun+1O2n+4 (n = 1, 2, 3) [19, 

21]. It was shown that the transition temperature in compound types containing mercury 

increased with increasing of the applied pressure [20, 161]. Up to now, the highest critical 

temperature of 164 K was observed among cuprate superconductors in the case of 

Hg2Ba2Ca2Cu3O8+δ which was observed under the high pressure of 30 GPa [20]. As seen above, 

many improvements of critical temperatures have been achieved since the discovery of 

superconductivity in 1908, but much more was to come. 

After the discovery of cuprate-based superconductors, much attention was paid on 

intermetallic superconductors, having a simpler structure, yet with similar superconducting 

properties. This effort was suddenly turned to another breakthrough in 2001, when a 

discovery of superconductivity in magnesium diboride (MgB2) was made at a relatively high 

temperature of 39 K [22]. Although more boride superconductors have been studied after, no 

such compound has exhibited as high critical temperature as MgB2. Even more unexpected 

discovery appeared, when superconductivity in the compounds of LAFePO and LaO1-xFxFeAs 

was observed by a group of Hideo Hosono in early 2006 and 2008 [23, 24], and later on, 

enhancements were published in [25]. This discovery triggered a numerous attention, since, 

over history, it has been disclosed many times that compounds possessing magnetic elements 

have showed reduced or no superconductivity whatsoever. That is why, it was rather a shock 

to the scientific community that superconductivity in compounds containing iron could exist. 

At first, the new type of discovered superconductors was called “Pnictide Superconductors”. 

Nowadays we technically speak about iron-based superconductors. Many types of iron-based 

superconductors have been investigated, and subsequently categorized into several families. 

Up to now, the highest critical temperature of about 55 K has been observed in the case of 
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SmNdFeAsO1-x [96]. More information on this matter can be found in chapter 3.2.  Later on, 

another real breakthrough was made by the discovery of superconductivity in hydrogen 

sulfide (H2S) under high pressure, whose critical temperature reached up to 203 K [26]. The 

H2S is a gas under normal conditions. However, under high pressure it is possible to prepare a 

state of H2S, in which the hydrogen creates a so-called metallic state, being essential for 

superconductivity in this material. The BCS theory proposition that pairing of electrons is 

mediated via electron-phonon interaction and a high density of states is required, can be 

directly fulfilled by high-frequency modes of phonons as well as the strong electron-phonon 

coupling in H2S. Hydrogen is the lightest element and thus provides high-frequency modes of 

phonons. Nowadays, many groups are interested in the superconductivity in H2S, as it is a 

complete surprise in the field of superconductivity. 
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Theses 
 

 

 Investigations of superconducting properties of Co-doped BaFe2As2 iron-based 

superconductor by means of point-contact Andreev reflection spectroscopy 

 

 Study the homogeneity of surface conductivity of Co-doped BaFe2As2 by means of 

scanning spreading resistance microscopy and scanning tunneling microscopy 

 

 Investigate the surface degradation of Co-doped BaFe2As2 by means of point-contact 

Andreev reflection spectroscopy, X-ray photoelectron spectroscopy and scanning 

probe microscopy 

 

 Preparation of superconducting MgB2 thin films by vacuum evaporation and ex-situ 

annealing in various annealing atmospheres (Ar, N2, air, O2) 

 

 Analyze the influence of the annealing atmosphere on the structural, chemical and 

superconducting properties of the prepared films by means of electrical transport 

measurements, X-ray photoelectron spectroscopy and X-ray diffraction 
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Theoretical part 

1. Superconductivity 

1.1. Introduction to superconductivity  

Superconductivity is one of the most dramatic and interesting phenomena occurred in the 

Condensed matter physics. Its potential impact on our lives is vast toward the realization of 

conductors carrying current without losses and many cryoelectronic devices.  

Since the discovery of superconductivity in 1911 by Heike Kamerlingh Onnes in 

mercury at the temperature of 4.15 K, a lot of endeavors has been put to grasp the 

understanding of this phenomenon from both theoretical and experimental aspects. Soon 

after, this effort was turned into a knowledge of plenty of superconducting compound 

classes and their variations, being rather diverse in their composition. Nowadays, hundreds 

of superconducting materials are known, including more than half of the elements from the 

periodic table and numerous compound sorts, which, so far, we might classify into well-

established typical categories such as: elemental superconductors, nitride based 

superconductors [2, 8] (e. g. Nb3Sn, NbN), organic superconductors [29, 30] (e. g. RbCs2C60, 

(TMTSF)2PF6), high-temperature superconductors [11, 18, 19 ] (mainly cuprates - e. g. Y-B-C-

O, Tl-Ba-Ca-Cu-O, Hg-Ba-Ca-Cu-O systems), intermetallic superconductors [22, 31] (MgB2, 

TaB2) and recently discovered iron-based superconductors [23, 24, 36, 37] (e. g. LaOFeAs, 

FeSe, BaFe2As2). The iron-based superconductors certainly turned inside out the overall 

conception that the superconductivity in compounds containing magnetic atoms or 

magnetic impurities is significantly suppressed, or cannot be even achieved. However, 

numerous more kinds of materials exhibiting superconductivity have been further 

discovered and many more are about to be uncovered until a reliable superconducting 

material with a transition temperature near room temperature will be discovered.  

As mentioned above, the superconductivity was observed for the first time by 

experimental physicists, and subsequently, through the history they disclosed more and 

more materials which showed a superconducting state, revealing that superconductivity is 

not rare at all. Alongside, theoretical physicists have tried to grasp the real nature of the 

superconducting phenomenon, yet, up to now, no consistent theory explaining 

superconductivity on a quantum level for all materials, which might predict characteristic 
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superconducting properties is recognized. So far, several theories have been proposed. The 

first theory trying to set a cornerstone to superconductivity using classical electrodynamics 

was suggested by London brothers in the middle 30s of the 20th century. Later on, Ginzburg-

Landau phenomenological theory based on the Ginzburg-Landau theory of phase transition 

of second order near a critical temperature was established. The true breakthrough was 

achieved by the development of the so-called BCS theory, proposed by John Bardeen, Leon 

Neil Cooper, and John Robert Schrieffer in 1957, which essentially pushed the overall 

knowledge of superconductivity on a microscopic level and is valid primarily for conventional 

superconductors. This gave an idea of the mechanism of the non-resistive state of matter.  

Up to now, both experimental and theoretical physicists try to understand the 

phenomenon of superconductivity by various mathematical and preparation techniques. 

Unfortunately, the fundamental mechanism causing a superconducting state in solid state 

materials is undetermined.  

On the other hand, there is still hope that one day it will be possible to reach a real 

understanding of superconductivity possessing the complete overview from both 

experimental and theoretical aspects, leading to superconductors with desired properties. 

 

1.2. London brothers phenomenological theory of superconductivity 

The main noteworthy features characterizing superconductivity are the zero DC electrical 

resistivity and the so-called Meissner effect, i.e., the expulsion of a magnetic field from their 

interior at certain conditions [2, 8, 41].  

After two decades, R. Ochsenfeld and W. Meissner found out that an external 

magnetic field is expelled from the interior of a superconductor when it is below its critical 

temperature. Later on, they showed that the magnetic induction B inside of a bulk 

superconductor has a zero value, meaning that magnetization 1M  in its interior. This 

magnetic expulsion phenomenon is responsible, inter alia, for magnetic levitation as a result 

of strong diamagnetic interaction between the externally applied magnetic field, and the 

magnetic field produced by the superconductor. Shortly after the discovery of the Meissner 

effect, the brothers Fritz and Heinz London tried to set a cornerstone for the theory of 

superconductivity through electrodynamics using the two-fluid model [39, 40]. This model 

assumed charge carriers of two types. A first type is a group of normal charge carriers losing 
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their kinetic energy (momentum) by inelastic scattering on lattice disorders or phonons 

(lattice vibrations), and the second type is charge carriers, which carry the current without 

losses of kinetic energy. The London brothers proposed the equations using classical physics 

(Newton’s laws of motion and Maxwell equations), where for the non-scattering charge 

carriers, we might write an equation set as follows: 

                                                                   E
m

qn
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sss
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 ;                                                              (1.1a) 

                                                                 B
m

qn
j ss

s

2

 .                                                            (1.1b) 

Here, the relations (1.1a) and (1.1b) are well-established as the first and the second equation 

of the London brothers, where, ns denotes the volume density of non-scattering charge 

carriers, js represents current density, and ms and qs stand for their mass and charge. In the 

relation (1.1), E and B  symbolize vectors of an electric, and a magnetic field applied on and 

inside of a superconductor, respectively. It can be easily seen that the equation (1.1a) refers 

to a time variation of the current density, which is proportional to an electric field inside of 

a superconductor. The second relation (1.1b) reveals that a spatial variation of a current 

density creates a magnetic field of the opposite direction to an external field B . It can be 

proved that these two equations lead to the zero resistivity (for DC) and the phenomenon 

known as the Meissner effect. On one hand, the consequence of the first expression (1.1a) 

is quite obvious. On the other hand, in the relation (1.1b) there is more to be uncovered. 

Now, let us assume a one-dimensional problem containing a superconductor in a 

half-space x>0 and a magnetic field oriented in the z-direction zBB z 0  (B0 is constant, and 

z is the unit vector in the z-direction), perpendicular to the x-direction as illustrated in fig. 1.  

 
Fig. 1: A Schematic drawing of the exponential decay of a magnetic field in a superconductor, λL 

denotes the penetration depth of the magnetic field. 
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By using the Maxwell equation jB 0 , a differential variety of the Ampere’s law, in 

conjunction with the relation (1.1b), we obtain an expression 

              xBxB zLzxx

22 1  .                         (1.2) 

At this point, one might evidently see that the solution for the magnetic field zB , in this case, 

is the exponential decay of the magnetic field within the x-direction 

                                                           Lzz xBxB  exp0 .                                               (1.3) 

λL in (1.2) and (1.3) is the characteristic penetration length of the magnetic field. From (1.3) 

it can be clearly seen that the magnetic field is not expelled from the superconductor 

completely, but instead, it penetrates over a very small length, or in other words, 

exponentially decays to the zero values within the bulk. The λL is also well-known as the 

London penetration depth, and obeys the relation: 

                                                              L  
ss nq

m
2

0
.                            (1.4) 

On the other hand, the current density of the non-scattering charge carriers inside of a 

superconductor can be obtained by employing of the Maxwell equation jB 0 . In this 

one-dimensional scenario, we might notice that the vector components of the current j(x, z, 

y) are directly as follows:  

                                         0xj ;     
 

 L

L

z
y x

B
xj 


 exp

0

0

;    0zj .                                  (1.5) 

The relations (1.3) and (1.5) disclose that not only the magnetic induction B   is situated near 

the surface of the superconductor, but even supercurrent flows in the close vicinity of the 

surface of the superconductor, and its density exponentially decays same as the magnetic 

field. At this point, one obviously sees that when an external magnetic field through a 

superconductor is applied, shielding currents destructively compensate the external 

magnetic field, so the overall magnetic field in its interior is zero. Once again, for 

completeness, this phenomenon is responsible for the Meissner effect, when a 

superconductor acts as a perfect diamagnetic material.  

 Afterward, as might be seen, the theory of the London brothers uses classical physics, 

and thus it is rather limited. However, some phenomenological results predicted by this 

theory are still valid and are in agreement with experimental observations.  
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1.3. Thermodynamic Ginzburg-Landau theory 

Shortly after the theory proposal of the London brothers based on classical electrodynamics, 

the Ginzburg-Landau theory of superconductivity (G-L theory) based on the thermodynamic 

viewpoints was suggested [8, 40, 41]. This theory was previously established in the Landau 

theory of the second-order phase transitions. In this theory, Landau introduces a complex 

order parameter Ψ*(r) describing a wave-function of superconducting charge carriers and 

their volume density. Their physical meanings are linked together in the way that a squared 

absolute value of the order parameter   snr 
2

  stands for a volume density of the 

superconducting charge carriers.  

It is well-known that every thermodynamic state with specific external parameters of 

temperature and pressure can be defined by the Gibbs energy. When a magnetic field is 

additionally included, the Gibbs energy is extended by the magnetic term as follows: 

              BHVpSTEHpTEG  ..,,, .            (1.6) 

In (1.6), E stands for energy, T is an external temperature, S represents entropy, p is an 

external pressure, V symbolizes sample volume, H  and B  are a magnetic intensity and 

magnetic induction outside and inside of the sample, correspondingly. By total 

differentiation of the relation (1.6) and by using the first thermodynamic law 𝛿𝑄 = 𝑇𝑑𝑆 =

𝑑𝐸 + 𝑝𝑑𝑉 we obtain the total derivative of the Gibbs energy in the form                 

                                                 HdBVdpSdTHpTdG ,,  .                           (1.7) 

One can easily see that the Gibbs energy is minimized by the external setting of an external 

temperature T, pressure p, and magnetic intensity H . By assuming a constant external 

pressure, the Gibbs energy (1.6) is directly reduced to the Helmholtz-free energy. It can be 

shown that in a superconducting state, the free energy can be expanded into the Taylor 

series near the critical transition temperature yielding a relation: 
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where Fn denotes the free energy in a normal state, α(T) and β(T) express the temperature-

dependent phenomenological parameters, m symbolizes an electron effective mass, e is an 

elementary charge, A  is a magnetic vector potential, and magnetic induction B  is defined 

as AB  . By minimalizing the relation (1.8) with respect to the order parameter 
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fluctuations and the vector potential A , we obtain Ginzburg-Landau equations in the order 

as ensues: 
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where Js stands for the current density carried by the superconducting charge carriers. If we 

define the complex order parameter  r*  in the form of 

                                                               rir  exp0 ;                                                  (1.11) 

where Ψ(0) denotes the order parameter in equilibrium (in a fully saturated superconducting 

state), and θ(r) implies its spatial deviation (deviation from a superconducting state), plus 

taking into account relations (1.10) and (1.11) we instantly find the relation of the 

supercurrent density Js as 
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.                                       (1.12)         

At this point, it should be noted that in (1.12) we used the already-mentioned definition of

  snr 
2

 . From (1.12) it can be clearly seen that current density Js depends on the 

phase gradient θ(r), i.e. the order parameter spatial deviation from a superconducting state, 

and the external magnetic vector potential A .  

 To see the real behavior and consequences of introducing ψ in all expressions (1.8), 

(1.9), (1.11), (1.12), we will suggest two case scenarios.  

At first, let us consider the zero-field circumstance (A=0) including homogeneous 

boundary conditions. The absence of ψ gradients deep inside of a superconductor, where 

the wavefunction ψ does not vary with position, causes in conjunction with zero A  the 

expression of the free energy (1.8) to be 

        
  42

2





T
TFF ns  .                                   (1.13) 

In general, by setting external conditions for a particular physical system, nature prefers the 

state with the lowest possible energy. This proposes that the superconducting state should 

possess lower energy compared to the normal state. Otherwise, this state would not be 

achieved due to disadvantageous physical conditions.  
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To create a superconducting state,  T  and  T  in (1.13) ought to be negative 

and positive below the critical temperature, respectively. The minimum of this free energy 

with the respect to the variable ψ is as follows: 

                           0
2

  TT .                       (1.14) 

In general, the phase of ψ can have arbitrary values, which suggests the trivial real solution 

to be ψ=0, corresponding to a normal state with no ordering. Though, a more interesting 

result might be found in the case of T<Tc (a superconducting state) when a solution for ns (

   TT  /
2

 ) is acquired. Using the fact that  T  would be negative below Tc, we 

rewrite        TTTT  //
2

 . To find a solution for ns to be a function of 

temperature, we need to find the temperature dependencies of  T  and  T . It can be 

shown that  T  and  T  might be approximated near Tc by expressions: 
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T   and   0 T                       (1.15) 

where 0  and 0  are defined to be positive constants. The relation (1.15) shows that  T   

is negative below Tc and vanishes at Tc. By employing (1.15) and 

       TTTT  //
2

  we finally obtain the relation for the density of 

superconducting charge carriers and its temperature dependence near Tc: 
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Noted that, (1.16) is an approximation close to the Tc, and thus gives accurate results only 

near Tc temperatures. The deviation from the expression (1.15) and (1.16) gets higher as the 

temperature decreases. Another interesting result of the G-L theory is the expression for 

condensed energy of super-electrons. If we combine the relations (1.13) and (1.14), one 

obtains  
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which, near the Tc, passes to a linear function of temperature due to (1.15). Finally, the 

expression for the free energy can be acquired by using approximation (1.16) to be as 

follows: 
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1  is called the condensation energy per unit volume of super-electrons, 

and its physical meaning is the energy released by transformation of normal electrons to the 

super-electron states. From the thermodynamic point of view, as derived by (1.17), the 

condensation energy is then expressed in terms of the critical magnetic field Bc in the way 

that 
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.                                      (1.18) 

The final expression (1.18) represents that the maximum external magnetic field that can be 

applied on a superconductor without destroying the superconducting state is proportional 

to the condensation energy. Additionally, it is the same energy, which is released during a 

pairing of electrons, turning them into super-electrons. Moreover, from (1.17) we might 

evidently see that since  T2  and  T  are positive, a superconducting state has lower 

energy in comparison with the normal state, and hence as mentioned above, the 

superconducting state is energetically more favorable below the characteristic temperature 

Tc. 

 

1.3.1. Zero-field case near superconductor boundary 

In this chapter, we will try to understand the behavior of a G-L wave-function at the interface 

between superconducting and normal state phases. Let us now consider a zero field scenario 

with inhomogeneous boundary conditions, which implies the gradient of ψ at this interface. 

By setting A  to be zero in the Ginzburg-Landau equation (1.9), we get a differential equation 

for the order parameter to be: 

                                                        0
2

2

2
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TT
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.                                              (1.19) 

Since the phase of the order parameter is constant, we select ψ to be real. At this point, let 

us assume a one-dimensional problem of the differential equation (1.19). On the right side 

of the half-space (x>0) is a superconductor in a superconducting state, and on the left side 
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of half-space (x<0), is either vacuum or normal metal in a resistive state. In the one-

dimensional situation, the expression (1.19) is reduced to   

                               0
2
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xTTx
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.          (1.20) 

Using a normalized order parameter        
5.0

TTx   and dimensionless variable 




x
  where 

 Tm


2

2
2 
 , a simplified dimensionless form of the differential equation 

(1.20) is attained 
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a solution of which can be easily found to be 









2
tanh


 . In the original variable form, 

we finally acquire a dependence of the order parameter as 
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where  
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  (if 0x , 0 , and if x ,  ). From (1.22) it is obvious 

that ξ is a characteristic length over which the wavefunction ψ varies. This parameter is well-

acknowledged as a coherence length and is one of the two fundamental length scales 

associated with superconductivity. In fig. 2, we can see that ψ closely saturates to 𝜓∞ inside 

the superconductor, and has the zero value at the interface with normal material. However, 

in a real case scenario as the wave function decays towards the interface, it can penetrate 

even to the normal material and turn proximately its small part into the superconducting 

state on the scale of ξ, being also called the proximity effect.  

From the Ginzburg-Landau equations (1.9) and (1.10), one can derive two important 

characteristic lengths. At first, it is the already mentioned coherence length ξ, which 

designates the characteristic length over which the complex order parameter Ψ* (r) varies, 

and is given by a relation:      

                                                                     Tm


2

2
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Fig. 2: The dependence of the order parameter at the interface and inside a superconductor. 

 

The second is the penetration length λL in the form: 

                                                                 
  22

0 04 


e

m
L  .                        (1.24) 

which is the very same result as proposed by the London brothers in the relation (1.4).  

This length might be simply derived by applying the Maxwell equation jB 0 , where 

we use the expression for current (1.12). The fact that a rotation of an arbitrary vector equals 

zero, and using the vector identity together with AB   allow us to attain the final 

differential equation for a magnetic field: 

                          rB
m

ne
rB s0

24 
                         (1.25) 

which solution can be easily found to be  

                             LrBrB  exp0                        (1.26) 

with the characteristic length λL in the form of (1.24).   

Another interesting result is when we compare (1.4) with (1.24). One can 

immediately see that the supercurrent in the superconductor is carried by charge carriers 

having two elementary charges qs = ±2e that means it should possess either two electrons 

or two holes (electron-like or hole-like states).  
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1.3.2. Superconductors of the first and second type 

At this point, we will discuss a coexistence of the superconducting and normal state at their 

interface. As mentioned above in the chapter (1.3.1), we have revealed that the 

superconducting order parameter vanishes at the interface and saturates to its bulk 

equilibrium value approximately within the scale of coherence length ξ. Moreover, the 

supercurrents flow only in a thin surface layer with thickness given by the penetration depth 

λL. Here, we are interested in calculating the influence of the interface on the free energy of 

a superconducting state, which leads to surface tension between the superconducting and 

normal phase. In the volume of a superconductor, the Gibbs energy near the critical 

magnetic field equals to 𝐺𝑛0 +
1

2
𝜇0𝐻𝑐. On the other hand, the Gibbs energy of a mixed state, 

including the interface is  
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A density of the surface tension σns is then defined as the energy difference between a 

homogeneous superconducting phase and a mixed state per surface unit. Thus, we can write 
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It can be easily found that the integrand vanishes for x<0 values. By using the expression 𝑩 =

𝜇0(𝑯 + 𝑴), (1.28) is reduced to  
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The first term represents the free energy gained by condensation of electrons into super-

electrons and the second term stands for the diamagnetic energy, causing the expulsion of 

the magnetic field from the boundary of a superconductor, so the overall magnetic field 

inside of bulk is zero. Technically speaking, the order parameter attains its bulk value over a 

characteristic length ξ, while the super-currents and magnetic field are confined to a distance 

of the order of λL from the interface. It should be noticed that if 𝑥 → ∞, 𝑀 → −𝐻𝑐, by 

   TT  /
2

  the integrand vanishes for x>λL, so the main contribution to the surface 

tension comes from the region near the interface of the superconducting and normal state 

phases. There are two possibilities of the σns sign. If σns > 0, the homogeneous 
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superconducting phase has a lower free energy than the mixed phase, and thus, the system 

will remain superconducting until the external magnetic field exceeds Hc when the 

superconducting state vanishes completely. The superconductors of this variety are called 

Type I superconductors. On the other hand, if σns < 0, the superconductors can lower their 

free energy in external magnetic field by development of normal regions, which include 

some magnetic flux. The free energy is saved by maximizing the interfacial surface between 

the superconducting and normal state phases. The regions of the normal phase will be as 

small as possible and have to obey the fluxoid quantization. Therefore, the flux normal state 

centers penetrate into superconductors as discrete flux quanta.  

Ginzburg and Landau in 1950 showed that σns equals zero when a ratio of λL/ξ= 1/√2. 

This ratio was later adopted as Ginzburg-Landau ratio κ. It is established that, if κ< 1/√2, we 

speak about Type I superconductors, while if the ratio has values of κ>
1

√2
,  we deal with 

superconductors of Type II. For superconductors of Type II, the Meissner effect occurs only 

for very weak applied magnetic fields, usually, with the magnitude order of tens of mT. As 

the field is increased above the so-called lower critical magnetic field Hc1, magnetic flux 

vortices begin to penetrate the superconductor in the way that the overall number of 

vortices in the sample is proportional to the overall applied magnetic field. The mixed state 

disappears when the applied magnetic field reaches the upper critical magnetic field Hc2 and 

the superconductor is completely turned into the normal state.  

Although the London brothers and Ginzburg-Landau theories are consistent and offer 

a deep overview of the superconductivity, they are only phenomenological proposals, which 

do not provide the fundamental nature of superconductivity on the microscopic scale. 

Additionally, it was shown that superconductivity is an effect of quantum mechanics, and 

thus classical electrodynamics and thermodynamics cannot be sufficient to describe it 

completely. 

 

1.4. Microscopic BCS theory 

The first theory describing the superconducting phenomenon on a microscopic level was 

proposed by John Bardeen, Leon Neil Cooper, and John Robert Schrieffer in 1957, nowadays 

being well-known as the BCS theory [5, 6]. This theory attempted to give a deep insight 

beyond the superconductivity itself by explaining the real nature of charge carriers 

transporting the electric current in superconductors on a quantum level. The main concept 

http://en.wikipedia.org/wiki/John_Bardeen
http://en.wikipedia.org/wiki/Leon_Neil_Cooper
http://en.wikipedia.org/wiki/John_Robert_Schrieffer


13 
 

of this theory is in the electron pairing via crystal lattice vibrations (phonons) creating boson 

particles, which conduct an electric current without losses. Later on, these particles were 

named Cooper pairs, according to one of the BCS theory co-founders. The BCS theory 

suggests a simple idea that the interaction of a conduction electron, moving through crystal 

lattice atoms with non-zero vibrations, lowers an electrostatic potential through the 

Coulomb interaction between the electron and the ions in the particular place and the 

certain time. This interaction attracts other electrons and causes their coupling. To grasp this 

conception of BCS theory, we briefly outline the main idea.  

Let us assume an electron moving in a lattice cell containing positively charged atoms 

that vibrate at a characteristic frequency. The initial electron attracts surrounding atoms, 

which means that for a short time, electrostatic potential between the ions and the electron 

is changed (fig. 3). After that, the second electron, transferring through the changed 

potential, is attracted by the ions through the Coulomb force slightly more than the first 

electron, as attracted ions are not relaxed to their characteristic positions. Therefore, it can 

be said that the first electron attracts the second electron through changed electrostatic 

potential at the particular place. The crucial fact for the pairing is a time difference between 

relaxation time of ions and time of the “arrival” of the second electron into changed 

potential. 

From a viewpoint of quantum physics, these vibrations might be mathematically 

described by vibration quanta (phonons), and the pairing is mediated through the exchange 

of phonons as in fig. 4. 

 
Fig. 3: A schematic drawing of an electron interaction with crystal lattice ions. 

 

The pairing interaction between two different electrons in states k and  k  near the 

Fermi surface leads to creation of Cooper pairs. These pairs break and form as the electrons 

exchange phonons, so their overall momenta are conserved in time. It can be pointed out 

that all Cooper pairs create one coherence state (at T=0), which can be expressed by one 

wave-function having quasi-macroscopic behavior. 



14 
 

 
Fig. 4: The Feynman diagram of an electron-electron pairing via electron-phonon interaction, where 

the one electron with k state emits phonon reaching k-q momentum (state) and the second absorbs 

the phonon reaching final k+q momentum (state) - overall momentum of two electron-phonon 

system is conserved. 

  

At this point, let us explain some key results of the BCS theory. Let us assume an attractive 

potential '
kk

V as the Fourier transformation of Coulomb electrostatic force in real space at 

the temperature of T = 0 K. The Hamiltonian of such a physical system is formally represented 

by a relation: 

                                                   



FF kk kk

kkkkkk
kk

kk
uvVuvH

,

22
' ;                                          (1.30) 

where εk symbolizes the kinetic energy of electrons, which is k-state dependent and defined 

by a relation   122 2


 mkk  . Here, vk symbolizes the probability amplitude of finding an 

electron in the state above the Fermi surface, and uk represents the probability amplitude of 

finding an electron under the Fermi surface. Therefore, the overall probability of finding an 

electron above or under is vk
2 or uk

2, and we find that vk
2+ uk

2 =1. In (1.30), the third term 

denotes interactions between electrons occupying states k ,  k . By minimizing (1.30) 

with the respect to vk
2 we get an expression: 

                                                              
 
 22

2

1

21

kk

kk

k
vv

v




 ;                                                             (1.31) 

where Δ represents an energy gap of electron states created around the Fermi surface 

(normally the energy gap is small compared to Fermi energies with the magnitude in values 

meV range) and denotes the energy interval with the allowed states for an electron coupling. 

Normally, most frequently denotation for normal electrons in solid state physics is well-

established as electron quasiparticles (shortly quasiparticles), and we will use this denotation 

for further explanation. The energy gap Δ in (1.31) is defined as  

                                                                
'

''
'

22 1

k
kkkkk

vvV .                                                   (1.32) 
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with particular probability coefficients: 

                                                











k

k

E
v

k


1

2
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1
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12 ;                                      (1.33) 

where 22

kkkE   .  The energy kE  denotes a renormalization of quasiparticle energy, 

giving an indication that kE  has the same energy gap Δ. As we might see, that for zero k-

vector in   122 2


 mkk  we get 22

kkkE  . Unquestionably, if the quasiparticles 

have the energy gap in their spectrum, there would be the same gap in the quasiparticle 

density states. If we express the density of states (Ns) with the respect to the renormalized 

energy 
kE  using the fact that 

22

kkk E  we acquire 

                                                      
22

)0(

kk

k

k

k

kk

s

E

EN

dE

d

d

dn

dE

dn
N







.                                      (1.34) 

Here in (1.34), N(0) signifies the density of quasiparticle states on the Fermi surface in the 

normal state. The energy interval 𝐸 𝜖(휀𝐹 − ∆, 휀𝐹 + ∆ ) cannot be occupied by quasiparticles, 

but instead these states allow the creation of Cooper pairs, which are straightly responsible 

for superconductivity.  

 Now, we derive the relation for the energy gap ∆ taking into account a simple 

constant potential V, which yield to simple, yet, to a reasonable solution for ∆. For simplicity, 

let us assume that the energy gap Δk in the sum (1.32) and the attractive potential '
kk

V are 

constant, which means that they do not depend on k ,  k . Afterward, the sum (1.32) 

can be replaced by an integral, assuming the constant density of quasiparticle states near 

the Fermi surface, and the fact that vk
2 and uk

2 are quasi-continuous functions of k.  Then, 

the integral can be written in the form of   

                                                      





c

dVN








0
22

0 .                       (1.35) 

One can see that the cutoff limitation (the upper integral value) for integral (1.35) is the 

characteristic energy c  which is also well-known as the Debye energy. This energy 

represents the highest possible frequency of phonons in the crystal lattice cell. The solution 

of the integral (1.35) leads then to an expression as follows: 

 
     










VNVN
c

c

0

1
exp2

0/1sinh
0 





 ;                      (1.36) 
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where, in the second part, we assume weak coupling   10 VN . 

The essential result (1.36) shows that the energy gap at the temperature T = 0 K is 

proportional to the Debye frequency and the exponential factor {[−𝑁(0)𝑉]−1} , which is 

given only by the density of electron states on the Fermi surface and the strength of electron-

phonon interaction V. Higher density of electron states and stronger electron-phonon 

interaction lead to higher values of the energy gap ∆. Later on, it was derived in the BCS 

theory that the relation between the value of the critical temperature and energy gap 

is 2∆(0) ≈ 3.5 𝑘𝐵𝑇𝑐. In this relation, 𝑘𝐵 denotes the Boltzmann constant and 𝑇𝑐 is the critical 

transition temperature. Afterward, the temperature dependence of ∆ was calculated to be 

approximately 

                                                          2)2(2(0 cTTCosT  .                                           (1.37) 

This function is in good agreement with experimental observations for many conventional 

superconductors. Later on, it was pointed out that for easier calculations, (1.37) can be the 

approximated near a critical temperature as 

                              cTTT  1076.1 .                                          (1.38) 

In fig. 5, both (1.37) and (1.38) dependencies are shown. 

 
Fig. 5: Temperature dependencies of the superconducting energy gap as a solution of the BCS theory. 
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2. Bogoliubov equations and Blonder Tinkham Klapwijk theory 

2.1. Motivation of BTK theory 

G.E. Blonder, M. Tinkham and T. M. Klapwijk (BTK) proposed a theory describing a current-

voltage characteristic of a normal metal – superconductor (NS) junctions in 1982 [43, 45]. 

The advantage of this theory is its capability of describing contacts ranging from a direct (NS 

junction) to a pure tunneling, i.e., a normal metal - insulator - superconductor (NIS) junctions. 

To handle a quasiparticle transmission and reflection at the interface, the BTK theory uses 

Bogoliubov equations. Using this approach, they could describe properties of both NS and 

NIS contacts, for instance, the Andreev reflection and electron tunneling. The motivation for 

the creation of the BTK theory was a broad range of applications of the NS and NIS interfaces, 

which can additionally provide valuable information about properties of superconductors by 

differential conductance measurements. 

 

2.2. Bogoliubov theory  

The BTK theory is based on the Bogoliubov equation model in which quasiparticles are a 

combination of electrons and holes with the coherence factors determining whether the 

state is an electron-like or hole-like particle [43, 45]. The coherence factors are described by 

the complex factors, usually 
*

ku  for electron-like particles and 
*

kv  for the hole-like particles. 

In Bogoliubov formalism, it is proposed that the quasiparticle function is 2 x 1-dimensional 

vector (2.1), containing these complex coherence factors, which are wave-functions of 

position and time as 
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,

,
, .                                         (2.1) 

Here, u(x,t) and v(x,t) satisfy the Bogoliubov equations in the form  
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 ;               (2.2b) 
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where m represents the quasiparticle mass, µ is the chemical potential, V stands for the 

Hartree potential and Δ is the pairing potential (the energy gap). The BTK model restricts the 

theory to be a one-dimensional problem, assuming that the physical system is invariant along 

y and z-axis directions, and thus more-dimensional problems can be resolved by the sum of 

one-dimensional problems within small corrections. The next introduced assumption is that 

the energy gap is constant and k independent as: 

                                                                  









Nx

Sx
x

;0

;
 ;                          (2.3) 

To solve the Bogoliubov equations, BTK model counts with the constant chemical potential 

and requires the Hartree potential to be zero in the bulk of both superconductor and normal 

metal. For simplicity, let us assume coherence factors in (2.1) in the form of plane waves:  
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exp, ;                       (2.4a) 
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exp, .                                    (2.4b) 

By inserting (2.4) to Bogoliubov equations (2.2), one recovers 
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;             (2.5) 

where, by solving (2.5), we obtain the energy eigenvalues: 
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;                                       (2.6) 

By solving the equation (2.6) and using (2.5) and u2+v2 = 1, the expressions for the 

quasiparticle probabilities are  

      2
22

2 11
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 ;             (2.7) 

The solution for k values from (2.6) gives us four values of k vector:  k ,  k ,  k  and  k  

                           2/1
222

 E
m

k 


.                                       (2.8) 

where k  is associated with an electron-like quasiparticle and k  is linked to a hole-like 

quasiparticle. Subsequently, one recovers wave functions for an electron-like particle and 

hole-like particle, respectively, as follows 
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where probability coefficients 
2

u , 
2

v , 
2

u  and 
2

v  are defined as: 
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In the normal electrode, the energy gap has the zero value so (2.10) and (2.11) lead to normal 

quasiparticle wavefunctions of electrons and holes. To understand the NIS type junctions, in 

the BTK theory, the barrier potential at the NS interface is modeled by a delta function:  

             xHxU  ; 

where H is an arbitrary constant denoting the potential barrier strength. It is normally 

defined by a dimensionless parameter zbarrier as: 

            
FF

F
barrier

v

HHk
z




2
.                      (2.12a) 

In the last expression, εF, kF  and vF represent the Fermi energy, Fermi wave vector, and Fermi 

velocity, correspondingly. The zbarrier parameter defines the strength of the barrier at the 

interface. However, it is also a measure of an elastic scattering, which originates from lattice 

distortion or impurities at the interface. Moreover, if there is a mismatch of Fermi velocities 

between the normal metal and superconductor, it can also be represented by the non-zero 

zr parameter as 

                                                                      
r

r
z r
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1
 ;                                   (2.12b) 

where defines the ratio of the Fermi velocities as 
21 FF vvr  . The overall z = zeff is then  
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2.3. Boundary conditions and probability current density   

The wave function transmitted from a normal state to a superconducting state should obey 

boundary conditions in the form that the wave-function is continuous at the interface, and 

its total derivation follows the expression       000
2

''
2

 H
m

NS 


. If we have an 

incident, reflected and transmitted wave with the group velocity of dkdE1  (2.13–

a);b);c)), the Bogoliubov formalism waves (2.9) pass to the form:  
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where, the first equation expresses the incident wave traveling towards the NS interface 

from the normal metal, a and b are probability amplitudes of a hole-like and electron-like 

reflection, while, c and d are probability amplitudes of an electron-like and hole-like 

transmission defined by Bogoliubov formalism. The probability amplitudes a, b, c and d are 

defined as  

                      


00vu
a  ;  

  


izzvu
b




22

0

2

0 ;  
 


izu
c




10
;  



ziv
d 0 ;               (2.14) 

where   22

0

2

0

2

0 zvuu  . 

To find the probability current density flowing through the NS interface we need to 

calculate probability flow defined by quantum mechanics for the particular plane waves 

(2.13 – a); b); c)). Quantum mechanics straightforwardly defines the probability current 

density in the one-dimensional case as: 

                                       xvxvxvxvxuxuxuxu
mi

j xxxxPx

****

2



;      (2.15) 

where   is the Planck constant divided by 2 , m denotes mass of an electron, and i 

symbolizes the imaginary number, where i2  = -1.  Taking into account the equation (2.15), 

the probability current densities for the incident and reflected current yields to: 
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where we have replaced q by kF, since the probability current density is determined mostly 

by the Fermi wave vector. Therefore, the total current density probability in the normal 

metal side of the interface is 
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Additionally, transmitted probability of the current density into the superconducting 

electrode is   
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; (2.18) 

from which we finally obtain the total probability current density in the superconducting 

electrode: 
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Assuming that the total number of electron-like and hole-like particles is conserved in time, 

and all incident particles are hence converted into reflected and transmitted electrons and 

holes, plus the probability current densities for both sides are equal JS=JN,, we obtain 

expressions     2

0
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0

2222
1 vudcba   and         1 EDECEBEA . 

The probability coefficients A(E), B(E), C(E) and D(E) are defined in the energy interval E  
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and in the energy interval E  as 
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where   22

0

2

0

2

0 zvuu  . The coefficients A(E) and B(E) represent the probabilities of 

Andreev reflection and normal reflection while the C(E) and D(E) symbolize a normal 

transmission to electron-like and hole-like states. 

 

2.4. The modified BTK theory  

In the previous section, we discussed the normal BTK theory with the plane waves (2.4). By 

inserting a phenomenological term into Bogoliubov equations (2.4) in the form of 

broadening parameter   [45, 46] (to both electron-like and hole-like particle types) we 

obtain a new contribution to the quasiparticle density of states written as 
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where E is again the excitation energy, and Δ stands for the energy gap. The meaning of the 

broadening parameter  is the inverse value of finite quasiparticle lifetime caused by loss 

of their kinetic energy due to the inelastic scattering, and it can be expressed as 




 .                         (2.23) 

It can be seen, that due to the quasiparticle scattering on the crystal lattice impurities, the 

density of states function is diminished, and the probability of finding a quasiparticle in the 

energy interval E is slightly increased. The broadening parameter term i  modifies 

the Bogoliubov vector formalism. Therefore, the equations (2.4a) and (2.4b) pass to the new 

form as follows:   
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By inserting the new wave functions (2.24) to the Bogoliubov equations (2.2), one recovers  
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with the new energy eigenvalues  
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The expressions for probabilities u2 and v2 are then expressed in the novel form of 
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The new coherence factors are complex numbers due to the i term explicitly. Results 

(2.20) and (2.21) remain valid with the new probability factors (2.27) yielding: 
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 ;                                      (2.28) 

 

2.5. Calculation of current using the BTK theory model 

In this section, we will derive equations for the current as well as the differential conductance 

dependence on a voltage applied to the interface. By applying an externally biased voltage, 

the non-equilibrium quasiparticle population on both sides of the NS or NIS interface is 

created, and a nonzero current starts to flow. The normal metal electrode, which is situated 

on the left side, contains hole-like and electron-like particles (fig. 6). An incident electron 

from the left electrode can be: 1. normally reflected (0->5 according to fig. 6); 2. reflected 

via Andreev reflection (0->6); 3. transmitted as an electron-like quasiparticle (0->4) or 4. 

transmitted as a hole-like particle (0->2). BTK theory argued that the electric current density 

of electron-like and hole-like particles within an energy interval [E, E+dE] in the normal metal 

electrode is given by: 

                Fenvj  ;                                                               (2.29) 
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where n represents the carrier volume density, e denotes the elementary charge and vF is 

the Fermi velocity. Since the main contribution to the current density is from the electrons 

in the close vicinity of the Fermi level, we have directly replaced the velocity in (2.29) by the 

Fermi velocity. 

 
Fig. 6: A Schematic drawing of the excitation energy E vs. the wave vector k at the N-S interface. The 

open circles denote holes, the closed circles are electrons, arrows show group velocity directions. An 

incident electron from the normal metal may pass through four processes at the NS interface: an 

Andreev reflection (0->6), normal reflection (0->5), electron-like particle transmission (0->4) and hole-

like particle transmission (0->2). 

 

Every transmission process in fig. 6 in the energy interval [E, E + dE] contributes to the carrier 

volume density (2.29) as: 

   dEEfNn n00  ;                     (2.30a)          

      dEEfEANn nA  10 ;                          (2.30b)

   dEEBNnB 0 ;                     (2.30c) 

     dEEfECENn sSC  ;              (2.30d)

     dEEfEDENn sSD  ;                                         (2.30e) 

where  Ef n  and  Ef s  are Fermi distribution functions in the normal and superconducting 

electrodes,  0N  is the normal density of states per spin, and  EN s  signifies 

superconducting density of states defined above by (2.22). The particular process 

probabilities are defined as ensues: A(E) is the probability of Andreev reflection (fig. 6 (0-

>6)), B(E) represents the probability of normal reflection (fig. 6 (0->5)), C(E) implies the 

electron-like transmission probability (fig. 6 (0->4)) and D(E)  is the probability of a hole-like 



25 
 

quasiparticle transmission (fig. 6 (0->2)). Taking into account all contributions (2.30), the 

overall current density per energy unit is then 
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 . 

Here, in the last expression the Fermi-Dirac functions are in the meaning that

   eVEfEf n  0  and    EfEf s 0   are not explicit functions of temperatures. Afterward, 

the total current density per energy unit is 

               eVEfEAeVEfevNj F 00 1[0                       (2.31)

               dEEfEDEfECeVEfEB ]000  . 

The total electric current density from the normal metal to superconductor is evaluated by 

integrating over the whole energy domain where we used         1 EDECEBEA : 

                                            




 EBEAEfeVEfdEevNVj FNS 102 00 ;        (2.32) 

where number two in the front of N(0) is for spin degeneracy having two possible up and 

down states. The entire current flowing through the interface due to the bias voltage is  

       NSjI  ; 

where is the area of the interface. Finally, the differential conductance function is defined 

as the electric current derivative with respect to the applied voltage 
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If the parametric function defined by (2.33) converges uniformly, then the differential 

conductance expression can be written in the form 
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NS 102 0 .                          (2.34) 

The quantity     EBEA 1  is called the transmission coefficient of electric current with 

coefficients A(E) and B(E) defined by (2.20) and (2.21) or (2.27) using (2.28) (depending on 

either normal or modified BTK theory). For energies within  eVE , the probability of 

Andreev reflection A(E) equals one, and the other probabilities have zero values. Therefore, 

the differential conductance defined by (2.34) is doubled in the energy interval determined 

by ∆. 
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2.6. Matlab fitting program 

In the previous chapter, we have determined and derived differential conductance 

expression versus applied voltage using the modified BTK theory. To fit an experimental 

differential conductance (dI/dV-V) data and determine the energy gap values of studied iron-

based superconductors, a simulation program written in Matlab has been developed (fig. 7). 

The fitting program contains a special graphical interface for data loading, basic function 

calculations, adjustable experimental data low pass filter, possibility of a data derivation and 

polynomial fitting. Moreover, it allows simulations of the differential conductance versus 

applied voltage dependencies of NS and NIS junctions using the modified BTK theory model 

mentioned above. In the results, we used the modified BTK model to fit dI/dV-V spectra 

measured on Co-doped BaFe2As2. The differential conductance calculations in a 

superconducting state are given by equation (2.34) with probability coefficients (2.28). 

Simulations can be made for two energy delta parameters 21, two z-parameters 21, zz  

and two broadening parameters 21,  separately. Weighting parameters w1 and w2 for 

simulations of 21,  with 21, zz  and 21, can be set. For every simulation, applied voltage 

range from 10 to 50 mV and from 200 to 1000 calculation voltage points can be set. 

 
Fig. 7: The graphical interface for the differential conductance manipulation, and BTK model 

simulations (left), with particular 
212121 ,,,,, zz setting sliders and a calculation weight at a 

certain temperature (right). 



27 
 

3. Investigated superconducting materials 

 

3.1. Magnesium diboride superconductor 

3.1.1.  Magnesium diboride  

Magnesium diboride (MgB2) is a binary intermetallic compound which has been well-known 

since the early 50s of the 20th century [155, 156]. However, the fact that this material is a 

superconductor remained unknown until January 2001 when a superconducting transition 

at 39 K was unexpectedly discovered. This significant breakthrough subsequently triggered 

an enormous effort in intermetallic superconductivity and brought a wide range of new, 

different superconducting compounds. 

In the 90s of the 20th century, lots of attention has been focused on novel sorts of 

superconductors to uncover superconducting compounds with simpler structure compared 

to e. g. cuprate high-temperature superconductors discovered in the 80s, yet with similar 

superconducting properties. This effort was focused on intermetallic superconducting 

composites, which consisted mainly of light elements (primarily boron and carbon).  

After the structural and chemical investigations, it was pointed out that boron atoms 

have a suitable size and electronic structure for direct forming of boron-boron covalent 

chemical bonds, being exceptionally effective in forming diverse types of boron 

configurations. On the other hand, transport measurements showed that the bulk boron 

exhibited nonmetallic character until a high pressure of 160 GPa was applied, when it was 

turned into a superconductor with a transition temperature of 6 K, and under higher 

pressure of 250 GPa, Tc = 11.2 K was obtained [157]. Moreover, it was shown that a necessity 

for the superconductivity in MgB2 is the presence of a light metallic element, bound to boron 

atoms via covalent bonds. Later on, numerous boride type superconductors were reported 

[52], such as: Tc(NbB2.5) = 6.4 K [7]; Tc(NbB2) = 6.4 K [7];  Tc(MoB2.5) = 8.1 K [7]; TaB2 = 9.5 K 

[31]; and additionally similar systems based on carbon: Tc(CaC6) = 11.5 K [32, 33]; Tc(Li3Ca2C6) 

= 11.15 K [34]; Tc(YbC6) = 6.2 K [33]. 

As mentioned above, in January 2001, the group led by Prof. J. Akimitsu from 

Aoyama-Gakuin University of Japan found out that MgB2 possessed superconductivity with 

a critical transition temperature of about 39 K [22], which was at that time the highest critical 

temperature among boride based superconductors. Suddenly, the discovery once again 
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enthused a vast endeavor in the development of MgB2-type superconductors, which were 

subsequently called to be diboride superconductors.  

Later on, many studies were performed to uncover structural, magnetic, electric and 

superconducting properties of MgB2. It was shown that MgB2 has a low anisotropy of 

superconducting properties [48], transparent grain boundaries, the coherence length of ξ ≈ 

5 nm [48, 49], low normal state resistivity (ρ ≈ 0.4 µΩcm) [50], high critical current density Jc 

(106 – 107 Acm-2) [51, 158, 159] and high upper critical magnetic field Hc2 (up to 55 T) [52, 

160]). Moreover, it was shown that the main advantages of MgB2 are its forgeability and 

malleability, being a good prerequisite for cable and wire fabrication. A huge effort was put 

into the investigation of MgB2 superconducting properties driven by an opportunity to 

replace conventional superconductors in wires, cables, and tapes. Moreover, the above-

mentioned superconducting properties predetermine MgB2 to be suitable for use in various 

kinds of cryoelectronic devices, e. g., SQUIDs, single-photon detectors, and many others 

[162]. Common advantages of MgB2 from the application aspects are the low normal-state 

resistivity, simple crystal structure and relatively high critical temperature, which means 

considerably lower cooling costs using e. g. liquid hydrogen instead of liquid helium.  

 

 

 

 

 

 

 

 

 

Table. 2:  The characteristic parameter values of MgB2. 

 

3.1.2. Magnesium diboride crystal and band structure 

The MgB2 crystal structure is formed by a hexagonal crystal lattice cell with a p6/mm space 

group, which is quite common for the diboride composites [52]. The boron atoms create so-

called a honeycomb arrangement, and magnesium atoms are situated in between two 

hexagon planes (fig. 8).  The parameters of crystal lattice have been determined to be a = 

Parameter Values 
Critical temperature ≈ 39 K 

Lattice parameters a = 0.3084 nm, c = 0.3524 nm 

Volume density ρ = 2.63 g.cm-3 

Pressure coefficient Cp = 1.1 – 2 K.Gpa-1 

Isotope effect αT = αMg + αB = 0.02 + 0.3 

Carrier density n = 1.7 – 2.8 x 1023  holes.cm-3 

Normal state resistivity ρ (T=40 K) = 0.4 – 6 µΩ.cm 

Upper critical field Hc2||ab = 14 – 55 T; Hc2||c= 2 - 24 T  

Low critical field Hc1 = 27 – 48 mT 

Coherence length ξab(0) = 3.7. – 12 nm; ξc(0)=1.6 - 3.6 nm 

Penetration depths λ(0) = 85 – 180 nm 

Energy gap ∆(0) = 1.8 – 7.5 meV 
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0.3084 nm and c = 0.3524 nm, respectively.  Atomic in-plane distances of boron ions are 

0.1780 nm, and magnesium-magnesium distances have been shown to be 0.3524 nm. A 

distance between each boron and magnesium interlayer has been found to be 0.25 nm.  

Though the MgB2 crystal structure is reminiscent to graphite-like intercalated 

compound, it has rather different properties. For example, the boron network creates a 

nonconductive plane, being exactly opposite compared with graphene. Electrical 

conductivity in the MgB2 normal state is caused principally by Mg atoms. However, the 

superconducting state is present strictly owing to anharmonic phonons of boron atoms in 

conjunction with high phonon frequencies of magnesium.  

The crystal lattice structure of MgB2 creates various sorts of chemical bonds, related 

to the hexagonal lattice structure. The presence of magnesium interlayers, the boron 

honeycomb planes situated in specific distances, and magnesium and boron chemical 

properties altogether lead to a special energy band structure and the superconductivity with 

a critical temperature of 39 K. 

 
Fig. 8: Magnesium diboride crystal hexagonal structure, the graphite-like structure of boron and 

magnesium atoms are introduced between the pores of boron hexagons. 

 

The MgB2 energy band structure is shaped by three σ bands from boron in-plane spx, spy 

hybridization orbitals and two π bands from bonding and antibonding pz hybridization 

orbitals, correspondingly. The magnesium atoms provide their valence electrons to the 

boron planes, bonding ionically, within the other boron atoms. The in-plane boron atoms are 

held together by strong two-dimensional covalent bonds, whereas, metallic π three-

dimensional bonds between boron-magnesium layers are present. On one hand, the 

covalent σ bands formed by already mentioned sp2 boron hybridization, are partially filled 

and localized on boron planes. On the other hand, the metallic π band bond types from pz 
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orbitals containing delocalized electrons, are responsible for the metallic character of 

conductivity. 

The σ type bands incorporate the holes as charge carriers, and π bands contain both 

electrons and holes [53, 54, 57]. The MgB2 energy band structure and its overall chemical 

bonding distribution in the crystal lattice are straightly connected to the Fermi surface and 

are unquestionably essential to superconductivity in general. Since the discovery of MgB2, 

several groups have attempted to calculate the band structures as illustrated in fig. 9 [56, 57, 

58, 59]. The band structure shows the energy curves for particular bonds along characteristic 

points in reciprocal k-space of MgB2 crystal lattice. Along Γ-A points, σ and π bands have 

almost the same energy, increasing a chance for the charge transfer from σ to π bands. 

Fig. 9: Calculated electronic band structure of MgB2 along typical points in reciprocal k-space, curves 

exhibit σ and π bonding types – right [54]. Reciprocal space of one crystal lattice unit in k-space, 

showing the Fermi surface of MgB2; Green and blue cylinder-like structures are formed from pxy bonds 

carrying hole charge carriers, blue tubular network are from pz bonding bands holding holes as charge 

carriers, and the red tubular network from antibonding pz band contains electrons as charge carriers 

– left [56].  

 

The Fermi surface is created by several sections. The four vertical sections (cylinder-like 

structures) are associated with σ bands, and the tubular-network-like structures are linked 

to π bonds. Green and blue cylinders are from pxy bonding and contain hole-charge carries. 

The blue tube-shaped network arises from the pz bonding type, which have a hole-like type 

conductivity. The red tubular network is made from the antibonding pz band, exhibiting 

electron-like charge carrier behavior. The contribution to the density of states originates 

from both covalent σ and metallic π bands. The total and partial density of Mg and B electron 

states are shown in fig. 10. The maxima are situated at about -2 eV and +6.5 eV, 

correspondingly. 
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Fig. 10: Total density of states (DOS) and partial DOS for the MgB2 compound [56]. 

 

 

The valence bands of MgB2 are developed mostly from boron pσ,π bands, yet, magnesium 

atoms make a small contribution to the valence band structure. The σ-px,y and π-pz bands 

control the intensity in in-plane dispersion due to the large overlap among all p orbitals 

neighboring boron atoms [58, 59]. This dispersion of both bands differs significantly. For the 

σ-px,y bands the most evident dispersion is seen along Γ-K while for the π-pz bands it is along 

Γ-A. The σ bands are flat and constitute two cylindrical hole-type surfaces contributing to the 

Fermi surface around Γ-A lines.  

The Fermi surface, formed by σ and π band types, was experimentally inspected in 

studies of the angle-resolved photoemission spectroscopy (ARPES) [60] and de Haas-van 

Alphen’s effect experiments [61]. It was shown that both the ARPES and de Haas-van 

Alphen’s effect investigations on single crystals of MgB2 are in good agreement with the 

theoretical band structure calculations displayed in fig. 9 [60, 61]. Also, experimentally 

measured boron density of states by X-ray absorption and X-ray emission spectroscopy 

shows high DOS from the boron σ-px,y bands, which also agrees well with the band 

calculations [63, 64]. In-plane and out-plane investigations of Hall coefficient exhibit the 

domination of hole charge carriers besides the ab-plane and electron charge carrier types 

along the c-direction.  
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3.1.3. Superconductivity in magnesium diboride 

Up to now, one of the most recognized theories defining superconductivity on a microscopic 

quantum scale is the BCS theory (section 1.4). In the theory, the superconducting 

phenomenon is clarified by a non-zero attractive potential among electrons via crystal lattice 

vibrations (phonons). This leads to the creation of Cooper pairs, which effectively transmit 

charge without any loss and leads to zero resistance state of matter in the DC regime. In 

section 1.4, the expression of the energy gap (1.36) was acquired in the form of:   
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where N(0) symbolizes the density of quasiparticle states at the Fermi surface, ωc denotes 

the Debye frequency, V is an attractive potential, and Δ(0) represents an energy gap at the 

Fermi surface at zero temperature. By using one of the consequences of BCS theory, showing 

that ∆(0) = 3.5 𝑘𝐵𝑇𝑐, and the relation (1.36), we attain the expression for the critical 

transition temperature as follows: 
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where θD stands for the Debye temperature of the metal. To gain the initial expression for 

the critical temperature (3.1), the supposition of weak coupling interaction between 

electrons (N(0) V ≈ 1) was employed. On the other hand, corresponding to the values of N 

(0) and θD, which has been widely established in many papers, it was pointed out that the Tc 

defined by the BCS is fairly limited to the maximum value of about Tc ≈ 30 K. In the 

circumstance of MgB2, only p and s – type bands participate on the Fermi surface with no d-

wave electrons appeared leading to lower values of N(0) compared with e. g. cuprates. 

Therefore, the BCS theory was not sufficient to explain so high Tc = 39 K in this case. The 

extraordinary value of Tc measured in MgB2 encouraged the scientific community to 

exploration of new mechanisms of superconductivity in this type of compound. It was 

suggested that superconductivity in MgB2 is different compared with conventional 

superconductors in several aspects. In work [66], it was published that the MgB2 

superconductor has visibly two separated energy gaps. The dominating charge carriers are 

holes, similar to high-temperature superconductors, especially cuprates. Subsequently, it 

turned out that coupling of two types is present. The first is strong electron-phonon coupling 
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in boron plane, where σ bands exist. The second sort is weak coupling intra-π bands. These 

two types of coupling, lead to the existence of two distinct energy gaps in the MgB2 Fermi 

surface. 

 Generally, the electron-phonon interaction in MgB2 has several diverse channels; the 

intra-band σ and π scattering and the interband scattering between σ and π bands, which 

permits to get such a high upper critical magnetic field value Hc2 [67]. This field is much higher 

compared to NbTi, Nb3Sn or other conventional low-temperature superconductors. On one 

hand, MgB2 has many similarities with conventional superconductors, such as the 

penetration depth, hall coefficients near Tc and similar anisotropy of its superconducting 

parameters. On the other hand, the isotopic coefficient is much lower than in the case of 

conventional superconductors.   

 As mentioned above in section (1.3.2), usually, a superconductor of I. or II. type can 

be distinguished by Ginsburg-landau parameter κ. This parameter is characterized by the 

ratio of a penetration depth λ and a coherence length ξ (κ=λ/ξ). It has been proposed by 

Landau that Type I superconductors are those, for which stand 0 < κ < 1/√2, and Type II 

superconductors are those with the ratio of κ > 1/√2. Nevertheless, MgB2 is being referred 

to as so-called 1.5 type superconductor, since it can be characterized by two coherence 

lengths ξ1, 2. If we fix the magnetic penetration depth λ and use the two coherence lengths 

as ξ1 < λ < ξ 2 related to e. g. different directions of the crystal lattice, we also attain two 

Ginsburg-landau parameters. This means that MgB2 has two superconducting components 

varying on two distinct length scales. If an external magnetic field larger than the lower 

critical magnetic field Hc1 is applied, the superconductor of Type 1.5 should possess quantum 

vortices with a magnetic flux value of h 2e⁄  (where h is the Planck constant and e is an 

elementary charge). However, unlike in the case of Type II superconductors, these vortices 

have long-range attractive and short-range repulsive interactions. This means that MgB2, in 

a magnetic field, can undergo a macroscopic phase separation into the domains of a 

Meissner state and clusters of quantum vortices, bounded together by attractive forces. 

 

 

 

http://en.wikipedia.org/wiki/Type_II_superconductor
http://en.wikipedia.org/wiki/Type_II_superconductor
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3.1.4. Magnesium diboride critical temperature  

We already know that MgB2 has a superconducting transition temperature of about 39 K. 

This result was totally unexpected. Later on, it was shown that Tc is sensitive to boron isotopic 

substitution while magnesium isotopes do not affect the Tc of MgB2 indicating that 

superconductivity in MgB2 is caused mostly by boron atoms and their vibrations [68]. 

Additionally, it is well-known that when an external pressure on superconducting material in 

a superconducting state is applied, vibration modes and the energy distribution in the 

Brillouin zone, and subsequently the coupling interaction between electrons and phonons is 

changed. Usually, by applying pressure the Tc is increased, though, in the case of MgB2, it 

causes a decrease of Tc, being a fairly unusual behavior. Besides, by the introduction of 

sundry sorts of disorders (point, line, and plane vacancies; interstitial or substitution), or by 

applying external radiation, a significant reduction of Tc due to a decrease of the density of 

quasiparticle states was observed [73, 74]. Doping investigations on MgB2 have not led to 

any increase of Tc. By using dopants, such as C, O, Ni, Ar, Zr, Sn, Ca, Ti, Pb, Au, Si, Li, either 

diminution or no changes of Tc in MgB2 were observed. 

 
 

3.1.5. Critical current density 

It is known that the MgB2 superconductor possesses a high critical current density (Jc). 

Electrical transport measurements reported by several groups showed that the critical 

current density Jc is usually in the interval of Jc ≈ 106 – 107 A.cm-2. The value of Jc was highly 

dependent on a fabrication technique, annealing treatment and the amount of flux pinning 

centers. A great endeavor has been put to improve Jc, by the change of deposition technique, 

chemical doping or annealing in the magnetic field. As mentioned above, MgB2 grain 

boundaries are transparent, which means that unlike in the case of high-temperature 

superconductors, the superconducting current in MgB2 is not significantly suppressed by 

barriers at grain boundaries. Normally, the barriers diminish Jc on the interface because of a 

small coherence length. In addition, the boundaries are not just transparent to flowing 

current, yet work as flux pinning centers. This leads to an increase of total critical current 

density values [75]. Impurities with the size of nanometers were found to be incredibly 

effective in enhancing the flux pinning ability [76, 77, 79], and hence, this leads to Jc 

improvements. The MgB2 critical current has extraordinary values even in strong magnetic 

fields, which makes it suitable for heavy-current industry. 
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3.1.6. Critical magnetic field  

The critical magnetic field, one of the crucial characteristic properties of the superconducting 

state itself, was investigated by numerous groups. It was revealed that the pure MgB2 retains 

the Meissner state up to the lower critical Hc1 of about 50 mT [81], its irreversibility field Hirr 

and the upper critical field Hc2 have been found to be 6 - 12 T and 15 - 20 T at 4.2 K, 

respectively [80 - 83]. In addition, by applying an external irradiation, Jc and Hc2 can be 

effectively enlarged since external irradiation creates defects in the crystal lattice cell, which 

might serve as pinning centers. As was declared above, by introducing dopants, such as 

nanoparticles of carbon, silicon carbon or carbon borides, not only Jc, but also higher Hc2 

fields were obtained as Jc and Hc are linked one to another [79, 86, 87]. Firstly, in pure MgB2 

single crystals (without defects), rather low upper critical fields of µ0Hc2||c (T = 0 K) ≈ 3.5 T 

and µ0Hc2||ab (T = 0 K) ≈ 17 T have been examined in direction perpendicular and parallel to 

the ab plane [88], correspondingly. However, in a bulk containing defects or impurities, 

higher values of the upper critical field of up to Hc2 (T = 0 K) ≈ 29 T [89, 90] have been reached. 

Moreover, for MgB2 thin films, even higher upper critical fields parallel to ab plane with 

values of Hc2||ab (T = 0 K) ≈ 48 T [89], and in [52, 160] up to 55 T were reported. 

 

3.2. Iron Based superconductors 

3.2.1. Overview and brief history 

The latest big step forward in superconductivity was made by the discovery of a novel type 

of superconductors containing iron by the group of Hideo Hosono in January 2006 [23]. This 

finding triggered an intensive research and opened a new frontier for superconductivity. In 

the beginning, these superconducting materials were called “Pnictide superconductors”, 

since one fundamental part of the crystal lattice cell originated from V.A group of the 

periodic table of elements (from Greek; pnig- choke, strangle). Subsequently, more types 

were discovered and detailed investigations showed that all Pnictide superconductors have 

a similar electronic structure. For that reason, nowadays we speak about iron-based 

superconductors (FeSCs). Additionally, it was pointed out that the electrons originating from 

iron ions play an essential role in the iron-based superconductivity. On the other hand, 

revealing that superconductivity can be present in compounds holding components with 

magnetic ordering was quite a shock. It had been well-known that magnetism as one of the 
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fundamental forces (ferromagnetism or antiferromagnetism) emerges from the long-range 

ordering of electron spins while superconductivity arises from the formation of Cooper pairs, 

being primarily diamagnetic due to a spin singlet state. Therefore, it had been believed that 

magnetism and superconductivity were antagonistic phenomena, and this fact has been 

experimentally confirmed many times. Namely, during the history, it has been repeatedly 

disclosed that introduction of magnetic impurities into superconductors such as Fe, Co, and 

Ni diminished Tc or completely destroyed superconductivity, and hence were avoided in this 

field of physics.  

Since 1993, there have been real attempts on an exploration of new oxide conductors 

and semiconductors [91]. The study was primarily focused on transparent p-type 

semiconducting compounds with a high mobility of holes, in particular, on CuAlO2 leading to 

the discovery of LaCuChO (Ch = Chalcogen). It was demonstrated that this material has the 

extraordinary performance in the mobility of charge carriers [92]. Later on, attention was 

paid to investigations of novel magnetic semiconductors by replacing of Cu+ by Fe2+ or Mn2+, 

having a closed 3d shell structure and magnetic elements with an open 4f shell. The 

superconductivity had not been the target of this research at all. Shortly after, it was shown 

that by substitution of Fe2+ or Ni2+ for Cu+ and P3- or As3- for Ch2- in LaCuChO compound, 

superconductivity in LaFePO at the temperature of 5 K can be attained [92]. Afterward, 

compounds of LaNiPO and LaNiAsO exhibited superconducting transitions at 3 K and 2.4 K, 

respectively [93, 94]. Though, the Tc values in LaNiPO and LaNiAsO were not markedly 

increased by doping. In that time, the essential compound turned to be LaFeAsO. On one 

hand, the parent compound of non-doped LaFeAsO did not show superconductivity, and 

displayed antiferromagnetic ordering at the Neel temperature of about 150 K. On the other 

hand, after substitution O2- by F-, this compound was turned into a superconductor with the 

critical temperature of 26 K [24]. The pressure studies under 4 GPa showed that Tc can be 

raised up to 43 K [25]. Then, by switching La by Ce or Sm ion with an open 4f-shell, even 

higher Tcs were obtained [95, 96]. In 2008, another important paper was published by the 

German group [98], reporting the superconductivity in the compound of K-doped Ba1-

xKxFe2As2. Later on, superconductivity in Co-doped Ba(Fe1-xCox)2As2 [99] and BaNi2P2 [100] 

was shown. Since 2006, numerous FeSC compound types have been reported, which is 

summarized in fig. 11.  
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Fig. 11: Fe-based superconductors as reported in time until 2011 with corresponding Tcs. 

 

 

3.2.2. Crystal structure of Iron-based superconductors 

Until now, numerous of FeSC have been discovered, and it was shown that they can be 

classified into five family types, as shown on fig. 12 [101, 102]. The common structural unit 

in these materials is a square net of Fe2+ tetrahedrally coordinated by four either pnictogen 

(Pn) or chalcogen (Ch) atoms. Unlike in the case of cuprate superconductors, where the 

parent compounds are Mott insulators, in the case of FeSCs the crystal lattice cell containing 

Fe layers exhibit a metallic behavior of conductivity without doping. The insulating layer is 

composed by M, MO or MF, where M denotes a metallic element, such as an alkali metal, 

alkaline earth or rare-earth element that is situated between FePn layers. O and F in MO and 

MF represent oxygen and fluorine atoms. The distances between the FePn layers are directly 

influenced by the atomic size and bonding strength of M as the M elements in the blocking 

layer are bonded to Pn elements. All family types are called after the atomic composition 

ratio. 
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Fig. 12: Crystal structures of iron-based superconductors. (a) 1111 – type; (b) 122 – type; (b’) 245 – 

type, which is subtype of 122- type; (c) 111 – type, (d) 11 – type, and (e) the homologous – type [102]. 

 

3.2.3. 1111-Type iron-based superconductors  

1111-type superconductors belong to the FeSCs with typical representatives being LaFePO 

and LaFeAsO. As displayed in fig. 12a, the crystal structure of 1111-type, creates a tetragonal 

P4/nmm space group. This configuration takes place for hundreds of different materials, 

including, e. g., the already mentioned p-type wide-gap semiconductor LaCuChO (Ch stands 

for S, Se, Te). Although LaFePO and LaFeAsO were discovered more than 17 years ago [103], 

no superconductivity was observed in these compounds until 2006 (LaFePO) [23] and 2008 

(LaFeAsO) [24]. It was shown that the structural and electronic two-dimensionality are the 

highest among the five family types, and only 1111-type superconductors reach critical 

temperatures above 50 K. The crystal lattice unit cell of 1111-type has ab-plane dimensions 

of about a = 0.4 nm, b = 0.8 nm and the c-axis height about c = 0.9 nm. Though, the 

dimensions can slightly vary by changing the anion elements in the crystal lattice cell. The 

crystal unit cell contains two types of molecular formulae along the c-axis: an alternating 
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stack of positively charged L-O layers and negatively charged FeAs planes. The FeAs layer is 

constructed as an array of edge-shared FeAs4 tetrahedrons, establishing the planar square 

net of iron. The local structure of the FeAs layer is the same for all iron-based 

superconductors, and hence it is a core block for these sorts of superconducting materials. 

The distance between the adjacent FeAs layers fits well to the space between As3- or O2- ions. 

Each Fe2+ atom holds six electrons in five 3d orbitals, and they all contribute to the density 

of states at the Fermi surface. 

 

3.2.4. 122-Type iron-based superconductors  

122-type superconductors have ThCr2Si2 crystal structure type with a tetragonal I4/mmm 

space group, which can accommodate a quite a large variety of elements. This configuration 

can also be seen in perovskite-like systems. Although, in the case of AeFe2P2, Ae can be 

inhabited by alkaline earth elements and lanthanides (La-Pr, Eu), in the case of AeFe2As2, Ae 

can be represented only by an alkaline earth, alkali metal or Eu2+. The crystal structure of 

122-type superconductors can be found in fig. 12b. The layer composed of Ae atoms is 

sandwiched between the FeAs conducting layers, which are thinner compared to the Ln-O 

layers in 1111-type superconductors. The separation between the adjacent FeAs layers of 

the 122-type is smaller (0.5 – 0.6 nm) compared to 1111-types having 0.8 – 0.9 nm. Since the 

nearest FeAs layers face each other with a mirror image plane, the lattice parameter c is 

doubled compared to 1111-type superconductors, while the lattice parameter a = 0.4 nm is 

almost the same. The Fe-Fe distance in the FeAs interlayers is similar in both 1111- and 122-

type materials. It was shown that due to the extraordinary arrangements of atoms in the 

crystal lattice cell, 122-type compounds exhibit relatively high-Tcs, e. g., 30 K in KxFe2Se2 [105] 

and 27 K in BaFe2Se3 [106], respectively. In the case of Ba(Fe1-xCox)2As2, superconducting 

temperature of about 25 K was observed. The parent compound is BaFe2As2 which exhibits 

a magnetic and structural transition below T ≈ 140 K temperature, where crystal symmetry 

is reduced to orthorhombic crystal symmetry with the long-range antiferromagnetic 

ordering. Sometimes, these materials contain substantial Fe vacancies, and thus we might 

occasionally classify them under A2Fe4Se5 parent materials, where A symbolizes K, Rb, Cs and 

Ti. Normally, these compounds show antiferromagnetic ordering with the Neel temperature 

at about 500 K. The A2Fe4Se5 structure is different compared to 122-type, and may be 

regarded as a new parent compound called 245-type, see. fig. 12b’.  



40 
 

3.2.5. 111-Type iron-based superconductors  

111-type superconductors are usually formed of AFePn, where A stands for an alkali metal, 

and Pn is a pnictide atom. The crystal structure of this type is similar to the 1111-type with a 

tetragonal P4/nmm space group (see fig. 12c). Although Ae ions exist in every two FePn 

molecules in the 122-type, 111-types contain two A ions per two FePn molecules (A 

represents Li+ and Na+). This type is equivalent to the structure of the 1111-types, where all 

the oxygen atoms are removed, and the Ln side is occupied by Li+ or Na+ ions. The 

characteristic representatives are LiFeAs and NaFeAs, exhibiting superconducting transition 

at about 18 K. 

 

3.2.6. 11-Type iron-based superconductors  

The 11-type is the simplest of FeSC superconductors composed of FeCh arrangement (Ch 

again stands for a chalcogenide). The crystal structure belongs to P4/nmm space group, 

which is also known as α-PbO type structure (see fig. 12d). A typical representative of this 

11-type is β-FeSe with the critical transition temperature of about 8 K. Regarding the Fe-Se 

phase diagram, the β-Fe1+xSe exists in a narrow composition region of x =0.0010 – 0.025, 

possessing a hexagonal lattice and NiAs-type structure. By substituting Se by Te, the Tc up to 

16 K can be reached [107 - 110]. The pressure investigations under 8.9 GPa showed the Tc of 

approximately 37 K, reported by Medvedev et al. [111]. Moreover, exceptional high-Tc 

superconductivity at about 103 K was reported in a single layer of FeSe grown on SrTiO3 

[112]. 

3.2.7. Homologous-type iron-based superconductors 

The homologous type iron-based superconductors have a thick blocking layer composed of 

a quasi-perovskite structure assembled by MO5 pyramids and Ae, creating a structure of 

(Fe2As2)(Aen+1MmOy) type, where Ae represents alkali earth metals, and M stands for Sc, Cr, 

Ti or other transition metal (fig. 12e). A typical representatives are (Fe2As2)(Sr4Sc2O6) and 

(Fe2As2)(Ca6(Sc,Ti)5Oy) with the FeAs-FeAs distances of 1.5 and 2.45 nm, respectively. It was 

shown that similar to the cuprates, the Tc is increased with increasing the thickness of 

superconducting layers [165 - 167]. The highest Tc of 43 K was attained in the case of 

(Fe2As2)(Ca6(Sc,Ti)5Oy). Recently, Ca10(Pt4As8)(Fe2−xPtxAs2)5 system with Tc of 38 K was 

reported by M. Nohara et al. [168], which the spacing layers exhibited metallic conductivity, 

being different to the previous homologous-type systems. 
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3.2.8. Multi-band nature of iron-based superconductors 

It is well-known that the electronic state of the Fermi surface controls the transport 

properties of a material. In general, the Fermi surface of FeSCs is formed by a complex tangle 

of five Fe3d orbitals and a small contribution from p states. In the case of, e. g. LaOFeAs, the 

Fermi surface is formed by Fe3d and arsenide 4p states, which is unlike in the cuprate 

superconductors, where only Cu dx
2

-y
2 orbitals participate on the Fermi surface. These five 

Fe3d orbitals contribute on five bands in the Fermi surface, leading to the multi-pocket Fermi 

surface. Additionally, it is recognized that the dx
2

-y
2, dxy and dyz energy levels are sensitive to 

both the changes in the symmetry of the FeAs4 tetrahedron and the charge carrier density. 

The energy level differences change the shape and volume of the pockets on the Fermi 

surface, which affects the strength of Cooper pair coupling through spin fluctuations [114, 

115, 116]. However, it was shown that pairing by the spin fluctuations is not sufficient to 

describe all attributes of FeSCs, and many groups tried to understand superconductivity in 

these materials from another perspective. For instance, in wok [116], Kuroki et al. classify Tc 

by the distance between pnictogen and Fe plane, which influences the relationship between 

the 3d orbitals and Fermi surface. Recently, an orbital fluctuation mechanism was proposed 

[117, 118], which was based on an experimental finding of a substantial reduction of share 

elastic modulus near the structural/magnetic transition [119]. 

 
Fig. 13: Calculated and measured density of states in the F-doped LaFeAsO and LaFePO compounds 

[102].  

3.2.9. Magnetic ordering in iron-based superconductors 

Intermetallic superconductors such as MgB2 do not possess magnetic ordering, and the 

superconducting state is induced only by coupling of conduction electrons. On the other 

hand, in the case of high-Tc superconductors, e. g. cuprates, antiferromagnetic ordering is 

present with a Cu magnetic moment of 1μB, corresponding to nine electrons localized in the 

3d orbitals. Cuprates are Mott insulators, and for a creation of a superconducting state, 
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doping is required. However, the parent materials of 1111- and 122-type superconductors 

within antiferromagnetic ordering are metals, plus their magnetic moment per Fe atom is 

0.4 – 0.9 μB, which is smaller compared to that in cuprates. This moment is caused by the six 

electrons localized on Fe2+ with high-spin states. Additionally, the repulsive energy between 

3d electrons is just about half as in the case of cuprates. Both these facts result to the strong 

delocalization of electrons in iron-based superconductors and high overall conductivity in a 

normal state. Regarding the parent compounds of 245-types, an insulating state with distinct 

band gaps with values of 0.37 eV and 0.03 eV, and the Neel temperature of about 500 K 

appear. Apparently, the antiferromagnetic ordering and superconductivity are attributions 

of nanoscale phase separation [120]. The antiferromagnetic spin fluctuation and the multi-

band effect are the two essential factors to drive these compounds into a superconducting 

state. Possible pairing interaction is caused due to inter-pocket scattering of electrons 

between hole and electron pockets in the Fermi surface leading to s± symmetry of the order 

parameter. In fig. 14, we might see an example of the Fermi surface for LiFeAs 

superconductor, having a one hole-like pocket in the Γ-point and four distinct electron-like 

pockets aside of the Brillouin zone. 

 
Fig. 14: The Fermi surface of LiFeAs, including, electron-like and hole-like pockets.  

Another interesting issue about iron-based superconductivity is in a realization of spin 

density wave (SDW) and nematic ordering as displayed in fig. 15. In general, SWD is a low-

energy ordered state, which occurs at low temperatures in anisotropic, low-dimensional 

materials or in metals having high densities of electron states at the Fermi level. On the other 

hand, the nematic ordering is defined as a state of so-called liquid crystal oriented in parallel, 

but not arranged precisely in well-defined planes. In FeSCs, the nematic order breaks the 

discrete lattice rotational symmetry by coupling the x and y directions in the iron plane being 

non-equivalent, which can happen due to a regular structural transition or as a result of 
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instability in electron orbitals or, e. g., spin-driven Ising-nematic ordering. The spin-driven 

Ising nematicity is a magnetic state that disrupt the rotational symmetry, but preserves time-

reversal symmetry. This was suggested and widely discussed for many previous published 

FeSC systems [123, 124, 125, 126]. Regarding electron coupling, it was proposed that 

similarly to cuprates, the pairing in FeSCs is mediated by spin fluctuations, though, with a 

sign change of the order parameter. The spin dynamics was revealed primarily by nuclear 

magnetic resonance measurements, where a correlation between the spectral weight of the 

spin fluctuations and superconductivity was observed. When antiferromagnetically ordered 

parent compounds are overdoped by electrons, e. g., by fluorine atoms, the spin fluctuations 

vanish together the hole pocket in the Fermi surface and superconductivity. Therefore, spin 

fluctuations, defined directly by electronic structure of bands, play an important role in iron-

based superconductivity. Moreover, the correlation between a normal state, spin excitations 

and electronic structure was found to be common for all iron-based superconductors. 

 
Fig. 15: Illustrative drawing of FeSCs phase diagrams, including a spin density wave (SDW) and 

superconducting state (SC). The diagram shows the dependence of the SDW and SC on doping 

parameter with the presence of nematic ordering (left). Phase diagram of K- and Co-doped BaFe2As2 

and KxFe2-ySe2 superconductors (right). 

 

3.2.10. Superconductivity in iron-based superconductors 

The discovery of superconducting state at 26 K in the F-doped LaFeAsO, had a great impact 

on the field of superconductivity. It is not only due to the relatively high-Tc values, but also 

because it opposes to conventional superconductivity in many ways, and asks a fundamental 

question on unconventional mechanisms in a wider class of compounds other than the high-

Tc superconductors. On one hand, iron-based superconductors share some common features 

with the high-Tc cuprates such as: the Fermi surface is created by 3d electrons, their parent 



44 
 

compounds possess antiferromagnetic ordering of spins, and superconductivity appears 

when magnetism is suppressed upon specific doping of electrons and holes, suggesting a 

relation between superconductivity and magnetism in these types of materials. On the other 

hand, the symmetry of the order parameter and multi-gap superconductivity characteristics 

for FeSCs are different. At first, a possible explanation of iron-based superconductivity was 

based on a purely-phonon-mediated pairing mechanism. However, also superconductivity in 

high-Tc superconductors could not been justified only by an electron-phonon interaction. 

Therefore, there has been a rather high possibility that other electron degrees of freedom 

play an important role in pairing mechanism in FeSCs. In [114, 116, 163], it was proposed 

that a spin-fluctuation-mediated pairing can explain some of the physical properties of 

FeSCs. Although the parallel between cuprate and iron-based superconductors is quite 

significant, the iron-based superconductors are systems with four or five pockets in the Fermi 

surface originating from several types of orbitals. In the spin-fluctuation-mediated pairing 

scenario, the interaction between the disconnected electron and hole parts of the Fermi 

surface induces spin fluctuations, which might give rise to a superconducting gap that is 

normally s-wave. However, it was shown that the order parameter of FeSCs changes its sign 

between electron and hole pocket, which makes the s± pairing symmetry to be more 

probable. 

In 1111 and 122 family types, superconductivity arises with electron or hole doping, 

or can be induced by pressure [122]. In the 111-types, superconductivity is shown even at 

zero doping level instead of magnetic ordering. There are several important experimental 

facts which come along with FeSCs: a significant difference in the size of a superconducting 

gap on different Fermi surface pockets [127 - 130], values of the BCS ratio (2∆/Tc) similar to 

cuprates, yet much higher than predicted by BCS [129, 131, 133], and last is the correlation 

of Tc with a distance between anions in the crystal lattice cell [164]. The complexity of the 

electronic structure of FeSC was an obstacle on the way to its understanding. On the other 

hand, closer examinations showed that the variety of the electronic states is extremely useful 

for uncovering the correlation between orbital nature and pairing strength. Based on the 

similarity of the phase diagrams of FeSCs and cuprates, it was suggested that the pairing in 

FeSCs is mediated by spin fluctuations with a sign change in the superconducting order 

parameter. Soon after, it was turned up that the symmetry should be different from the d-

wave symmetry, which is typical for cuprate superconductors. Up to now, most researchers 

believe that the order parameter has s± symmetry [101, 102, 132, 133]. Numerous studies 
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demonstrated that the physics of the pairing is much more complicated due to the multi-

orbital nature of the low-energy electronic excitations. It was shown that both the symmetry 

and structure of the pairing gap result from the rather nontrivial interplay between spin-

fluctuation exchange, the Coulomb repulsion, and the momentum structure of the 

interactions. Normally, an s± wave gap can be either with or without nodes, depending on 

the orbital content of low-energy excitations and can evolve into the d-wave symmetry of 

the order parameter by overdoping of electrons or holes. In addition to spin fluctuations, 

FeSCs also possess charge fluctuations that can be strongly enhanced due to the proximity 

of a transition into a state with orbital ordering. This interaction can support the 

conventional s-wave pairing.  

The experimental data on iron-based superconductivity show the very rich behavior 

of superconducting gap structures, which vary substantially from types to types. In favor of 

s± symmetry with spin-fluctuations of mediate pairing speaks the observation of spin 

resonances by inelastic neutron scattering (INS), which implies the sing change of the order 

parameter and numerous experimental indications of a nodal gap. Additionally, it has been 

argued that the presence of a region where the superconducting state and stripe magnetism 

coexist in FeSCs can be a direct fingerprint of an s± symmetry. On the other hand, the 

transition of first-order between a pure magnetic and clear superconducting state leads 

more likely to s++ symmetry [133]. Alternatively, there are several discrepancies coming from 

ARPES exhibiting a strong evidence of electron-phonon coupling in LiFeAs. It was presented 

that more accurate measurements of gap anisotropy are difficult to be described by s± 

models, however, can be explained by s++ theories based on orbital fluctuations assisted by 

phonons. Symmetry in 122-family type (e. g. in KFe2As2) is quite different since the Fermi 

surface contains only hole-like pockets. The same holds for AxFe2-ySe2 type compounds, 

where only electron-like Fermi surfaces appear. It was proposed that in KFe2As2 and AxFe2-

ySe2, the gap symmetry might be rather d-wave, but with different nodes. In work [134], it 

was published that s± symmetry in AxFe2-ySe2 compound types can be caused by inter-pocket 

pairing, that means, the order parameter changes sign between electron pockets. On the 

other hand, in [133] was shown that another possibility for the order parameter to change 

sign in AxFe2-ySe2 involves the finite energy of the coupling boson that ought to be higher 

than the binding energy of the top of the hole band at the Γ-point. 

So far, the LiFeAs compound was the most reliable for determination of the gap with 

a good accuracy having the gap amplitude of 0.3 meV at the temperature of 2 K [136, 137].  
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Fig. 16 shows the small hole-like Fermi surface at the Γ point created by dxz/yz orbitals. It can 

be clearly seen that at some kz point the gap almost touches the Fermi level with the 

magnitude value of 6 meV, being also with the good agreement of tunneling spectroscopy 

measurements [138]. Along with the large hole-like Fermi surface of dxy character, the gap 

varies around 3.4 meV as 0.5meV*cos(4θ) with maxima in the direction of the Γ point (where 

θ is the axial angle in cylindrical coordinates in the Brillouin zone). The minimum is in the 

direction of the electron-like Fermi surface. The gap on the outer electron pocket is smaller 

compared with the inner pocket. However, both vary around 3.6 meV described by the same 

relation with their maxima in the direction of the Γ-point. The anisotropy of the detected gap 

is difficult to resolve by coupling fluctuations and the sign change of the order parameter. 

Nevertheless, it can be fitted by the model of orbital fluctuations assisted by phonons [139, 

140, 141]. In 122-family compounds such as Ba(CoxFe1-x)2As2 and Ba1-xKxFe2As2, the 

superconducting gaps have been investigated by various experimental techniques [128, 

130]. The vast majority of experimental results show the presence of comparable amounts 

of electronic states with a large and small gap with the values in the interval of 10 - 11 meV 

and < 4meV, respectively. According to ARPES studies, the gap is located in all parts of the 

Fermi surface, except for the outer hole-like Fermi surface around the Γ-point. In the hole-

doped BaFe2As2, a clear correlation between the orbital character of the electronic states 

and superconductivity has been observed. The magnitude of the superconducting gap 

maximizes at 10.5 meV, which is normal for iron 3dxz,yz orbitals, while, for the other, the gap 

drops to the values of about 3.5 meV. In superconductors of Ba1-xFe2(As1-xPx)2 type, the 

superconducting gap studies performed by ARPES as a function of kz show a so-called circular 

line nodes on the largest hole pocket in the Fermi surface around z-point at the Brillouin 

zone, which was regarded as a direct evidence of s± symmetry. 

 
Fig. 16: Superconducting gap symmetry in the LiFeAs type compound. The Fermi surface 

experimentally obtained (left). The experimental dispersions (center) measured along the A and B  

lines in the Brillouin zone. A sketch of the distribution of the superconducting gap magnitude over the 

Fermi surfaces (right) [135]. 
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4. Experimental Part 

4.1 Deposition techniques for preparation iron-based superconductors 

and MgB2 thin films 

4.1.1. Pulsed laser deposition  

Pulsed Laser Deposition (PLD) is a complex deposition technique widely used for deposition 

of thin films. In general, it uses physical aspects of laser-material interaction during the 

impact of a laser pulse with high-energy on a solid target [143]. After the laser hits the target, 

a plasma plume is created with high energy species, and the ablated material is transferred 

onto a substrate. By repeating the laser pulses, a thin film is fully formed. The overall process 

of PLD can be divided into four separate stages: 1) Laser radiation and interaction with the 

target; 2) Dynamics of the target material ablation; 3) Deposition of the ablated material 

onto the substrate; 4) Nucleation and growth of the thin film on the substrate.  

In the first stage, the laser beam is focused by optical lens on the target surface, and 

the high-density short laser pulse interacts with the target material. After the laser pulse 

reaches the target, the surface is rapidly heated to the evaporation temperature, and it is 

ablated out. During the second stage, the material is emitted from the target and moved 

towards the substrate through a vacuum environment in a vacuum chamber, which is kept 

under ultra-high vacuum (UHV) conditions (usually with a pressure up to 10-9 mBar or lower). 

Sometimes, a reactive gas is used. In the third phase, the ejected particles are deposited onto 

the substrate surface, and the condensation centers are formed. The fourth step rests in the 

covering the whole substrate surface, as the amount and size of the condensation centers 

are increased and a thin film is entirely developed. A typical UHV chamber used for a PLD 

ablation is schematically illustrated in fig. 17. A target is mounted in the chamber at 45° angle 

and struck by the laser pulse. Normally, substrates are mounted parallel at a target-substrate 

distance of 3 – 15 cm.  

The substrate can be heated to the desired temperature, which is typically equivalent 

to the chemical bonding energy of the film which is being grown. The target usually rotates 

to sputter the material evenly. Moreover, more than one target for creation of bi- or/and 

multi- layers can be used. A strong advantage of the PLD is in flexibility to change deposition 

parameters, such as a laser type, pulse duration, and repetition rate. 
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Fig. 17: Schematic diagram of a typical PLD chamber. 

 

In addition, the preparation conditions, including the target-to-substrate distance, substrate 

temperature, background gas, and pressure can be adjusted. The PLD technique is flexible 

due to the small laser spot size, which can be about 1 mm2, allowing preparation of complex 

samples with enrichment of isotopes or isotopic markers within the deposited film. Another 

advantage is the fact that the stoichiometry of the deposited film is rather close to the target 

stoichiometry. Therefore, it is possible to prepare stoichiometric thin films from a single bulk 

target, which is in contrasts with, e. g., magnetron sputtering, where it is rather difficult to 

grow stoichiometric films using only one stoichiometric target. To obtain sufficiently high 

ablation rates of deposition, energies of more than 5 J.cm-2 are usually necessary. 

 PLD technique has been widely used for the preparation of various oxides, nitrides, 

carbides, and polymers, metallic, and fullerene systems as well as for preparation of high-

temperature and iron-based superconductors. 

In our work, superconducting thin film samples of iron-based superconductors were 

prepared in the Leibniz Institute for Solid State and Material Research in Dresden. Packed to 

vacuumed plastic bags and sent to our department for further investigations. The Co-doped 

Ba-122 films were epitaxially grown with (001) orientation by PLD from Ba(Co1Fe0.9)2As2 

target ablated by 248 nm KrF radiation at a repetition frequency of 7 Hz under ultra-high 

vacuum (UHV) conditions (base pressure 10-9 mbar). During the deposition, the substrate 

was kept at a temperature of 700°C. The films were deposited on MgO substrates with Fe 

buffer layer (Fe/MgO) and CaF2 substrates.  
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4.1.2. Electron-beams physical vapor deposition 

Electron Beam Physical Vapor Deposition (EBPVD) is a deposition technique extensively used 

for preparation of various sorts of materials, including metal compounds as well as dielectric 

materials [144]. The EBPVD is a method based on the bombardment of a target material 

(anode), by an electron beam originated from a cathode, which is usually made of a tungsten 

filament. The electron beam produces a local heating and results in evaporation of the target 

material by transforming the material into a gaseous form. The material in gaseous phase 

then condensates on the substrate surface as a solid state and creates a thin film. The EBPVD 

was primarily developed for the deposition of thin films and was well-established in several 

industries. In the semiconductor industry, for growing the electronic materials. In the 

aerospace industry, for the creation of thermal and chemical barrier layers having a 

protective function against the inhospitable environment in space. In optics, to make thin 

films possessing desired reflective and transmissive properties. In general, EBPVD is a 

deposition technique to grow films with deposition rates ranging from 0.1 to 10 nm per 

second at relatively low substrate temperatures. The target material is normally in a form of 

bulk material. Since the mean free path of electrons is rather short, EBPVD requires a high 

vacuum with a pressure of at least 10-3 Pa or lower. On the other hand, some EBPVD systems 

can operate at higher pressure levels (more than 10-3 Pa) but in this case, an arc suppression 

system is needed. Modern systems possess different targets to be simultaneously 

evaporated by multiple electron guns, and a power of tens of hundreds of kW can be applied. 

Electrons emitted from the cathode are produced by thermionic emission, electric field 

emission or via an anodic arc. The electrons are then accelerated to high velocities via bias 

electric potential applied between the cathode and anode, focused and directed towards the 

target material. The kinetic energy is absorbed and turned into the thermal energy, which 

causes local heating of the target material and subsequent evaporation into the vacuum 

chamber. Typical bias voltages are usually in the range of ones to tens of kV. Since the 

electrons have such a high kinetic energy, they also generate X-rays and trigger the emission 

of secondary electrons. The EBPVD can be set up in three different configurations. The first 

is an electromagnetic alignment, the second is the electromagnetic focusing arrangement, 

and the third is a pendant drop configuration. The first two are used for evaporation of 

materials, being in the form of a bulk ingot, while the pendant drop configuration uses mostly 

a rod. It is usually used in a way that the ingot is enclosed in a copper crucible while a rod is 



50 
 

mounted at one end in a socket situated at the bottom of the vacuum chamber. Normally, 

during the deposition, the target material is cooled, by circulation of water flowing in the 

pipes directly under the target. The main advantages of EBPVD are in a relatively broad range 

of deposition rates and the material utilization efficiency is relatively high compared with 

other deposition methods, such as magnetron sputtering or PLD. Moreover, EBPVD offers 

structural and morphological control during the growth. On the other hand, filament 

degradation in the electron gun causes a non-constant electron emission, and thus 

sometimes varying evaporation rate. 

 
Fig. 18: Scheme of EBPVD chamber during the deposition process. 
 
 

4.1.3. Resistive thermal evaporation 

Resistive Thermal Evaporation (RTE) is a commonly used method for deposition of thin films 

[144, 145]. The evaporated material is usually situated in a so-called boat, which is plugged 

into a circuit with flowing current, usually of tens of amperes. Sometimes, filaments and 

crucibles instead of boats are used. Due to the Joule losses, the source material is heated 

and evaporated to a vacuum chamber evacuated to a base pressure of 10-3 Pa or lower. The 

vapors then condensate on a substrate, and subsequently with time a thin film is fully 

developed. The boat type sources should withstand high temperatures and hence are made 

of tungsten, tantalum or molybdenum. On the other hand, wire type evaporation sources 

are made of tungsten wire and can be formed into filaments, baskets, heaters or loop-

shaped point sources. The main advantage of the RTE is in having low energy atoms with 

kinetic energies of ≈ 0.1 eV, which are defined only by temperature. However, point sources 

can cause poorer uniformity, compared with, e. g., magnetron sputtering.  
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In our work, we prepared MgB2 thin films by simultaneous evaporation of boron by EBPVD 

and magnesium by RTE on c-cut sapphire substrates and ex-situ post-annealing in a vacuum 

chamber. The deposition chamber was evacuated to a base pressure of about 10-3
 Pa and 

no additional gas was used. We found the optimal evaporation rates to be B – 0.2 nm.s-1 and 

Mg – 0.3 nm.s-1. 

 

4.2 Analytical methods  

4.2.1. Atomic force microscopy 

Atomic Force Microscopy (AFM) is a widely-spread method belonging into scanning probe 

microscopy (SPM) techniques, and is based on the interaction between a sharp tip (with tip 

curvature radius of a few nanometers) and the sample surface through atomic forces [146-

148]. AFM is highly suitable for topography measurements of both conductive and insulating 

samples with high spatial resolution. The AFM measurement system uses the tip-sample 

atomic interaction, which can be approximately described by the Lennard-Jones potential: 
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Here, r stands for the distance between two particular atoms, ε denotes the parameter of 

typical interaction energy, and σ is approximately the atom diameter. The first term in the 

formula (4.1) describes strong repulsive forces on the very short distances due to Pauli 

repulsion principle. The second term is the long-range Van der Waals-London force, caused 

by dipole-dipole attractive interaction. The AFM probes are typically pyramidal or conical 

tips, which are mounted on the end of a flexible rectangular cantilever.  

 
19: The Lennard-Jones potential (4.1). 
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The cantilevers are fitted to a millimeter-sized chips, which are subsequently attached to the 

AFM measurement setup. Typical commercial probes are usually made of Si, SiO2, Si3N4. 

Moreover, there is also a possibility to use conductive, magnetic or special hard coatings of 

the tips. A standard curvature radius of a tip without a coating is about 10 nm, 20 - 40 nm 

for coated tips, and 1 - 5 nm for super-sharp tips. The resolution is mostly determined by the 

tip parameters and quality. Topography is measured by the tip deflection which is most 

commonly measured by a laser beam deflection. AFM measurement regimes can be divided 

into two categories: statics and dynamics. Static regimes are based on the cantilever 

deflection which is used in the contact AFM mode measurements. In this case, the tip is 

situated at the distance lower than the minimum of the Lennard-Jones potential (fig. 19), 

where the cantilever deflection is caused by repulsive forces. These forces strongly depend 

on the tip-sample distance due to the strong force vs. distance dependence in this part of 

the Lennard-Jones potential. The static measurement method can be separated into two 

possible modes. The first one is the constant force mode when the tip-sample distance is 

kept constant by continuously adjusting the sample or tip z-position by a feedback loop. 

Changes of the sample or tip vertical positions required to preserve the constant force are 

recorded, and the topography image is reconstructed using the acquired data. The second 

scanning type is the constant height mode, in which the feedback loop is disabled, and only 

the cantilever deflection is directly measured and recorded. The disadvantage of the latter 

method rests in its suitability only for very small and flat area measurements. Also, the main 

disadvantage of the contact mode, in general, is a low signal-to-noise ratio as well as short 

tip lifetime and a higher chance of damaging the sample. Dynamic regimes are based on 

measuring changes of dynamic properties of an oscillating cantilever, such as resonant 

frequency, phase shift, and an oscillation amplitude and are mostly sensitive to the force 

gradients. While the cantilever oscillates near its resonant frequency, changes of the 

dynamics are measured. Two types of AFM measurement modes run in the dynamic regime: 

semicontact and non-contact mode. Principles of these modes are very similar, except that 

during semicontact measurements, the tip is in contact with the sample surface at the lowest 

oscillation point. The main advantages of the semicontact and non-contact modes over the 

contact mode are an in a lower risk of damaging the sample and significantly diminish the 

influence of lateral forces. Far from the sample surface, the cantilever oscillates at its 

resonant frequency. The resonant frequency is changed while the tip is landing due to force 

interactions with the sample surface.  The landing of the cantilever causes decreasing of the 
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oscillation amplitude as the generator frequency does not change until it reaches the 

working point that is usually set by a user to about half of the initial amplitude. During the 

measurement, the amplitude remains constant at the particular working point and is 

maintained by a feedback loop, which adjusts the tip-sample distance accordingly. The 

changes of the vertical position are recorded, and the topography image is reconstructed. 

 

4.2.2. Scanning spreading resistance microscopy 

Scanning Spreading Resistance Microscopy (SSRM) is an SPM method, which is regularly used 

for measurements of surface conductance distribution [148]. SSRM system is implemented 

within an AFM system using conductive AFM tips. The method is simply based on applying a 

voltage between the AFM tip and sample during AFM measurement in a contact mode while 

the current is monitored. A theoretical model of the SSRM can be described by a simple 

circular and hemispherical ohmic contacts, which represents the AFM tip and sample. The 

resistance of such a physical system arrangement can be calculated analytically as: 
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where a is the circular contact representing AFM tip, and r is the distance between the center 

of the AFM tip and the sample (fig. 20) and ρ is the local resistivity of a sample.                     

 
Fig. 20: AFM tip contact modeled by a circular contact representing the AFM tip and a hemispherical 

contact representing the sample. 

 

In the case of semi-sphere with the radius r  that models an infinite sample, one 

obtains from (4.2) 
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which is well-known as the Maxwell resistance. The circular contact can be assumed as the 

surface of the contact tip and the infinite semi-volume as a uniform sample. In reality, the 

sample is not infinite, but still large compared to the tip. Therefore, it can be assumed that 
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resistance can be described by the equation (4.3). This expression indicates that in the case 

of perfectly ohmic contact, the spreading resistance depends on the tip radius and resistivity 

of the sample. By measuring the current as a function of the tip position while the voltage 

applied between the tip and sample is constant, the resistivity map of the sample surface is 

reconstructed. 

 

4.2.3. Scanning tunneling microscopy 

Another commonly-used SPM method is Scanning Tunneling Microscopy (STM) based 

on the electron tunneling principles [149, 150]. The central part of the STM is a sharp 

conductive tip, which is moved very precisely along the sample surface. The basic idea is in 

applying a small voltage between the tip and sample. The tip is brought close to the sample 

surface (around a few angstroms) and a tunneling current, which is exponentially dependent 

on the bias voltage and tip - sample distance is measured (fig. 21).  

 
Fig. 21: A Schematic picture of STM measurement system. 

 

By keeping the tunneling current and voltage constant, the tip-sample distance 

changes, and by recording the tip-sample distance as a function of the sample position, the 

topographical image of the surface is reconstructed. Similar to SSRM, the second measuring 

type can be set. By keeping the tip-sample distance constant the tunneling current is changed 

which as a function of a sample position the topographical image can be made. By constant-
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current scanning technique, a combination of both surface electron density and topography 

is obtained. The resolution is mostly limited by the shape and sharpness of the tip. However, 

for flat surfaces, most of the tunneling current flows through the last atom of the tip, which 

is closest to the surface of the sample at the particular place leading to atomic resolution. 

Advantages of the STM are high spatial resolution and the possibility of measuring the 

density of electron states on the sample surface. Disadvantages are that samples have to be 

conductive. Moreover, the STM technique is very sensitive to various external noises. The 

STM measurement system has been successfully used for surface structure determination of 

metals and semiconductors as well as for studies of nucleation and thin film growth in 

vacuum. 

 

4.2.4. AFM, SSRM and STM experimental setups  

In our work, NT-MDT NTegra Aura microscope in a chamber filled with a pure nitrogen 

atmosphere was used for AFM and SSRM measurements. The microscope provides scanning 

probe modes such as: atomic force microscopy, phase imaging, Lateral Force Microscopy 

(LFM), scanning spreading resistance microscopy, Electrostatic Force Microscopy (EFM), 

Kelvin Probe Force Microscopy (KPFM), Magnetic Force Microscopy (MFM) and Scanning 

Capacitance Microscopy (SCM). Moreover, scratching, local anodic oxidation, and 

nanolithography techniques are included. The microscope allows to measure in vacuum or 

controlled gaseous environment. The chamber can be evacuated by the vacuum system 

containing a scroll vacuum pump and sorption pump to a base pressure of about 10-2 Pa. The 

microscope platform is equipped with active vibration isolation desktop unit Halcyonics_i4 

by Accurion Company based on piezoelectric type acceleration pickup. Additionally, active 

compensation for six degrees of freedom with active bandwidth from 0.6 to 200 Hz and 300 

ms setting time in acquired. Standard silicon AFM probes with a typical radius of 10 nm from 

NSG01 and NSG03 series made by NT-MDT Company were used for AFM imaging. 

Characteristic resonant frequencies of the cantilevers were from 47 to 230 kHz, and spring 

constants were from 1.45 to 15.1 N.m-1 for NSG01 and from 0.35 to 6.1 N.m-1 for NSG03, 

correspondingly. For SSRM measurements, AFM probes with a Pt conductive coating with a 

radius of 35 nm, typical cantilever resonant frequency of 87 - 230 kHz and the spring constant 

of 1.45 – 15.1 N.m-1 were used. The STM measurements were done on the same microscope, 

using mechanically prepared Pt-Ir wires as the STM tips. 
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4.2.5. X-ray photoelectron spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) is an analytical method used for analyzes of chemical 

composition and is based on a photon-electron interactions [151, 152]. XPS measurements 

are based on the absorption of an electromagnetic quantum, X-ray photon, with a certain 

energy and following emission of an electron called photoelectron. The energies of photons 

are usually in the order of 1 keV or higher. These photons penetrate into the material and 

interact with electrons situated in the inner shells of atoms. Emission of the inner electron 

results in another outer electron filling the free position (fig. 22) and the energy difference 

between the inner and outer level is emitted in the form of a photon.  

 
Fig. 22:  A Schematic diagram of photoelectron emission. 

 

The energy of the electrons emitted from the inner shells is then analyzed by the electron 

spectrometer. To conserve the energy of emitted electrons and to attain sufficient long mean 

free path in the vacuum chamber, XPS measurements have to be carried out under ultra-

high vacuum conditions. The emitted electrons escape only from the close vicinity of the 

sample surface (< 5-10 nm). Therefore, information about the chemical composition is 

obtained only from the depth of a few nanometers.  

For the incident photon with a particular energy, the interaction equation can be 

written using the energy conservation principle as: 

                                                          f

totk

i

tot EEEh  ;                          (4.4) 

where h denotes Planck constant ν is the photon frequency, 
i

totE symbolizes the total 

energy of the initial state, kE  represents photoelectron kinetic energy after emission and 

 f

totE  is the total energy of the final state the after photoelectron emission. The binding 

energy is then defined as the energy required to remove an electron from the 
th  shell to 

infinity with a zero kinetic energy, for which an expression can be defined as: 
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i
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totB EEE 
;                                                  (4.5) 

Putting together the equations (4.4) and (4.5) we get a relation for the photon energy which 

is required for ejection of an inter-shell electron: 

      Bk

i

tot

f

totk EEEEEh  .            (4.6) 

Binding energies are relative to a reference level, which is usually the Fermi level. Photons 

with energies of ~1 keV are sufficient to eject inner shell electrons from atoms with a small 

atomic number. However, for atoms with atomic number Z>30 only electrons from the outer 

electron shells are emitted. The XPS can also provide chemical bonding information since the 

binding energy of an electron also depends on its chemical bonding. The XPS peak intensity 

and shape at the particular energy the provide the quantitative density of elements, as well 

as their chemical states.  

In our work, XPS has been used for chemical composition analysis of iron-based 

superconductors and MgB2 thin films. We used XPS-Omicron multi-probe system containing 

hemispherical analyzer designed by Omicron Company. The chemical analysis was 

performed by monochromatic Al K alpha x-rays with an energy of 1486.6 eV. The system also 

includes argon ion gun, which was used for depth profiling of the chemical composition of 

the MgB2 samples. All XPS spectra were measured at ambient temperature with 

photoemission at 45 degrees from the sample surface. To minimize the charging effect, a 

low-energy electron gun has been used for charge neutralization. The carbon 1s line (for 

hydrocarbon, binding energy 284.8 eV) was used to calibrate the binding energy scale of the 

XPS measurements. 

 

4.2.6. Scanning electron microscopy 

Scanning Electron Microscopy (SEM) is a microscopic method, which is based on the 

interaction of focused electron beam with an investigated sample. Primarily electrons are 

emitted from an electron gun, focused by an electromagnetic lens and directed onto the 

examined sample. The primary electrons interact with the sample, causing emission of 

secondary electrons and Auger electrons. Moreover, Backscattered electrons and x-ray 

radiation can be detected and used for material contrast and chemical composition 

investigations, respectively. Each type of emission has characteristic depth from which it is 

emitted (fig. 23). Secondary electrons with the energy of 3 - 5 eV are emitted from ionized 

atoms and are used for standard SEM imaging.  
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Fig. 23:  Interaction of a primary electron beam with an investigated sample. 

 

In our case, SEM microscope Lyra 3 from Tescan Company with Schottky cathode was used 

for cross-sectional imaging of the samples. As a part of the microscope, an option of focused 

ion beam etching is built-in, which was used for narrowing micro-bridge structures prepared 

by optical lithography and ion beam etching. 

 

4.2.7. Optical lithography 

Optical lithography (OL) is a standard lithography method widely used in many industries for 

patterning parts of thin films or bulk materials. The method is based on a transfer of a 

geometric pattern from a photomask to a light-sensitive chemical photoresist and 

subsequently onto the sample. 

In our case, for preparation of MgB2 microbridges (discussed in the results), we used 

standard optical lithography with positive AZ 6624 photoresist from Microchemicals 

Company. The MgB2 films were covered by a thin (~2 μm) photoresist film by a spin coating 

method. The spin values of 4000 RPM (revolutions per minute) for 40 seconds were used. 

Subsequently, the resist was dried at the temperature of 95 °C and exposed by HBO200 30 

UV lamp. The microstructure was then developed by the AZ326MIF developer from 

Microchemicals Company during 35 seconds. To increase the durability of photoresists for 

ion beam etching, additional post-baking at the temperature of 110 °C for 2 minutes was 

performed.  
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4.2.8. Ion beam etching 

Ion beam etching (IBE) is based on removing material from the sample surface by highly 

accelerated ions. For IBE, we used Ion gun Platar Klan-53 M with the cold hollow cathode. 

The energy of ions could be adjusted from 150 to 1500 eV with an energy spread maximum 

of ±3 eV. The beam diameter at the sample holder level was about 10 cm with the beam 

current up to 100 mA. After acceleration, the ion beam was neutralized by electrons emitted 

from heated tungsten wire. In this case, the IBE can be performed in inert N2 or Ar 

atmosphere as well as in reactive (e. g. O2) gasses. Samples were mounted onto a rotating 

sample holder being cooled by Peltier elements and flowing water in pipes situated under 

the holder. The IBE was carried out in a vacuum chamber evacuated to working pressure of 

about 10-3 Pa by a scroll and turbomolecular pump. To pattern the microbridges from the 

prepared MgB2 thin films, the microstructures were patterned in photoresist as described 

above and all films were etched in an argon atmosphere at a pressure up to 10-2 Pa in a gas 

flow regime with a flowing rate of 3 – 6 sccm (standard cubic centimeters per minute). The 

Ar ions were accelerated to 400 eV, and the ion beam current was 20 mA. For the MgB2 films, 

the etching time was about 5 hours. In the case of iron-based superconductors, the IBE was 

used for cleaning the surface for 10 minutes.  

 

4.2.9. X – Ray diffraction 

X–Ray Diffraction (XRD) is an experimental method mostly used for structural 

characterization of solid state materials. XRD has been a well-used measuring technique in 

the field of structural investigation for decades and represents a valuable tool for physicists, 

chemists, and biologists for the crystal structure identification of solid states [153].  

Until the 20Th century, there was no knowledge of solid states having a periodic 

crystal structure created by only one particular cell periodically repeated throughout the 

space. However, after the discovery of X-ray by German physicist Wilhelm Röntgen in 1895, 

a new era of structural characterization has unexpectedly started.  X-rays were systematically 

studied to understand their fundamental properties and it was disclosed that X-rays possess 

a wavelike behavior with wavelengths at the level of Angstöms (10-10 m). Later on, the 

periodical structure of solid states was proved by X-rays since after irradiation a diffraction 

pattern was observed. Shortly after, it was shown that the diffraction pattern can be used to 
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obtain the crystal structure. This breakthrough triggered a whole new possibility of a crystal 

lattice characterization of solid states, and this achievement was rewarded in 1901 by the 

first Nobel Prize in physics ever. 

To understand the main concept of XRD, we briefly outline some key facts. Let us 

assume an incident X-ray wave directed onto the investigated material with unknown 

periodical structure. When the incident x-ray wave hits the material at a particular angle, it 

is divided into two rays. The first one is directly reflected from the surface at the same angle 

and the second ray is reflected at the same angle from the certain crystal plane that is 

situated under the surface as displayed in fig. 24. The superposition of the two reflected 

waves creates a diffraction pattern, which corresponds to the crystal structure of the studied 

material, and is recorded by a detector. A constructive or destructive interference between 

waves ordinarily appears along different directions as dispersed waves are emitted from 

different locations. In general, the diffraction pattern is a Fourier transform spectrum of the 

real space and its periodic structure in a studied material, and hence, the information from 

the diffraction pattern presents a real crystal lattice structure by a reverse Fourier 

transformation. The diffraction pattern obtained from a crystal with specific periodicity 

without disorders show strict, sharp and pure diffraction peaks. On the other hand, 

diffraction peaks of crystals containing defects such as impurities, local dislocations, internal 

strains or small precipitates, are broadened, distorted and weakened, but occur at the same 

angular position as crystals without the disorders. 

In the beginning, it was Max von Laue and Bragg brothers, William Lawrence 

Bragg and William Henry Bragg, who placed a cornerstone of XRD analysis using the theory 

based on oscillations of electric fields. They proposed that when an incident electromagnetic 

wave is focused onto the solid state material at a particular angle, atomic electrons are 

accelerated and subsequently emit a secondary outgoing wave. Each electron generates an 

electromagnetic wave, and a diffraction pattern is formed by their interference. This 

phenomenon is also well-known as a Huygens’s principle.  

The diffraction pattern then reflects the crystal structure of the examined material. 

However, if an X-ray directed on the examined material creates a diffraction pattern and has 

wavelike behavior, its wavelength should be comparable with the scale of the inter-atomic 

distances. Therefore, it was pointed out that crystal lattice unit cells in the solid states are 

comparable to a scale of X-rays wavelengths (about 10-10 m). 

 

https://en.wikipedia.org/wiki/William_Henry_Bragg
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4.2.10. Law of Bragg brothers 

The Bragg’s law says that the constructive interference between the two reflected waves 

possessing a path difference as in fig. 24 can be created only when the condition (4.7) is 

directly fulfilled. It can be seen that the path difference between these two waves is 

2𝑑. 𝑠𝑖𝑛(𝜃), where d denotes the interplanar spacing between adjacent planes in the crystal 

lattice and θ is the angle between the incident wave and the planes. 

 
Fig. 24:  Bragg’s reflection scheme shows two incident and two reflected rays from two parallel crystal 

lattice planes. 2d.sinθ denotes the path difference between the two reflected waves (marked 1 and 

2). 

For the constructive interference, the path difference should be equal to an integer number 

of X-ray wavelengths, defined as: 

         nd sin2  ;               (4.7)  

The condition (4.7) can be in general justified by more than two parallel planes. As a general 

rule, it is used that if n = 1, a constructive interference between two reflected waves with 

the path difference 2𝑑. 𝑠𝑖𝑛(𝜃) occurs (as in fig. 24), and we speak about the interference of 

so-called (100) diffraction, when, in this case, d=d100. On the other hand, if n>1, e. g., n = 2, 

the path difference between adjacent planes is divided by a factor 2 and we speak about 

(200) diffraction as the planes are now separated by d200 = (d100)/2. (100) and (200) are well-

known as Miller indices and define the interplanar spacing distance and its orientation. Each 

diffraction pattern includes numerous of distinct peaks corresponding to different spacings 

d with certain orientations. For example, in simple cubic crystal lattice with a lattice 

parameter a0, the interplanar spacings are defined by Miller indices (ijk) as: 

                      
222

0

kji

a
dijk


 ;                          (4.8) 

Using (4.7) and the expression (4.8), we find that the (ijk) diffraction peaks appear at angles 

ijk  as follows:  
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As can be seen, the condition (4.9) leads to several interference peaks. Additionally, it is 

obvious that for some combination of Miller indices i, j, k, the condition can be zero. If one 

measures the reflected X-ray intensity versus the 2θ angle I(2θ), the crystal structure and 

orientation of the sample can be extracted.  

In our case, X'pert PRO MRD diffractometer from PANalytical Company with Cu Kα 

radiation (λ = 1.5418 nm) was used for structural analyzes of MgB2 thin films. The thin films 

were investigated by grazing incidence X-ray diffraction (GIXRD) or Bragg-Brentano X-ray 

diffraction (XRD) measurements. In the case of GIXRD, the incidence angle was set to be 0.6° 

or 1.3°. In symmetrical Bragg-Brentano (BB) geometry, the ½° divergence slit and fast PIXcell 

scanning detector with 255 channel lines were used. To avoid the strong reflection from the 

monocrystalline substrate in the case of XRD, we have used small θ-ω = 1.5° offset from the 

symmetrical θ/2θ setup. 

 

 

4.2.11. Point contact spectroscopy measurements of superconductors 

To obtain derivatives of I-V curves for investigations of the superconducting energy gap 

values, a modulation technique sourcing both direct and alternating currents simultaneously 

can be used [154]. The point contact is biased by direct current, flowing through the NS 

interface, and a DC voltage is monitored. Besides, the sample is supplied with additional 

small alternating current i with defined angular frequency ω. It can be shown that for small 

values of the alternating current, the voltage can be expanded to the Taylor series as: 
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A signal measured at the angular frequency ω is proportional to the first derivative of the I-

V characteristic, whereas signal at frequency nω is equivalent to the nth derivative of the I-V 

characteristic. The week AC voltage signal is usually measured by phase-sensitive detection 

using a lock-in amplifier in a direct or bridge setup as illustrated in fig. 25 and fig. 26, 

respectively. The point contact is prepared on the investigated superconducting sample, 
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which is often cooled by liquid nitrogen, liquid helium or other refrigerators, and usually 

measured in 4-contact setup. Every pair of wires serves as an electrical circuit, the current 

flows through one pair and the second pair is used for voltage measurements. The AC voltage 

is measured within the same pair of wires as the DC voltage and is subsequently pre-

amplified by a low-noise preamplifier and recovered by a phase-sensitive detector. All 

measured signals are then transferred to a computer via, e. g., GPIB interface and plot of the 

nth derivative of the I-V serve as a function of the applied voltage (dnI/dVn-V) is reconstructed. 

The non-linearity of I-V curves, which is usually investigated, can be quite small and 

numerical differentiation can be not sufficient due to the high noise of dI/dV-V spectra, and 

thus a lock-in amplifier is frequently used to measure the derivatives of I-V characteristics. 

To set more sensitive measuring ranges, the bridge circuit is regularly used. A typical 

measurement setup incorporating the Kelvin bridge is displayed in fig. 26. The choice of 

applied ω is also especially important. On one hand, at frequencies well below 1 kHz the 

signal is influenced by the 1/f noise, being also well-known as the pink noise. On the other 

hand, at frequencies well above 100 kHz increased influence of parasitic capacitances and 

inductances within the circuit can be expected. 

 
Fig. 25: Scheme of an electronic circuit for measurement of both I-V characteristics and their 

derivatives in the direct measurement setup. 
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Therefore, for PCS measurements, the frequencies in the range of 1 - 10 kHz are most 

commonly used. Moreover, it is important to avoid frequency of 50 Hz and its harmonics to 

prevent the pickup noise from the electrical power grid. Resolution of PCS measurements 

used for investigations of superconductors is dependent on the temperature due to the 

smearing of the Fermi level inside of a normal metal electrode. Therefore, to obtain sufficient 

resolution of the dI/dV-V spectra, the temperature at which the measurement is carried out 

has to be considerably lower than the energies of excitations that are under investigations. 

In addition, local heating can be an additional problem since the differential conductance 

usually depends considerably on temperature.    

In our work, we have focused on investigations of superconducting thin films by 

electrical transport and point contact spectroscopy measurements. For electrical transport 

measurements such as resistance versus temperature (R-T) and current versus voltage (I-V) 

characteristics, standard DC four-point measurement setup including Keithley 202 current 

source and Keithley 2002 multimeter were used.   

Fig. 26: Scheme of an electronic circuit for measurement of both I-V characteristics and 

their derivatives in the bridge measurement setup. 

 

For the differential conductance (dI/dV-V) measurements, a similar setup was used, except
that the sample was connected into the Kelvin bridge, and Stanford Research Systems SR830 
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lock-in nanovoltmeter was added for detection of the AC signal. The NS junctions for PCS 

measurements were formed by a small V-shaped point contacts made of Pt-Ir wire with a 

diameter of 200 µm, which were brought into contact with the surfaces of the thin films. All 

measurements were performed in a Dewar container filled with liquid helium, providing 

temperature range from 4.2 to ~300 K. The samples were attached onto an inset (fig. 27), 

which was subsequently inserted into the Dewar container. 

Fig. 27:  A Schematic illustration of cooling inset for low-temperature measurements in liquid helium. 

In our PCS experimental setup, the superconducting thin films were attached onto the 

amorphous Al2O3 plane and the Pt-Ir wire was fixed on the plane by indium contacts (fig. 28a 

- (1) and (4)). Additional two contacts were set on the surface of the thin film (in fig. 28a 

denoted as (2) and (3)). The NS point contact was placed and pressured in the center of the 

thin film sample. The current flew through contacts (1) and (2) while the voltage was 

measured between contacts (3) and (4), or vice versa. The Al2O3 plane with prepared NS 

point contact was then mounted onto the inset, connected to the measurement setup, and 

inserted into the liquid helium Dewar container. All measurements were recorded by a PC 

using GPIB interface. The setup for measurements of dI/dV-V spectra is displayed in fig. 29. 

Fig. 28:  A Schematic drawing of a point contact on the surface of a superconducting thin film; a) from 

the top; from the side b). (1) and (2) are current source contacts, (3) and (4) are voltage contacts. 
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Fig. 29:  Scheme of the PCS measurement setup, including: Stanford Research Systems SR830 lock-in, 

nanovoltmeter Keithley M220 current source, Keithley 2002 multimeter and the Kelvin bridge. 
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5. Experimental results 

5.1. Surface transport properties of Fe-based superconductors: The 

influence of degradation and inhomogeneity 
 

Since the discovery of iron-based superconductors, many groups have been trying to 

characterize these materials by various types of analytical methods. To determine their 

superconducting properties, such as the critical temperature, critical current density, critical 

magnetic fields, width(s) of the energy gap(s) and pairing symmetry, numerous investigations 

have been performed on both bulk and thin film samples, including PCS, tunneling 

spectroscopy, specific heat measurements, optical spectroscopic methods, angle-resolved 

photoelectron spectroscopy and inelastic neutron scattering measurements. Up to now, many 

results have been published on pairing symmetry and number and widths of energy gap(s), 

leading to single or multigap superconductivity with the s± or d- wave symmetry of the order 

parameter. However, the conclusions have been rather inconsistent with several 

discrepancies in energy gap values. 

  In the following part, we concentrate on investigations of superconducting thin films 

of Co-doped Ba(CoxFe1-x)2. The epitaxial superconducting thin films were prepared by PLD in 

the Leibniz Institute for Solid State and Material Research in Dresden and sent to the 

Department of Experimental Physics. The films were then inspected by AFM, SSRM, XPS, and 

PCS. It has been shown that the surface of iron-based superconductors degrades rapidly when 

exposed to ambient air. Moreover, it was pointed out that the gap-like structure in PCS spectra 

was considerably suppressed by the degradation and inhomogeneity, and were varied with 

the contact position. SSRM measurements revealed strong inhomogeneous surface 

conductivity which was in correlation with the PCS spectra. It was shown that the results 

obtained by PCS did not have to reflect only the intrinsic properties of Ba(CoxFe1-x)2, and, in 

general, can explain a large variation of reported values of energy gaps and unclear pairing 

symmetry of iron-based superconductors as degradation by air exposure was reported 

additionally in other systems such as FeSe and F-doped LaFeAsO. Presented results suggest 

that to obtain intrinsic properties of thin films or single crystals of iron-based superconductors 

by surface sensitive analyzes, the investigations should be carried out on fresh surfaces in a 

vacuum chamber of liquid helium or etched immediately before the measurements. 
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Surface properties of Co-doped BaFe2As2 epitaxial superconducting thin films were inspected by

X-ray photoelectron spectroscopy, scanning spreading resistance microscopy (SSRM), and point

contact spectroscopy (PCS). It has been shown that surface of Fe-based superconductors

degrades rapidly if being exposed to air, what results in suppression of gap-like structure on PCS

spectra. Moreover, SSRM measurements revealed inhomogeneous surface conductivity, what is

consistent with strong dependence of PCS spectra on contact position. Presented results suggest

that fresh surface and small probing area should be assured for surface sensitive measurements

like PCS to obtain intrinsic properties of Fe-based superconductors. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4816820]

Since the discovery of Fe-based superconductors, great

effort has been made to determine their fundamental proper-

ties such as width of energy gaps and pairing symmetry.

Experimental results obtained by different groups and meth-

ods on various sample forms are however inconsistent. For

instance, shapes of the differential conductance spectra

obtained by point contact spectroscopy (PCS) and width of

energy gaps extracted from them for Co-doped BaFe2As2

(Ba-122) are varying from one measurement to another,

and the results are interpreted within single gap or multi-gap

models.1–5 The pairing symmetry in Fe-based superconduc-

tors in general is also still under dispute.6 A possible funda-

mental reason for such discrepancy is that the surface of

Co-doped Ba-122 is highly sensitive against ambient air.

Point contacts as well as other types of junctions on

Fe-based superconductors are often prepared and measured

ex-situ, which leads to undefined interface of such junctions

and varying experimental results. It should be noted that

recently suggested phase-sensitive experiments designed to

test a pairing symmetry in Fe-based superconductors7 are

also based on point contacts and tunnel junctions, which are

both highly surface-sensitive. Undefined surfaces and inter-

faces are also a major drawback for fabrication of various

cryo-electronic devices such as Josephson junctions and

SQUIDs, although short coherence length remains the main

problem in this material class.

Here we demonstrate how the surface of Co-doped

Ba-122 film is degraded by measuring X-ray photoelectron

spectroscopy (XPS) on three different types of films; (i) as-

received (i.e., stored in a plastic bag filled with Ar gas and

transferred to the XPS measurements), (ii) Ar ion beam etch-

ing (IBE) processed films, and (iii) exposed to ambient air

after IBE process. Additionally, by scanning spreading re-

sistance microscopy (SSRM) measurements, we found inho-

mogeneity in surface conductivity for all samples that is also

responsible for inconsistent results of surface sensitive

experiments. PCS measurements on the aforementioned

films confirmed a gap-like structure only for as-received and

IBE processed films, whereas degraded films (i.e., exposed

to air for more than one hour after IBE) do not show such

structure. Additionally, PCS spectra strongly depend on the

contact position, which is consistent with the results of

SSRM measurements. Measurements of time evolution of

point contact resistance also show that even contacts pre-

pared on clean surfaces degrade if being exposed to air, most

likely due to oxygen diffusion along the interface.

The epitaxial Co-doped Ba-122 superconducting thin

films on CaF2 (001) substrates were prepared by pulsed laser

deposition (PLD), where the Ba(Fe0.9Co0.1)2As2 target was

ablated with 248 nm KrF radiation at a frequency of 7 Hz

under UHV conditions (base pressure 10�9 mbar). A deposi-

tion temperature of 700 �C was employed. The detailed prep-

aration procedure can be found in Ref. 8. After the

deposition samples were taken out from the UHV chamber

and kept in a plastic bag filled in protective Ar atmosphere.

It is note that films were exposed to air during this procedure

for a short period of time. All samples were unpacked from

the plastic bags immediately before measurements. The X-

ray photoelectron spectra were recorded on Omicron multip-

robe system with hemispherical analyzer and monochromatic

Al Ka X-rays (1486.6 eV). Spectra were measured at ambi-

ent temperature with photoemission of 45� from the surface.

To minimize the effects of charging on the Co-doped Ba-

122, a low-energy (below 1 eV) electron gun was used for

charge neutralization. The carbon 1s line (for hydrocarbon,

binding energy 284.8 eV) has been used to calibrate the

binding-energy scale for XPS measurements. The IBE has

been done in the same vacuum chamber. The atomic force

microscopy (AFM) and SSRM measurements were done by

NT-MDT NTegra Aura microscope in a chamber with pure

nitrogen atmosphere. Standard silicon AFM tips with con-

ductive Pt coating were used. During the measurement, the

sample was grounded and the tip was biased by voltage,

while the current through the tip/sample contact was moni-

tored. For the PCS, the V-shaped PtIr wire with 200 lm di-

ameter providing small point contact area and small force

applied to the surface was used. Differential conductance

(dI/dV-V) characteristics were measured at a temperature of

0003-6951/2013/103(5)/052601/4/$30.00 VC 2013 AIP Publishing LLC103, 052601-1
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4.2 K by four probe, low-frequency phase-sensitive tech-

nique using a Stanford Research Systems SR830 lock-in

nanovoltmeter, Kithley 202 current source, and Keithley

2000 multimeter.

At first, surfaces of the as-received samples were

inspected by all methods mentioned above. All samples were

then etched by Ar IBE (400 eV ion energy) in the XPS vac-

uum chamber and the samples for SSRM and PCS were

transferred back to respective setups (contact with air was

limited to <5 min). All the aforementioned methods were

applied again immediately after the etching. In the next step,

the samples were exposed to air for 1 h and measured again.

The same procedure was applied after additional 2 h of air

exposure.

The XPS investigation identified that the surface of as-

received film was contaminated by carbon and oxygen. It is

note that all photoelectrons peaks related to the Co-doped Ba-

122 were visible (Table I). The Co peak is difficult to isolate

from the survey spectra due to the fact that Co 2p has almost

the same binding energy as Ba 3d. The Fe 2p spectrum in Fig.

1 indicates that Fe is present in more than one chemical state

with binding energies of 705.9 and 709.7 eV for Fe 2p3/2. The

peak at 705.9 eV is coming from pnictide and is very close to

binding energy for Fe metal, while the peak with energy of

709.7 eV corresponds to the chemical state Fe2þ or Fe3þ, indi-

cating the presence of FeO or Fe2O3 mainly on the surface of

as-received and air exposed samples.9 After the IBE, the peak

with an energy of 709.7 eV disappeared, and only the peak

at 705.9 eV was observed. The wide and asymmetric peak of

O 1s spectrum indicates that oxygen is present in two chemi-

cal states (Fig. 1). It consists of two peaks with binding ener-

gies of 530.7 eV, which indicates Fe2O3 and hydroxyl groups

(surface contamination by carbon), and 529 eV, which is

attributed to FeO and BaO.10 After the IBE, the oxygen

concentration was considerably reduced, however, returned to

the same level after being exposed to air (Fig. 1, Table I).

Slightly higher concentration of Ba and residual oxygen

visible after the IBE is a consequence of BaO precipitates,

which were observed on the surface.

Even though the surface roughness of measured samples

was very small (<2 nm peak-to peak, see upper part of Fig.

2), resulting SSRM images show inhomogeneous surface

conductivity on nanometer scale in all cases (lower part of

Fig. 2). The average current varied with positions on the

sample and was unstable in general. The maps of surface

conductivity were similar in all cases (i.e., as-received, IBE

processed, and air exposed after the IBE) but the maximal

current value (z-bar in lower part of Fig. 2) varied from sev-

eral tens of pA for as-received samples up to several tens of

nA on IBE processed surfaces. After being exposed to air,

the average current is observed to decrease again to several

nA after 1 h of exposure and several hundred pA after addi-

tional 2 h (i.e., total 3 h). A variation of the average current

among the three different types of films can be explained by

the surface degradation processes described above. Most

importantly, the high inhomogeneity of the surface conduc-

tivity in all cases shows that the transport properties of Co-

doped Ba-122 surfaces are highly position-dependent. If a

large area is investigated, e.g., a large PCS contact, integral

signal is observed. Taking into account also the XPS results,

within one junction may coexist several SIN channels with

tunneling current IT, SN channels exhibiting the Andreev

reflection with current IA, SS0N channels with current ID,

SN0N channels etc., where S is nondegraded Co-doped

Ba-122 superconductor, S0 is Co-doped Ba-122 with sup-

pressed superconductivity, N0 is degraded Co-doped Ba-122

FIG. 1. X-ray photoelectron spectra of (a) Fe 2p and (b) O 1s peaks col-

lected on as prepared sample, after IBE (400 eV, 90 min) and after exposi-

tion to air for 1 and 3 h (from top to bottom).

TABLE I. Atomic concentration (%) of elements in Co-doped Ba-122 films

calculated from the survey XPS spectra of as-received, IBE and air exposed

samples. The concentrations do not correspond to the Ba-122 chemical for-

mula as the amount of Ba and O is increased due to existence of BaO precip-

itates on the surface also after IBE.

O 1s

(531 eV)

C 1s

(284.5 eV)

As 3p

(139 eV)

Ba 4d

(89 eV)

Fe 2p

(710 eV)

As-received 35.3 48 4 9.2 3.5

Etched 19 0 25.2 30.8 25

Air/1 h 38.7 35.4 7.1 12.6 6.2

Air/2 h 36.8 41.9 6.4 10.9 4.1 FIG. 2. Typical AFM topography and SSRM map of the surface conductiv-

ity measured on as-received samples.
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interface layer in normal state, I is degraded Co-doped Ba-

122 interface layer in insulating state, and N is normal metal

(electrode). Accordingly, the total current is expressed in the

form I¼ aITþbIAþ cIDþ… and the shape of the final I-V

and dI/dV-V curves depends on the weight coefficients a, b,

c, etc. One can thus restore differential characteristics exhib-

iting various or no gap-like structures on the same surface.

The differential conductance spectra measured by the

PCS reflected mostly surface changes indicated by the

SSRM and XPS. PtIr/Co-doped Ba-122 point contacts were

prepared on different places of the sample. Spectra presented

below were representative results. At first we tested as-

received surfaces. In accordance with SSRM measurements,

two types of differential characteristics—either with or with-

out gap-like structure were measured due to inhomogeneous

surface conductivity, both with strong decreasing of differen-

tial conductivity with bias voltage. In the first type of the

characteristics, two gap-like structures below 610 mV origi-

nating from Andreev reflection are clearly visible (see Fig.

3(a), curve 1 for details). However, no gap-like structures are

visible in the second type of the characteristics (see Fig. 3(a),

curve 2) measured on the same surface. These results fully

reflect SSRM and XPS measurements where inhomogeneous

and partially degraded surface layer was detected. As the

surface area of point contacts is small, all obtained differen-

tial characteristics reflect rather local properties of the

Co-doped Ba-122 surface in contrast to those measured on

large contacts (e.g., in Ref. 4). After the degraded layer was

removed by the Ar IBE, most of the differential characteris-

tics exhibited clear gap-like structure (Fig. 3(b), curve 1),

although their shape still varied with the contact position

(curves 1 and 2 in Fig. 3(b)). No significant changes of the

differential conductance at higher voltages were observed. In

contradiction with the spectra measured on the as-received

samples, those measured on the etched surfaces exhibited

only one gap-like structure in most cases. It is thus impossi-

ble to conclude if the two gaps measured in c-axis originate

from intrinsic properties of the Co-doped Ba-122, or from

creation of parallel conducting channels containing different

(degraded and non-degraded) superconducting phases. It

should be noted that the damage by ion bombardment can

also play a role on the IBE processed surfaces. After expo-

sure to air for 1 h, differential conductance once again

became a similar shape of the curve 2 from Fig. 3(a) with

decreasing differential conductivity with bias voltage. We

thus believe that this decreasing of differential conductivity,

which is often observed on Fe-based superconductors,1,4,5 is

related to the degraded surface layer. In some cases a gap-

like structure at 1� 2 mV was visible (Fig. 3(c), curve 1).

This structure could be associated with degraded supercon-

ducting phase on the surface. After additional exposure to air

for 2 h, the spectra exhibited no gap-like structure but a sharp

peak at zero bias appeared.

To further manifest the influence of degradation on PCS

spectra, a PtIr/Co-doped Ba-122 point contact was prepared

on IBE surface as in previous cases and evolution of its re-

sistance as a function of time was investigated, while whole

arrangement was exposed to air. Within 160 h the contact re-

sistance changed from 47.7 to 138.5 X, what we believe is

caused by the degradation of the junction interface (Fig. 4).

Measured curve followed exponential decay behavior with a

time constant s of 59.5 h, which is qualitatively similar to

the previously observed degradation of contacts made on

high-TC superconductors.11,12 Such long degradation time is

most likely caused by the fact that the junction interface is

not exposed to the atmosphere directly and the oxygen caus-

ing the degradation first has to diffuse along the interface

FIG. 3. Typical differential characteristics measured by PCS on (a) as-

received Co-doped Ba-122 samples, (b) after ion beam etching, and (c) after

etching and exposition to air.

FIG. 4. Time evolution of the PCS junction resistance (green circles) and its

exponential decay fit (black solid line). During the measurement the junction

was kept in ambient atmosphere at room temperature.
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and/or junction imperfections towards the center of the junc-

tion. Obtained time constant thus probably reflects mostly

this oxygen diffusion process. Nevertheless, it is clear that

the junction changes strongly in time if exposed to air, what

should be taken into account when such junctions are being

prepared.

Although all our results were obtained on Co-doped Ba-

122 films, we believe that our conclusions are valid also for

other Fe-based superconductors as degradation caused by air

exposure was reported also in other systems, e.g., FeSe and

F-doped LaFeAsO.13–15 Considering the scanning depth of

methods used above (XPS and PCS), which is several nano-

meters, we can assume that the degradation affects at least

several atomic layers. Surface termination peculiarities of

various Fe-based systems thus most likely do not play signif-

icant role in the degradation process.

To conclude, measurements of superconducting proper-

ties of Fe-based superconductors by surface-sensitive meth-

ods like PCS are highly influenced by degradation and

inhomogeneity of surfaces and interfaces. Obtained results

(e.g., gap-like structure in the case of PCS) thus do not have

to reflect only the intrinsic properties. This could explain a

large variation of reported values of energy gaps and unclear

pairing symmetry in Fe-based superconductors. We propose

that properties of these materials should thus be measured ei-

ther on fresh surfaces, e.g., on single crystals cleaved in a

vacuum chamber or liquid helium or surfaces cleaned

(etched) immediately before the measurement.
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5.2. Surface properties of Co-doped Ba(CoxFe1-x)2As2 thin films deposited 

on MgO with Fe buffer layer and CaF2 substrates  

After the study of degradation and inhomogeneity of the surface conductivity, we further 

investigated influence of the used substrate on surface properties of the Co-doped Ba(CoxFe1-

x)2As2 superconducting thin films. We primarily focused on the surface properties of 

epitaxially grown 10 % Co-doped Ba(CoxFe1-x)2As2 films prepared by the PLD in the Leibniz 

Institute for Solid State and Material Research on MgO with an iron buffer layer (Fe/MgO) 

and CaF2 substrates. The thin films were inspected by AFM, SSRM, STM, XPS, Auger electron 

spectroscopy/microscopy (AES/AEM) and PCS at our Department. Selected PCS spectra were 

fitted by modified BTK theory. The surface properties were inspected on the as-received films 

and after cleaning the surface by ion beam etching. 

We have shown that the substrate considerably influences the surface properties of 

the superconducting thin films. Our results show that the selection of substrate did not affect 

the chemical composition of thin films, but it considerably affected their surface properties, 

in particular, topography, and surface conductivity distribution, which was found out to be 

rather inhomogeneous in all cases. PCS measurements performed on as-received as well as 

ion beam etched surfaces of thin films on both Fe/MgO and CaF2 substrates at the 

temperature of 4.2 K disclosed various types of differential conductance spectra (dI/dV-V) 

depending on the contact position and pressure, being in good agreement with the 

inhomogeneous surface conductivity uncovered by SSRM. In most cases, an increase of the 

differential conductance around zero bias voltage has been observed on the differential 

conductance spectra, being ascribed to the zero bias anomaly (ZBA). Superposition of a gap-

like structure has been observed on some of the spectra, mainly on the films prepared on 

CaF2 substrates, but its width and shape highly varied. In some cases, it was possible to fit the 

normalized differential conductance spectra by modified BTK theory, leading to the energy 

gap values of 2.53 and 10 meV, but these values varied, depending on the contact position 

and surface conditions. Therefore, it was not clear whether the obtained values of energy 

gaps correspond to the intrinsic bulk values, or if they reflected mainly the surface conditions 

of the thin films.  
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a b s t r a c t

Surface properties of Co-doped BaFe2As2 (Ba-122) thin films prepared by pulsed laser deposition on MgO
with Fe buffer layer and CaF2 substrates were inspected by atomic force microscopy, scanning spreading
resistance microscopy, scanning tunneling microscopy, X-ray photoelectron spectroscopy, auger elec-
tron spectroscopy/microscopy and point contact spectroscopy (PCS). Selected PCS spectra were fitted
by extended 1D BTK model. The measurements were done on as-received as well as ion beam etched
surfaces. Our results show that the substrate is considerably influencing the surface properties of the
films, particularly the topography and surface conductivity distribution, what can affect results obtained
by surface-sensitive techniques like PCS.

© 2014 Elsevier B.V. All rights reserved.

Since the discovery of the iron-based superconductors (FBS),
a great effort has been made to understand their intrinsic prop-
erties, such as width of the energy gap, the pairing symmetry
etc. and explore possible novel superconducting electronic devices
[1–5].

Many groups have prepared FBS thin films of so called “122”
family, which is mainly Co-doped BaFe2As2 (Ba-122) due to its
readily fabrication. Thin films of this material class have been epi-
taxially grown by pulsed laser deposition (PLD) on various bare
substrates [6–8]. In Refs. [9–11], it was shown that (La,Sr)(Al,Ta)O3,
MgO and fluoride substrates lead to sharp biaxial texture and hence
good in-field transport properties. Additionally it was also pro-
posed to employ buffer layers such as SrTiO3, BaTiO3 and Fe, which
also yields epitaxial growth of Co-doped Ba-122 with good crys-
talline quality [12–14]. However, the Fe buffer layer appeared to
have some disadvantages such as shunting of the current in the
normal state [15]. Influence of the Fe buffer layer on Josephson
junctions has also been already studied in Ref. [16]. Up to now, the
best superconducting parameters (e.g. critical temperature, upper
critical field and critical current) were obtained on films prepared
on CaF2 substrates [11]. However, for many applications and mea-
surement techniques the condition of the surface or interface is
at least as important as the bulk intrinsic properties of the film. It

∗ Corresponding author. Tel.: +421 260295517; fax: +421 2 654 12 305.
E-mail address: tomas.plecenik@fmph.uniba.sk (T. Plecenik).

has been shown that the surface of Ba-122 is unstable on ambi-
ent air and degrades by oxidation of Ba and Fe [17]. This fact leads
to undefined surfaces or interfaces in samples which have been
exposed to air and might result in difficulties in device fabrication
as well as varying experimental results obtained by surface sensi-
tive analytical techniques. For example, point contact spectroscopy
(PCS) results [5,18,19] as well as differential conductivity measure-
ments on other types of junctions [20] vary from each other and are
being interpreted in both one gap and two gap models with vary-
ing value of energy gaps. Applications of the FBS in cryoelectronic
devices, especially SQUIDs and Josephson junctions also turned to
be problematic, quite likely for the same reason (although short
coherence length is also problematic). Understanding the surface
properties of these materials is thus crucial for both basic research
and possible applications.

In this work, we have focused on surface properties of Co-doped
Ba-122 prepared on (i) MgO substrate with Fe buffer layer and
(ii) CaF2 substrate. In both cases, as-received as well as ion beam
etched (IBE) surfaces were studied by atomic force microscopy
(AFM), scanning spreading resistance microscopy (SSRM), scanning
tunneling microscopy (STM), scanning electron microscopy (SEM),
X-ray photoelectron spectroscopy (XPS), Auger electron spec-
troscopy/microscopy (AES/AEM) and point-contact spectroscopy
(PCS). Our results show that the substrate considerably influences
the surface properties of the films, particularly the topography and
surface conductivity distribution, what can also affect the PCS spec-
tra obtained on such surfaces.

http://dx.doi.org/10.1016/j.apsusc.2014.03.094
0169-4332/© 2014 Elsevier B.V. All rights reserved.
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Fig. 1. Typical AFM topography of Co-doped Ba-122 prepared on Fe/MgO substrate
in the as-received state (a) and after IBE (b).

Experimental

The Co-doped Ba-122 films were epitaxially grown by PLD from
Ba(Co0.1Fe0.9)2As2 sintered target ablated by 248 nm KrF radiation
at frequency of 7 Hz under ultra-high vacuum (UHV) conditions
(base pressure 10−9 mbar). A deposition temperature of 700 ◦C was
employed. Further information can be found in [8,11,14,15]. The
films were deposited either on MgO substrates with Fe buffer layer
(Fe/MgO) or CaF2 substrates. After the deposition the samples were
taken out of the UHV chamber (contact of samples with air was
limited to about 5 min) and kept in a plastic bag filled with pro-
tective Ar atmosphere. The samples were unpacked immediately
before the measurements.

The AFM and SSRM measurements were done by NT-MDT
NTegra Aura microscope in a chamber filled with pure nitrogen
atmosphere. AFM measurements were done in semicontact mode
using standard silicon AFM tips. The SSRM measurements were
done in contact mode with standard silicon AFM tips with conduc-
tive Pt coating. During the measurement the sample was grounded,
the tip was biased by +1.5 V and current flowing through the tip-
sample contact was monitored. The STM measurements were done
on the same microscope, using Pt–Ir wire as the STM tip. XPS
analyses of the surfaces were done by Omicron multiprobe sys-
tem with hemispherical analyzer and monochromatic Al K� X-rays
(1486.6 eV). Spectra were acquired at ambient temperature with
photoemission of 45◦ from the surface. The charging effect of redun-
dant positive charge has been minimized by a low energy (<1 eV)
electron gun. Carbon 1s peak (285 eV) has been used for calibration.
The Ar ion beam etching has been done in the same XPS chamber.
For the PCS measurements, V-shaped Pt–Ir wire with diameter of
200 �m has been used, providing small point contact area and low
contact pressure. The differential conductance spectra (dI/dV − V)
were measured by low frequency phase sensitive measurements
using Stanford Research Systems SR830 lock-in nanovoltmeter,
Keithley 220 current source and Keithley 2002 multimeter in a
liquid helium Dewar container.

Results and discussion

The measurement procedure was as follows. At first, the samples
were inspected in the as-received state by AFM, SSRM, XPS and PCS.
In the next step, the samples surfaces were etched by scanning Ar
ion beam with spot size of 1 × 1 mm2, ion energy of 400 eV and cur-
rent density of 25 mA cm−2 in the XPS UHV chamber. The etching
rate was estimated to be about 0.2 nm min−1. No additional sample
cooling was employed. After the IBE, all above mentioned measure-
ment methods were applied again (contact with air was limited to
minimum).

In the case of Ba-122 films prepared on Fe/MgO substrate, in
the as-received state the AFM topography showed terrace pyra-
midal structures (Fig. 1a). The height of a particular pyramidal

Fig. 2. Height profile along four terraces of the pyramidal structures measured by
AFM (a) and STM (b) on samples prepared on Fe/MgO in the as-received state.

Fig. 3. Typical SSRM surface conductivity map of Co-doped Ba-122 prepared on
Fe/MgO substrate in the as-received state (a) and after IBE (b).

step measured by the AFM is half of the Ba-122 cell unit in the
c-direction, i.e. approximately 0.65 nm (Fig. 2a). In our case, lateral
size of all the pyramidal structures was similar of approximately
0.002 �m2. In addition, weakly visible cracks in the film were
observed with no correlation to the pyramidal structures. SSRM
images of the same surface showed inhomogeneous surface con-
ductivity with strong correlation to the spiral structures observed
by AFM (Fig. 3a). In contrast to the AFM measurements, STM images
also revealed clearly visible pyramidal structures (Fig. 4a), but the
terrace step height was approximately the whole unit cell in c-
direction (Fig. 2b), which is double compare to the AFM results. This
discrepancy might be caused by the fact that besides topography,
the STM is also highly sensitive to surface conductivity and density
of electron states which may strongly vary with position as SSRM
images suggest. The STM images may thus in large extent represent
also material properties superimposed on the topography.

After the IBE, the AFM topography showed that the pyramidal
structures partially remained on the surface, although the terraces
were no longer visible. The cracks became clearly visible (Fig. 1b),
indicating they are most likely emerging from the substrate level
and were probably mostly below the surface before the IBE. The
surface roughness remained approximately the same. However,
great changes have been observed on the SSRM images. The average

Fig. 4. Typical STM images of Co-doped Ba-122 prepared on Fe/MgO substrate in
the as-received state (a) and after IBE (b).
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Fig. 5. Typical AFM topography of Co-doped Ba-122 prepared on CaF2 substrate in
the as-received state (a) and after IBE (b).

surface conductivity increased as expected, but became consid-
erably more inhomogeneous and without any correlation to the
AFM topography (Fig. 3b). The structure of the surface conductivity
obtained by the SSRM can indicate possible ion beam damage of the
surface. The STM images again seem to be combination of the AFM
and SSRM data, showing pyramidal structures with no terraces and
indicating possible ion beam damage (Fig. 4b).

Surface of the Co-doped Ba-122 films deposited on CaF2 sub-
strates was considerably different compared to the films deposited
on the Fe/MgO described above. AFM measurements of samples
in the as-received state showed that the surface topography was
structureless, i.e. no pyramidal structures were observed (Fig. 5a).
SSRM showed inhomogeneous surface conductivity on nanometer
scale, similarly as in the previous case, but without any strong cor-
relation to the topography (Fig. 6a). On this type of samples we
were not able to obtain reasonable STM images, most likely due to
poor surface condition.

After  the IBE, no significant changes on the AFM topogra-
phy were observed (Fig. 5b). The average surface conductivity
increased in general, although the pattern did not significantly
change (Fig. 6b). It is a note that the current obtained by SSRM
was position-dependent and unstable in general. Presented data
are thus representative results.

The XPS measurements on all as-received samples showed all
photoelectron peaks related to the Co-doped Ba-122, although
carbon/hydrocarbon and oxygen surface contamination has been
identified in all cases on both Fe/MgO and CaF2 substrates. The sur-
vey spectra show that there are two Fe 2p3/2 peaks visible (Fig. 7).
The one at 706.3 eV is close to binding energy of Fe metal and
comes from the Ba-122, while the other one at about 710.3 eV
corresponds to chemical state of Fe2+ and Fe3+, indicating pres-
ence of FeO and Fe2O3 oxides. This is consistent with O 1s spectra,
where wide asymmetric peak consisting of two peaks at 531 and
530 eV has been observed (Fig. 7), the first one indicating Fe2O3
and hydroxyl groups and the latter attributed to FeO and BaO. It
was difficult to isolate the highest Co peak from the survey spectra

Fig. 6. Typical SSRM surface conductivity map  of Co-doped Ba-122 prepared on CaF2

substrate in the as-received state (a) and after IBE (b). The top and bottom parts of
(b) represent different positions on sample surface.

Fig. 7. XPS spectra of Fe 2p and O 1s peaks of the samples prepared on Fe/MgO and
CaF2 in the as-received state and after IBE.

as the Co 2p3/2 (779 eV) has almost the same binding energy as Ba
3d (780.2 eV). After the IBE the oxygen peak as well as the Fe 2p3/2
peak at 710.3 eV corresponding to iron oxides was  considerably
reduced, while intensity of all Ba-122 peaks increased significantly.
Some residual oxygen and above stoichiometric amount of Ba was
visible even after the IBE due to BaO precipitates on the surface (see
below).

Scanning electron microscopy (SEM) images showed presence
of precipitates with size up to several tens of �m2 on surfaces of
both sample types in the as-received state as well as after the IBE.
Auger electron microscopy (AEM) line scan through the objects
(Fig. 8) suggests that the precipitates are mostly formed by BaO.
This is consistent with the XPS data, which show increased con-
centration of O and Ba even after the IBE.

Fig. 8. SEM image of the BaO precipitates on surface of Co-doped Ba-122 and AEM
concentration profiles of Ba, Fe, As, C, O through one of the precipitates.
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Table  1
Atomic concentration of As, Ba, Fe, C and O calculated from the XPS survey spectra of Co-doped Ba-122 films deposited on Fe/MgO and CaF2 substrates in the as-received
state and after IBE.

As 3p (140 eV) Ba 4d (89 eV) Fe 2p (706 eV) C 1s (285 eV) O 1s (530 eV)

Fe/MgO as-received 5.3 9.7 3.1 49.9 32.1
Fe/MgO etched 12.8 12.4 11.0 32.4 31.0
CaF2 as-received 4.0 9.2 3.5 48.0 35.3
CaF2 etched 21.0 25.9 21.1 16.0 16.0

The PCS measurements were performed on as-received as well
as IBE processed surfaces of films prepared on both Fe/MgO and
CaF2 substrates at the temperature of 4.2 K. Various types of dif-
ferential conductance spectra depending on the contact position
and pressure were obtained on all types of investigated surfaces,
what is in agreement with the inhomogeneous surface conductiv-
ity revealed by the SSRM measurements (Figs. 3 and 6) and the
surface degradation confirmed by XPS (Fig. 7 and Table 1). For larger
junctions, several conductive channels with different type of con-
ductivity can be created (like NS, NS′S, NN′S, NIS, NIN′S, etc., where S
is the Ba-122 superconductor, N is normal metal (tip), N′ is degraded
Ba-122 in the state of normal metal, I is insulator created from oxide
of Ba or Fe, S′ is Ba-122 with suppressed superconductivity). Over-
all current is then sum of all currents flowing through the interface,
given by the formula

I(V) =
∑

i

Ii(V) = ˛IA(V) + ˇIB(V) + �IC (V) + ıIT (V) + · · · (1)

where  IA (V), IB (V), IC (V) and IT (V) are currents from Andreev
reflection, normal reflection, direct transmission and tunnel cur-
rent, respectively, and ˛, ˇ, � , ı are their weight coefficients which

Fig. 9. Various types of normalized differential conductance spectra obtained by
PCS on as-received Co-doped Ba-122 films prepared on both Fe/MgO (blue curves)
and CaF2 (black curves). Different PCS spectra represent different contact positions
on  the sample surface. The resistance values on the right denote the resistance of the
junction at 4.2 K. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

vary with the contact position. Measured differential conductance
as a function of bias voltage is then:

G(V) = ∂

∂V

(∑
i

Ii(V)

)
(2)

Figs.  9 and 10 show normalized differential conductance spec-
tra (dI/dV − V) obtained on the Pt–Ir/Ba-122 junctions on all types
of investigated surfaces. The common feature of all obtained
characteristics on both types of samples is an increase of the differ-
ential conductance around zero bias voltage, which will be further
referred to as zero bias anomaly (ZBA). In this type of material,
where Fe in either free or oxidized state can exist within the
interface, the ZBA can be caused by interaction of electron spin
of electrons crossing the interface with localized magnetic states
[21]. In the case of films on Fe/MgO substrate it should be taken
into account that the Fe buffer layer can produce relatively high
coercive magnetic field up to 10 Oe [22], although such values
are most likely not large enough to considerably influence the
shape of the ZBA peak. To determine the nature of the ZBA in
our spectra, measurements in strong external magnetic fields will
have to be done in the future. In junctions with low resistance
where relatively large current density is necessary to reach required
voltage, the PCS spectra can also be considerably influenced by
resulting overheating of the junction area. Superposition of a gap

Fig. 10. Various types of normalized differential conductance spectra obtained by
PCS on ion beam etched Co-doped Ba-122 films prepared on both Fe/MgO (blue
curves) and CaF2 (black curves). Different PCS spectra represent different contact
positions on the sample surface. The resistance values on the right denote the resis-
tance of the junction at 4.2 K. (For interpretation of the references to color in this
figure  legend, the reader is referred to the web version of this article.)
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Fig. 11. Differential conductance characteristic measured on sample prepared on
CaF2 substrate after IBE and 2-gap BTK fit with energy gap widths �1 and �2,
weighting parameter W and broadening parameters � 1 and � 2 for each gap.

like structure (GLS) and ZBA has been observed on some of the
spectra, mainly on films on CaF2 substrates. In some cases it is
possible to fit the normalized differential conductance spectra by
modified 1D BTK theory taking into account finite quasiparticle life-
time [23]. Total normalized conductance in Fig. 11 was simulated
as G = wG1(E) + (1 − w)G2(E), where Gi(E) is normalized differential
conductance for ith energy gap and w is calculation weight. The
energy gap values obtained by the BTK fit were determined as
�1 = 2.531 meV and �2 = 10.0 meV and corresponding BCS ratios to
be (2�1)/(kBTc) = 3.09 and (2�2)/(kBTc) = 12.22 for Tc = 19 K. These
results are similar to previously published results e.g. in [5,24],
although some groups obtained only one energy gap with differ-
ent energy values [18,20]. However, as pointed out above, these
values are varying in a relatively wide range depending on the con-
tact position and surface condition. It is thus not clear whether
the obtained values correspond to the intrinsic bulk values of the
energy gaps, or if they are reflecting mostly the surface condition.

Figs. 9 and 10 also show that the differential conductance spec-
tra, particularly the ZBA peaks, obtained on films prepared on
Fe/MgO and CaF2 substrates are different. Besides the Fe buffer
layer, this can be caused by the surface topography differences
where on films prepared on CaF2 substrates the electron transport
is most likely realized only in c-axis direction of the Ba-122 due to
very low surface roughness (Fig. 5), whereas in the case of films on
Fe/MgO substrates the transport in ab-plane direction can domi-
nate in some places thanks to the pyramidal terrace structure of
the surface (Figs. 1 and 4).

Conclusions

To conclude, surface properties of Co-doped BaFe2As2 thin films
prepared by pulsed laser deposition on MgO with Fe buffer layer
(Fe/MgO) and CaF2 substrates were investigated. As-received as
well as ion beam etched surfaces were analyzed by atomic force
microscopy, scanning spreading resistance microscopy, scanning
tunneling microscopy, scanning electron microscopy, X-ray photo-
electron spectroscopy, Auger electron spectroscopy/microscopy
and point-contact spectroscopy (PCS). Our results show that
although the substrate does not affect the chemical composition
of the films, it is considerably influencing their surface properties,
particularly the topography and surface conductivity distribution,

which was found to be highly inhomogeneous in all cases. Influence
of the differences on the PCS spectra has been discussed.
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5.3. Influence of annealing atmosphere on structural and 

superconducting properties of MgB2 thin films 

In recent years, a lot of efforts has been made to improve superconducting properties of MgB2 

thin films prepared by a wide variety of deposition methods, such as: magnetron sputtering, 

molecular beam epitaxy, pulsed laser deposition, electron beam evaporation, and resistive 

thermal evaporation on various substrates, such as Al2O3, MgO or Si. The thin films have been 

mostly grown either on a heated substrate up to the temperature of 300 °C, or post-

deposition annealed in an argon atmosphere or magnesium vapors at high temperatures up 

to 900°C. In some cases, post-deposition annealing at lower temperatures has been 

performed. The annealing above 650 °C, which is the melting point of Mg, causes leakage of 

magnesium from the MgB2 thin films due to its evaporation. Moreover, the high-temperature 

annealing usually leads to production of MgO layer on top of the MgB2 from residual oxygen 

in the annealing atmosphere, and from oxygen, which is present in the precursor MgBx film. 

Therefore, to avoid problems with the strong oxidation of Mg, annealing is often done at 

temperatures below the melting point of Mg. On the other hand, if the low-temperature 

annealing is performed, only very small (few nm) MgB2 grains are created, which can cause 

reduction of the critical temperature since in such case the coherence length is comparable 

with the dimension of the grains. Moreover, the low-temperature reaction between boron 

and magnesium takes longer time (several hours). 

In our work, MgB2 thin films were prepared by co-evaporation of boron by EBPVD and 

magnesium by RTE on c-cut sapphire substrates and ex-situ post-annealing in a vacuum 

chamber. The deposition chamber (fig. 30) was evacuated to a base pressure of about 10-3 Pa. 

We found the optimal deposition rates to be 0.2 nm.s-1 for B and 0.3 nm.s-1 for Mg. After the 

deposition, the precursor of MgBx films were put into the annealing chamber and annealed 

in Ar atmosphere at a pressure of 700 Pa at different temperatures (700 – 800°C). The thin 

films were then analyzed by SEM, XPS, and electrical transport measurements. 

 SEM cross-sectional investigations showed the thickness of the as-deposited MgBx 

precursor films to be about 284 nm. After the annealing, the MgB2 film had a thickness of 

about 190 nm with additional 30 nm thick layer on top (fig. 31), which was later identified by 

XPS to be MgO. The thickness of this additional layer was increasing with increasing annealing 

temperature. 
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Fig. 30:  Scheme of the vacuum chamber used for the preparation of MgB2 thin films. 

 

 
Fig. 31:  SEM cross-sectional image of the MgB2 films. The film before annealing (left), the film after 

annealing at the temperature of 700 °C (right).  MgB2 precursor before annealing was 284 nm thick 

(left - D1).  After annealing, the MgB2 layer (right - D1) and MgO layer (right - D2) were created with 

thicknesses of ~220 nm and ~30 nm, respectively. 

 

 

The XPS depth profiles revealed a high concentration of MgO and a small concentration of 

B2O3 on the surface of the films. Concentrations of both MgO and B2O3 were reduced to a 

minimum when XPS analyzes were done deeper inside the films. In the film volumes, almost 

pure MgB2 phase was detected. These facts confirm that the additional thin layer found on 

the surfaces is formed primarily by MgO and the layer beneath is almost pure MgB2. Electrical 

transport measurements showed the transition to a superconducting state in all cases of 

annealing temperatures. The typical R-T characteristics in fig. 32 disclose the dependence of 

Tc on the annealing temperature. 
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Fig. 32.  Typical R-T characteristics of MgB2 films annealed at 700 °C, 750 °C and 800 °C. 

 

It can be seen that the highest critical temperature was reached for samples annealed at 800 

°C and by decreasing the annealing temperature, the critical temperature considerably 

decreases. We suppose that the MgO layer formed on top of the MgB2 can have a protective 

function against out-diffusion of Mg, when the annealing is done above the melting point of 

Mg. Therefore, if a sufficiently thick MgO layer is formed,  high enough amount of magnesium 

is preserved in the volume of the MgB2 thin films, which leads to the better stoichiometry of 

the MgB2 phase and subsequently to improved superconducting properties. We have thus 

expected that if a reducing atmosphere, such as argon mixed with hydrogen is used, it will 

noticeably reduce the thickness of the MgO layer and consequently decrease the critical 

temperature.  To confirm this hypothesis, influence of the annealing atmosphere on structural 

and superconducting properties of the MgB2 thin films was studied. 
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Influence  of an  ex situ annealing  temperature  and  atmosphere  on chemical  composition  and  structural
and  superconducting  properties  of  MgB2 thin  films  deposited  by  vacuum  evaporation  has  been  inves-
tigated.  The  annealing  has been  done  in  Ar, N2 and  Ar  +  5%H2 atmospheres  at  pressure  of 700  Pa  and
temperature  varying  from  700  to 800 ◦C. It has  been  shown  that  annealing  in Ar and  N2 atmosphere
at  700–800 ◦C produces  relatively  thick  MgO  layer  on  the surface  of  the  films,  while  creation  of  such
layer  is highly  reduced  if the annealing  is done  in reducing  Ar +  5%H2 atmosphere.  The  XPS and  XRD
results  suggest  that  the  MgO  layer  prevents  out-diffusion  of  Mg  from  the  film  during  the  annealing,  what
assures  better  stoichiometry  of the  films  as  well  as  creation  of larger  MgB2 grains.  The  films  with the
highest  amount  of  MgO  on  the  surface,  annealed  in  nitrogen  atmosphere,  thus paradoxically  exhibited
the  highest  critical  temperature  of Tc0 = 34.8 K  with  very  sharp  transition  width  of  0.1  K.
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1. Introduction

A lot of effort has been done to enhance the value of critical
temperature Tc and critical current Ic of superconducting MgB2
thin films prepared by various deposition methods including pulsed
laser deposition [1], magnetron sputtering [2–4], molecular beam
epitaxy [5] or e-beam thermal evaporation [6–8]. In all cases, the
films are either grown at increased substrate on the temperature up
to about 300 ◦C [8,9], or/and post-deposition annealed at temper-
atures, typically up to 900 ◦C in vacuum, Ar atmosphere or often
in Mg  vapor [2,3,8,10]. It is known that the phase formation of
MgB2 during the annealing process begins at about 650 ◦C, being
the melting point of magnesium [11]. When the annealing temper-
ature is just below 650 ◦C, a large number of small MgB2 grains are
created in the MgBx precursor after solid–solid reaction together
with residual Mg and B particles. When the annealing temperature
is more than 650 ◦C, residual Mg  is melted and its diffusion rate
is highly increased which leads to a reaction between residual Mg
and B, but also to unwanted escaping of the Mg  from the sample
to the vacuum chamber [12]. The main problem of post annealing
process at high temperatures is the high vapor pressure and reac-
tivity of Mg  above 650 ◦C and its tendency to produce MgO surface

∗ Corresponding author. Tel.: +421 260295190.
E-mail  address: gregor@fmph.uniba.sk (M.  Gregor).

layer from a residual oxygen in the annealing atmosphere and oxy-
gen which was  incorporated within the film during the deposition
process. For these reasons, the annealing process is often done at
low temperature below the Mg  melting point, avoiding problems
with the strong oxidation of Mg  [11,12]. From this point of view,
the low temperature annealing might be effective method to get a
pure MgB2 phase. However, the low temperature reaction between
Mg and B takes much longer time (the annealing has to be run for
few tens of hours), usually creates very small grains and there still
might be a residual Mg  and B in the sample. This can consider-
ably reduce the critical temperature and critical current density of
resulting MgB2 thin film [12].

In this work, we report preparation of MgB2 thin films deposited
by combination of e-beam and thermal evaporation and ex
situ rapid annealing at temperatures of up to 800 ◦C in various
atmospheres (Ar, N2 and Ar + 5%H2). Influence of the annealing
atmosphere and temperature on superconducting and structural
properties of the MgB2 thin films was investigated.

2. Experimental

Superconducting MgB2 thin films were prepared by vacuum co-
evaporation of boron and magnesium on sapphire substrates and ex
situ annealing in a vacuum chamber. The deposition chamber was
evacuated to the limit vacuum of 5 × 10−4 Pa. The resistive ther-
mal evaporation of Mg  and e-beam evaporation of B were used to

http://dx.doi.org/10.1016/j.apsusc.2014.03.158
0169-4332/© 2014 Elsevier B.V. All rights reserved.
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Fig. 1. Cross-sectional SEM image of annealed MgB2 film.

make the precursor MgBx film. Evaporation rate was controled by
two thickness monitors. The evaporation rate was  0.2 nm/s for B
and 0.3 nm/s for Mg  (Mg/B ratio = 2/3). After the deposition, the ex
situ annealing process was realized in a vacuum chamber evacu-
ated to the base pressure of 1 × 10−3 Pa and consecutively filled
with one of the gases (Ar 5.0, N2 4.0, Ar + H2 5.0) up to the work-
ing pressure of 700 Pa. Subsequently, the temperature was rapidly
increased at the rate of 5 ◦C/s to the target annealing temperature
varying from 700 ◦C to 800 ◦C and then decreased immediately back
to room temperature at the same rate. Thickness of all as-deposited
MgBx precursor was about 400 nm.  As the extra Mg  was removed
from the precursor during the ex situ annealing, the final thickness
has been reduced to 300 nm as can be seen on the SEM cross-
section image (Fig. 1). On these films, resistance vs. temperature
(R–T) characteristics were measured using standard DC four probe
measurements in a transport LHe Dewar container by Keithley 202
current source and Keithley 2000 multimeter. Structural properties
were investigated by grazing incidence X-ray diffraction (GIXRD)
and Bragg-Brentano X-ray diffraction (XRD) measurements in a
PANalytical X’pert PRO MRD  diffractometer with Cu K� radiation
(� = 1.5418 nm)  with the angle of incidence set to 0.6◦ in GIXRD. In
symmetrical Bragg-Brentano (BB) geometry the ½◦ divergence slit
and fast PIXcell scanning detector with 255 channel lines were used.
For avoiding the strong reflection from monocrystalline substrate
we have used small �ω  = 1.5◦ offset from symmetrical �/2� setup.
X-ray photoelectron spectroscopy (XPS – Omicron multiprobe sys-
tem with hemispherical analyzer) has been used to measure the
chemical composition of the MgB2 thin films. Analysis was  per-
formed by monochromatic Al K-alpha X-rays (1486.6 eV) and Ar ion
gun with ion energy of 2 keV used for depth profiling. All spectra
have been measured at ambient temperature with photoemission
of 45◦ from the surface. To minimize the charging effects, a low-
energy electron gun has been used for charge neutralization. The
carbon 1s line (for hydrocarbon, binding energy 284.8 eV) has been
used to calibrate the binding-energy scale of the XPS measure-
ments.

Table 1
Transition onset temperature (Tcon), zero resistance critical temperature (Tc0) and
transition width (�T) of the MgB2 films annealed in various atmospheres (Ar, N2,
Ar + 5% H2) at the temperature of 700, 750 and 800 ◦C, respectively.

Atmosphere/temperature Tc0 (K) Tcon (K) �T (K)

Ar at 800 ◦C 32.3 32.6 0.3
Ar at 750 ◦C 31.9 32.3 0.4
Ar at 700 ◦C 31.8 32.2 0.4
N2 at 800 ◦C 34.8 34.9 0.1
N2 at 750 ◦C 32.3 32.6 0.3
N2 at 700 ◦C 30.8 31.0 0.2
Ar + H2 at 800 ◦C 30.9 31.2 0.3
Ar + H2 at 750 ◦C 30.8 31.0 0.2
Ar + H2 at 700 ◦C 30.8 31.1 0.3

3. Results and discussion

Typical  R–T characteristics and critical temperatures of the MgB2
films annealed in the various atmospheres are shown in Fig. 2
and Table 1, respectively. It can been seen that films annealed in
nitrogen atmosphere at temperature of 800 ◦C exhibit the highest
critical temperature with zero resistance transition temperature
Tc0 = 34.8 K and onset temperature of Tcon = 34.9 K. The sharp tran-
sition width (0.1 K) reflects the high uniformity of the MgB2 films.
Decreasing of the annealing temperature (in N2 atmosphere) down
to 700 ◦C decreases the transition temperature (Tc0) down to 30.8 K.
Similar behavior has been observed on samples annealed in argon
atmosphere, although the influence of the annealing temperature
was much lower. On the other hand, no dependence of Tc on the
annealing temperature has been observed if the samples were
annealed in reduction atmosphere with 5% of hydrogen (Ar + 5%
H2).

XPS investigation of the MgB2 films showed carbon C1s and
oxygen O1s contamination on the surface from ambient atmo-
sphere and all photoelectron peaks belonging to MgB2 films. No
other chemical elements were detected. A small concentration of
carbon which was detected on the surface has not been incor-
porated within the MgB2 film. High resolution spectra and their
deconvolution using the Gaussian-Lorentzian fit showed presence
of MgO  layer on top of all of the MgB2 films, which was created
during the high temperature annealing. Fig. 3 shows XPS depth
profiles calculated from photoelectron peaks Mg  2p, B 1s, O 1s
and Al 2s. The atomic concentration vs. sputtering time profiles
were done on samples annealed at 750 ◦C in Ar, Ar + 5%H2 and
N2 atmospheres by applying the Ar ion etching with ion energy
of 2 keV. It can be clearly seen than the thickness of the Mg-rich
oxidized surface layer strongly depends on the annealing atmo-
sphere. Small concentration of oxygen was also observed within the
MgB2 film and the as-prepared MgBx precursor film (up to 5 at.%).
The MgO  phase is formed from residual oxygen in the annealing
atmosphere and oxygen which was incorporated during the deposi-
tion from deposition atmosphere or from target materials. Samples
annealed in Ar + 5%H2 atmosphere showed lowest thickness of the
MgO  surface layer due to elimination of the residual oxygen by
the reduction atmosphere. On the other hand, highest thickness
of the MgO  layer has been observed on samples annealed in N2
atmosphere. Increasing of the MgO  layer thickness with increas-
ing annealing temperature has been observed on samples annealed
in Ar and N2 atmospheres, while no significant change of MgO
layer was  observed on samples annealed in reduction atmosphere
(Ar + 5%H2).

To confirm the XPS results, X-ray diffraction measurements
were performed. In symmetrical Bragg-Brentano measurement
the signal from MgB2 thin film was  very weak, showing only few
diffraction maxima. Therefore in addition the films were measured
using grazing incidence angle of 0.6◦ while scanning only the
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Fig. 2. R–T characteristics of MgB2 thin film annealed in (a) Ar, (b) N2 and (c)
Ar  + 5%H2 atmosphere at temperatures from 700 to 800 ◦C.

Fig. 3. XPS depth profiles of the MgB2 films annealed in (a) Ar, (b) N2 and (c)
Ar  + 5%H2 atmosphere at 750 ◦C.
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Fig. 4. GIXRD spectra of MgB2 films annealed in the different gases (Ar + 5%H2, Ar,
N2) at the temperature of 750 ◦C and pressure of 700 Pa (a) for 2theta from 15◦ to
100◦ and (b) for 2theta from 55◦ to 70◦ .

detector arm in the range of 2� = 15.100◦. The relative peak inten-
sities in GIXRD and BB measurements are different, which suggests
presence of preferential orientation of crystallites within the layer.
The diffraction patterns (Fig. 4a) do not correspond to pure MgB2
phase and apparently additional phases are present. To identify
the peaks of different phases, the HighScore software installed
with ICDD PDF-2 database was used. The measured profiles of the
diffraction maxima has been fitted using pseudoVoigt shape func-
tion. The peak positions in the measured data have been used in
search-match algorithm. The highest degree of agreement has been
found for mixture of hexagonal MgB2 (00-038-1369) and cubic
MgO (01-076-9188). All the peaks were identified. Due to relatively
large noise and small layer thickness the XRD technique was inca-
pable of identifying any other minor phases. In BB setup the major
peaks were identified to MgB2 (0 0 1) and (0 0 2) reflections. The
MgB2 crystallites are preferentially oriented to the Al2O3 (0 0 1)
substrate. For qualitative comparison of samples annealed in differ-
ent environments we have measured in greater detail MgO (2 2 0)
(2� = 62.3◦) and MgB2 (1 0 2) (2� = 63.3◦) line profiles and fitted to

pseudoVoigt  shape function. Samples annealed in N2 atmosphere
have the highest MgO  (2 2 0)/MgB2 (1 0 2) integrated intensity
ratio of 1.09 as shown in Fig. 4b. For samples annealed in Ar + 5%H2
atmosphere, this ratio is lowest (MgO (2 2 0)/MgB2 (1 0 2) = 0.19).

The  average MgB2 grain size estimated from obtained XRD
spectra (Fig. 4b) using Scherer equation is highest for samples
annealed in N2 to be around 12 nm,  for samples annealed in Ar
around 10 nm and for samples annealed in reduction Ar + 5%H2
atmosphere around 8 nm.  Similar results were obtained for MgO
phase where the grain sizes are about 39 nm, 22 nm and 16 nm for
samples annealed in N2, Ar and Ar + 5%H2, respectively. To deter-
mine the amount and distribution of the MgO  phase within the
film, GIXRD analysis with three different incidence angles of 0.25◦,
0.33◦ and 0.78◦ has been used. The increasing of X-ray incidence
angle increases the penetration depth of X-rays into the material.
For all types of samples, i.e. annealing in all atmospheres, the ratio
of MgB2/MgO has increased 2–3 times as the incidence angle has
been increased from 0.25◦ to 0.78◦. This result confirms that con-
centration of MgO  phase is highest near the surface, which is with
agreement with the XPS analysis presented above.

Grazing incidence X-ray diffraction measurement has been also
done on the as-deposited samples. Pattern matches best with the
single phase of hexagonal Mg  (00-035-0821). From the broad peak
profiles we can estimate the size of magnesium crystallites of
around 4 nm. According to the XRD measurements, as-deposited
precursor film contains randomly oriented Mg  nanocrystalline
grains within the Mg–B amorphous matrix. The atomic concentra-
tions of Mg  and B in the as-prepared films measured by XPS exhibits
higher concentration of Mg  compared to stoichiometric MgB2.

From the XPS and XRD result it can be clearly seen that the
annealing atmosphere has a great influence on the structural and
chemical properties of MgB2 thin films. As we expected, annealing
in reduction atmosphere led to reduction of the oxygen amount
within the film, what surprisingly caused decrease of critical tem-
perature compared to films annealed in Ar or N2. This is most likely
caused by the out-diffusion of Mg  to the vacuum chamber, which
can be clearly recognized in Fig. 3, leading to under-stoichiometric
concentration of Mg  in the film. Lower grain size observed in this
case can be also partly responsible for lower Tc, as it is already com-
parable with the coherence length in MgB2. On the other hand, the
films annealed in N2 atmosphere exhibit highest Tc and thickest
MgO at the same time. We  believe that the MgO  on the surface
of the films serves as a protection layer preventing out-diffusion
of Mg.  This ensures higher, close to stoichiometric amount of Mg
within the film and also gives more room for creation of bigger
MgB2 grains. It is a note that the higher thickness of the MgO  layer
in samples annealed in N2 compare to Ar might be caused by lower
purity of the N2 gas.

4.  Conclusion

To conclude, superconducting MgB2 thin have been prepared by
vacuum evaporation and ex situ annealing. Significant influence of
the annealing temperature and atmosphere on chemical composi-
tion and structural and superconducting properties of the films has
been observed. It has been shown that annealing in Ar and N2 atmo-
sphere at 700–800 ◦C produces relatively thick MgO  layer on the
surface of the films, while creation of such layer is highly reduced if
the annealing is done in reducing Ar + 5%H2 atmosphere. Although
it would be expected that reducing the amount of MgO  in the film
would be beneficial, it has been shown that the films with thicker
MgO layer have considerably higher critical temperature. The XPS
and XRD results suggest that this is most likely caused by the fact
that the MgO  surface layer provides a protective function against
out-diffusion of Mg  from MgBx precursor at high temperatures. This
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assures better stoichiometry of the films as well as creation of larger
MgB2 grains, what leads to higher critical temperature.
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5.4. Enhancement of superconducting properties of MgB2 thin films using 

the oxygen annealing atmosphere 

Later on, we concentrated on improvement of superconducting properties of MgB2 thin films by 

using oxygen annealing atmosphere. The superconducting thin films were prepared by the same 

co-evaporation technique as in the previous case and were ex-situ post annealed in an argon and 

oxygen atmosphere at a pressure of 700 Pa and temperature of 800 °C. Subsequently, MgB2 

micro-bridges were formed from the MgB2 thin films using a combination of optical lithography 

and iron beam etching, and were narrowed by focused ion beam etching (Fib, Tescan) to obtain 

nano-bridges with desired dimensions. The nano-brides, as well as thin films, were then 

investigated by electrical transport measurements, XPS, XRD and transmission electron 

microscopy (TEM). It was shown that the samples annealed in O2 had superior superconducting 

properties. The samples annealed in Ar had the transition temperature of 31.7 K, while for the 

samples annealed in O2 it was 35.6 K. Moreover, critical current density at 4.2 K of 2.4x107 A.cm-

2 and upper-critical magnetic field Hc2(0) at zero temperature of 31 T were obtained in the case of 

the sample annealed in O2. The samples annealed in Ar possessed jc(T=4.2K) and Hc2(0) of 3.2x106 

A.cm-2 and 18 T, respectively. It was shown that the annealing in O2 atmosphere creates 

sufficiently thick MgO surface layer, which prevents the out-diffusion of Mg during the high-

temperature annealing. This assures better stoichiometry of the MgB2 thin films and improves 

their overall superconducting properties. Although the average MgB2 grain size determined by 

XRD was about 15 nm in both cases of annealing atmospheres, the temperature dependencies of 

critical current densities revealed different inter-grain coupling varying from SINS (for the sample 

annealed in O2) to SNS type (for the sample annealed in Ar). According to the XPS chemical 

analysis, this is most likely caused by the relatively high concentration of unreacted boron in the 

Ar-annealed sample and extra oxygen in the form of MgO in the volume of the MgB2 thin films. 

The presence of 6 % MgO in the films can lead to formation of effective flux pinning centers 

enhancing the critical current density and upper critical magnetic field. The higher concentration 

of unreacted boron in the sample annealed in the Ar is most likely responsible for the formation 

of SNS-type inter-grain connectivity and overall suppression of superconductivity also within the 

MgB2 grains via NS proximity effects. On the other hand, the samples annealed in O2 atmosphere 

showed the lower concentration of unreacted boron, which caused the MgO phase and SINS inter-

grain connectivity to be more dominant, despite the fact that the amount of MgO was similar in 

both cases of the annealing atmosphere.  
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Abstract 

Enhancement of superconducting properties of MgB2 thin films deposited by vacuum co-evaporation and ex-
situ annealed in O2 atmosphere compared to Ar atmosphere has been investigated. It has been shown that rapid 
annealing in O2 at a temperature of 800 oC can significantly improve their superconducting transition 
temperature Tc,   as well as a critical current density jc and an upper critical magnetic field Hc2. The annealing in 
O2 atmosphere produces a sufficiently thick MgO layer on the surface of MgB2 thin films, which acts as a barrier, 
preventing out-diffusion of Mg from the films during the high-temperature annealing. This improves a B/Mg 
ratio in the films, as well as grain connectivity. Moreover, we believe that the MgO incorporated in the film acts 
as flux pinning centers, which increase the critical current density and the upper critical magnetic field. 

Keywords: MgB2, superconducting thin films, oxygen, annealing, enhancement of superconducting properties  

Introduction 

Since the discovery of MgB2, many groups have 
been attempting to enhance its superconducting 
properties, such as the critical temperature Tc, critical 
magnetic field Hc and critical current density jc, which 
was mainly driven by the possibility of MgB2 to 
replace conventional superconductors in 
cryoelectronic devices and a heavy-current industry. 
Enhancements of these properties have been 
achieved by customized deposition techniques [1-6], 
optimization of the film growth conditions, chemical 
substitution and incorporation of a number of 
different dopants into the MgB2 thin films [7-9].  

It has been accepted that the chemical 
substitution and certain doping, which do not 
considerably reduce Tc, may act as flux pinning 
centers, which increase the critical current density 
and upper critical magnetic field. It was pointed out 
that the presence of various kinds of impurity 
disorders brought into the MgB2 thin films during 
growth or post processing lead to the increase of Hc2 
up to 50 T [10] and jc up to 108 A/cm2 [11,12], mainly 
due to the increase of grain connectivity and/or 
introduction of effective pinning centers. 
Nevertheless, in many cases, these disorders have 
caused diminished Tc, normally by reason of local 
suppressing of superconductivity on grain 
boundaries.  

A lot of investigations have been done to find an 
optimal doping level for different types of dopants 
[13]. It was reported that MgO has been always 
present as the major impurity phase within MgB2 
films. Additionally, it is established that the minor 

MgO layer on the surface of the MgB2 grains can cause 
a strong suppression of the critical current [14]. By 
increasing the amount of MgO, the intergrain 
connectivity is usually worsened. On the other hand, 
it was shown that the small MgO particles might 
improve the flux pinning ability, and thus enhance the 
overall Hc and jc [15]. 

Typical methods of MgB2 thin film growth are 
either direct depositions on the heated substrate or 
two-step processes, including stand-alone deposition 
and subsequent annealing. To achieve the best 
superconducting properties of MgB2 films prepared 
by the annealing process, a protective atmosphere 
(Ar, Ar+H2, N2, Mg) is generally used. We have already 
shown that various annealing atmospheres and 
temperatures have an important influence on the 
superconducting and structural properties of MgB2 
thin films [16]. Though, so far, the influence of the 
oxygen annealing atmosphere as well as the amount 
of MgO on superconducting and structural properties 
has not yet been studied. In this work, we compare 
the ex-situ post-annealing process in the oxygen and 
argon atmosphere at the high temperature of 800 °C. 
We show that the annealing in oxygen is able to 
improve both, the critical temperature and critical 
magnetic field of the MgB2 thin films.  

Experimental 

Superconducting MgB2 thin films were prepared 
by vacuum co-evaporation of B and Mg on c-cut 
sapphire substrates, and ex-situ post annealing. 
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Evaporation rates were set to obtain the Mg/B ratio 
of 3/2 in precursors of MgBx thin films (see ref. [16]). 
Later on, the MgBx precursors were rapid annealed in 
Ar or O2 atmosphere at the pressure of 700 Pa and the 
temperature of 800 °C. The annealing vacuum 
chamber was evacuated to the base pressure of 10-3 
Pa, and subsequently filled with one of the gases (Ar 
5.0 or O2 5.0). The annealing temperature was 
increased at the rate of 5 °C/s up to the temperature 
of 800 °C and then immediately turned back to room 
temperature. Before the annealing, the thickness of 
the MgBx film precursors was about 500 nm. During 
the annealing, the extra Mg was released from the 
precursors or reacted with oxygen by producing the 
MgO layer on the surface of the films. The final 
thickness of the MgB2 films after annealing (excluding 
the MgO layer) was about 300 nm in both cases.  

Afterwards, MgB2 microbridges were formed 
from the thin films using a combination of optical 
lithography and ion beam etching. Subsequently, 
these structures were narrowed by focused ion beam 
etching (FIB, Tescan) to obtain nano-bridges with 
required dimensions. Both width and length of the 
final nano-bridges were about 500 nm. On these 
nano-bridges, as well as on the thin films, resistance 
vs. temperature R(T) characteristics were then 
measured using standard DC four-probe 
measurements in a transport LHe Dewar container by 
Keithley 202 current source and Keithley 2000 
multimeter. Detailed electrical transport 
measurements such as resistance vs. temperature 
characteristics in magnetic fields from 0 up to 9 T in 

both directions of perpendicular H⊥ and parallel 

H
⫽

 fields, as well as critical current vs. temperature 

Ic(T) dependencies were measured by the Physical 
property measurement system (PPMS), Quantum 

Design Co. The H
⫽

 was oriented to the direction 

along  flowing current. From the R(T) measurements 
in both directions of the magnetic field, the critical 
temperature vs. magnetic field dependencies Tc(H) 
were obtained. Then, the upper critical magnetic 
fields Hc2(T) and irreversibility fields Hcirr(T) as 
functions of temperatures from Tc(H) dependencies 
were acquired. A scanning electron microscope 
(Tescan, Lyra) was used to measure final geometrical 
dimensions of the MgB2 nano-bridges for calculation 
of critical current densities jc.  

Chemical composition of the thin films was 
measured by X-ray photoelectron spectroscopy (XPS 
– Omicron multiprobe system with hemispherical 
analyser). The analyses were made by 
monochromatic Al K-alpha X-rays (1486.6 eV) and Ar 
ion gun with ion energy of 2 keV, used for depth 
profiling. All XPS spectra were measured at room 
temperature with photoemission angle of 45° from 
the surface. For charge neutralisation, a low-energy 
electron gun has been applied to minimise charging 

effects. The carbon C1s line (for hydrocarbon, binding 
energy 284.8 eV) has been employed to calibrate the 
binding energy scale of the XPS measurements.  

Structural properties of the MgB2 thin films were 
investigated by grazing incidence X-ray diffraction 
(GIXRD) or Bragg-Brentano X-ray diffraction (XRD) 
measurements in PANalytical X’pert PRO MRD 
diffractometer with Cu Kα radiation (λ = 1.5418 nm). 

The angle of incidence in GIXRD was set to =1.3°.  In 
symmetrical Bragg-Brentano (BB) geometry, the ½° 
divergence slit and fast PIXcell scanning detector with 
255 channel lines were used. To avoid the strong 
reflection from the monocrystalline substrate, we 

have used small -ω = 1.5° offset from the 
symmetrical θ/2θ setup. Detailed studies of the MgB2 
thin films were performed with transmission electron 
microscopy (TEM) and selected area electron 
diffraction (SAED) using a JEOL 2100F microscope 
operated at 200 keV. 

Results and discussion 

Typical R-T dependencies of the MgB2 nano-
bridges are presented in figure 1. The 
superconducting transition temperature (Tcon), zero 
resistance critical temperature (Tc0) and transition 
width (∆T) of the MgB2 thin films depend on the 
annealing temperature and atmosphere, keeping the 
same annealing pressure, as it is shown in ref. [16]. It 
can be evidently seen that the nano-bridge prepared 
from the film annealed in the oxygen atmosphere 
exhibits the higher critical temperature Tcon = 35.6 
K with the zero resistance transition temperature Tc0 
= 34.8 K. On the other hand, the R-T measurement of 
the nano-bridge prepared from the film annealed in 
the Ar atmosphere shows two resistive transition 
temperatures supposedly due to different 
superconducting transport properties of MgB2 into 
the grains and/or between grains. The first one at the 
temperature of Tcon1 = 31.7 K and second transition is 
followed at the temperature of Tcon2 = 30 K with the 
zero resistance transition temperature Tc0 = 27 K 
(Figure 1). The MgB2 nano-bridges prepared from the 
films annealed in the Ar atmosphere unveil the critical 
current density only jc(4.2K) = 3.2  x106 A/cm2, while 
the MgB2 nano-bridges prepared from the films 
annealed in O2 reveal jc of one order of magnitude 
higher at the same temperature (jc(4.2K) = 2.4 x107 
A/cm2 (figure 2)). Moreover, the jc(T) dependence in 
the case of the sample annealed in Ar falls rapidly 
compared to O2, which may reflect better MgB2 grains 
connectivity in the oxygen annealed films. 
Additionally, in the case of Ar sample, a double 
transition in the R-T characteristic is observed, which 
points to the possibility of two different 
superconducting phases. It should be noted that the 
four-probe R-T measurements performed on the 
MgB2 thin films before patterning as well as on the 
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prepared nano-bridges showed the same 
superconducting transition temperature in both 
cases, which means that the FIB preparation of the 
nano-bridges did not affect the transition 
temperatures. 

 
Figure 1.  R-T characteristics of MgB2 nano-bridges 
annealed in Ar and O2 atmospheres, including SEM image of 
typical MgB2 nano-bridge prepared by a combination of 
optical lithography and focused ion beam etching (inset).  

The dependence of the critical current density vs. 
temperature jc(T) in granular materials is determined 
by transport mechanisms in both grains and grain 
boundaries. Various models have been used to 
explain the behavior of such dependencies. The 
intragrain jc(T) dependence can be explained by the 
Anderson-Kim flux-creep critical-state model or by 
the Ginzburg-Landau model [17, 18]. The intergrain 
jc(T) dependence is usually interpreted by the 
Ambegaokar-Baratoff model [19]. Most of these 
models are developed for a single-junction case and 

follow a power law of the type 𝑗(𝑇) ∝ (1 −
𝑇

𝑇𝑐
)

𝛼

. 

According to ref. [17], a dependence of the critical 
current density on a temperature can be generally 
fitted by an 

     𝑗𝑐(𝑇) = 𝑗𝑐(0) (1 −
𝑇

𝑇𝑐0
)

𝛼

,                  (1) 

where Tc0 is the zero resistance critical temperature, 
jc(0) is the critical current density at the zero 
temperature and 𝛼 is an exponent with values are 
typically in the range of 1 - 2.5  (figure 2.). This 
exponent determines the nature of intergrain 
connectivity and denotes, whether a superconductor-
insulator-superconductor (SIS), a superconductor-
insulator-normal metal-superconductor (SINS), or a 
superconductor-normal metal-superconductor (SNS) 
interface is present among the MgB2 grains. It is 
normally considered that the value of 𝛼 = 1 reflects 
the SIS type connections, while, if 𝛼 ∈ (1, 1.5) SINS-
type connections are present. When 𝛼 ≥ 2 is 
reached, then SNS-type connectivity is fully attained 
[17, 18]. By fitting the jc(T) curves using formula (1), 
we obtained jc

Ar(0) = 5.284x106 A.cm-2 and jc
O2(0) = 

2.905x107 A.cm-2, as noticed in figure 2. It has been 

shown in many cases [18, 19] that jc(T) dependencies 
can manifest different crossovers, where the jc(T) 
curve changes from convex to concave as the 
temperature increases. In this case, the jc(T) fitting is 
performed close to Tc.  However, in our case, the jc(T) 
curve fits match the experimental data especially well 
not only close to the transition temperature, but in 
the whole temperature range. 

 
Figure 2. Dependencies of critical current density vs. 
temperature of MgB2 nano-bridges prepared from the films 
annealed in both atmospheres, including the fitting curves 
by a power law according to eq. (1). 

It was shown that in the case of films annealed in 
Ar atmosphere, the dominant intergrain connectivity 
in the MgB2 nano-bridge is most likely of an SNS type 
due to 𝛼 value of 2.588. We can thus assume that in 
this case the MgB2 grains are connected by a normal 
metal, which can be explained by the presence of 
unreacted B, as will be shown later by XPS analysis. 
On the other hand, in the case of O2 annealing we 
probably possess rather SINS connectivity since 𝛼 =
1.525. The insulating phase within the intergrain 
areas is most likely represented by MgO, which are 
usually the major impurity in MgB2 films. They are 
responsible for strong flux pinning and notably higher 
critical current density. From the fitting curves, it can 
be clearly seen that the Tc0 parameters employed in 
the fits are in a good agreement with the Tc0s obtained 
from R-T characteristics (figure 1(a)).  

Subsequently, the upper critical magnetic fields 
Hc2 and irreversibility fields Hcirr as a function of 
temperature in the directions of perpendicular and 
parallel magnetic fields were determined from Tc(H) 
dependences by extrapolating the transition curves 
(see figure 3(b)). A small anisotropy of Hc2 and Hcirr 
was observed in both cases of nano-bridges prepared 
from the films annealed in Ar and O2 (figure 4). The 
sample annealed in the O2 atmosphere had the 

𝐻𝑐2
⫽

𝐻𝑐2
⊥⁄  ratio of 2.48, while the sample annealed in 

Ar exhibited higher anisotropy of 2.99. On the other 

hand, the ratio of Hcirr
⫽

Hcirr
⊥⁄  was similar in both cases 

(Ar = 2.61; O2 = 2.49). Different slopes of Hc2(T) and 
Hcirr(T) dependences were observed for Ar and O2 
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annealed samples (figure 4). The sample annealed in 
O2 had steeper Hc2(T) and Hcirr slopes compared to the 
sample annealed in Ar. Later on, Hcirr(T) and Hc2(T) 
dependences were extrapolated to determine Hc2(0) 
and Hcirr(0) at the zero temperature using a known 

relation Hc(T) ≈ −0.69 Tc (
dHc

dT
)

T→Tc

[20], which 

in the case of film annealed in O2 atmosphere led to 

high Hcirr
⫽ (0) and Hc2

⫽ (0) values of 26 T and 31 T, 

respectively. For the sample annealed in Ar, markedly 

lower values of 14 T for Hcirr
⫽ (0) and 

18 T for Hc2
⫽ (0) were obtained. 

 

 
Figure 3. R(T) dependences of MgB2 nano-bridges annealed in Ar and O2 atmospheres measured in both (perpendicular and 
parallel) directions of magnetic fields; a) Ar annealed, perpendicular magnetic field; b) Ar annealed, parallel magnetic field, 
c) O2 annealed, perpendicular magnetic field, d) O2 annealed, parallel magnetic field. All R(T) measurements were performed 
by applying the same current of 10 μA. 

 
Figure 4. Upper-critical (Hc2) and irreversibility (Hcirr) magnetic fields as a function of temperature for perpendicular and 
parallel magnetic fields, and for nano-bridges made of MgB2 films annealed in  a) Ar and b) O2 atmospheres. 
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To explain the above-mentioned differences in 
superconducting properties of the samples annealed 
in Ar and O2 atmospheres, XPS, XRD and TEM analyses 
were performed in order to analyze their chemical 
and structural peculiarities. The XPS measurements of 
the MgB2 films disclosed a small amount of oxygen 
within the whole film and magnesium and boron 
belonging to MgB2. High-resolution spectra and their 
deconvolution using the Gaussian-Lorentzian fit 
revealed the presence of MgO layer on the top of all 
MgB2 films, which was created during the high-
temperature annealing. The XPS depth profiling was 
done to obtain the atomic concentrations of chemical 
elements as a function of depth by applying Ar ion 
sputtering with ion energy of 2 keV. The atomic 
concentrations were calculated from Mg 2p, B 1s, O 
1s and Al 2s photoelectron peaks, correspondingly. 
Afterwards, the atomic concentrations of Mg, B, O 
and Al vs. sputtering time were reconstructed (figure 
5). The MgO surface layer formed during the 
annealing can be clearly distinguished on both types 
of samples. As expected, the thickness of the MgO 
surface layer is significantly higher in the case of the 
sample annealed in the O2 atmosphere in comparison 
with the sample annealed in Ar. The small 
concentration of oxygen was measured within the 
whole volume of the annealed MgB2 films as well as 
in the pre-deposited MgBx precursors. In the case of 
the sample annealed in the Ar atmosphere, the MgO 
was created from the residual oxygen in the annealing 
atmosphere and oxygen which was incorporated into 
the film during the deposition. The average atomic 
concentrations of Mg, B and O in the MgB2 films taken 
from 20 XPS measurements, measured in the middle 
of the MgB2 thin films are shown in table 1. The 
sample annealed in the Ar atmosphere retained the 
atomic concentrations of Mg and B to be 24.3 % and 
69.6 %, respectively, having over-stoichiometric B/Mg 
ratio of 2.9. 

On the other hand, the sample annealed in oxygen 
exhibited almost stoichiometric B/Mg ratio of 2.1 with 
the atomic concentrations of Mg =29.2 % and B = 61.2 
%. In both cases, the atomic concentration of oxygen 
was approximately 6 %. From the XPS results, it can 
be evidently distinguished that the annealing 
atmosphere had considerably influenced the 
chemical composition of the MgB2 thin films. It should 
be noted that the thickness of MgB2 layer, which was 
situated under MgO surface layer, was the same in 
both cases, according to the sputtering time.  

High-resolution spectra and their deconvolution 
within the MgB2 films annealed in the Ar atmosphere 
showed that the B1s signal was symmetric and was 
able to fit well by one single chemical environment 
centered at the energy of 187.8 eV (figure 6). The 
similar B1s binding energy of 187.7 eV was measured 
in the case of as-deposited MgBx precursor. It has 
been reported [21] that the B1s binding energy 
attributed to the MgB2 phase varied from 187.2 to 
188.5 eV and similarly, pure B-B bond corresponded 
to binding energy from 186.3 to 187.8 eV. Therefore, 
the presence of these compounds could not be 
distinguished in XPS data due to the energy 
overlapping. Since the MgB2 films had the over-
stoichiometric atomic B/Mg ratio of 2.1-2.9, we 
believe that the B1s peak at the binding energy of 
187.8 eV was attributed not only to the MgB2 phase 
but also to the unreacted boron. In the B1s spectrum, 
the oxide-related species with the binding energy 
above 190 eV were not observed at all. The Mg signal 
from 2p orbital can be rather divided into two 
chemical bondings. The lower binding energy (50.4 
eV, FWHM 1.57 eV) was assigned to the MgB2 phase, 
and the higher binding energy (51.5 eV, FWHM 1.54 
eV) belonged to the MgO phase. Similar 
characteristics were observed in the sample annealed 
in the O2 atmosphere.  

 

 
Figure 5. XPS depth profile of the MgB2 films annealed in (a) Ar and (b) O2 atmosphere at 800 °C. 
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Figure 6.  Deconvolution of high-resolution XPS spectra using Gaussian-Lorentzian fit (GL30) of a) core level Mg 2p and b) 
B1s peak of MgB2 annealed in Ar atmosphere. 

As expected, the annealing in oxygen led not only 
to formation of the thicker MgO-rich layer on the 
surface but additionally to better B/Mg 
stoichiometry, the higher critical temperature of Tcon 
= 35.6 K and higher critical current density. We 
suppose that this MgO surface layer behaves as a 
barrier cover preventing out-diffusion of Mg during 
the ex-situ annealing process. This leads to better 
stoichiometry and a sufficient amount of Mg for 
creation of the MgB2 grains in the volume of the films 
[16] and consequently to better superconducting 
properties. On the other hand, the thinner MgO-rich 
surface layer in the case of sample annealed in the Ar 
atmosphere can be insufficient to avoid the Mg out-
diffusion to the ambient atmosphere during high-
temperature annealing, which is above the melting 
point of Mg. This leads to the over-stoichiometric 
B/Mg ratio of 2.9. This extra unreacted boron within 
the film creates a normal metal phase between the 
MgB2 superconducting grains and leads to SNS-type 
intergrain connectivity, which was confirmed by 
fitting of the jc(T) dependences by eq. (1) above. The 
normal metal phase locally suppresses the 
superconductivity on the grain boundaries and causes 
lower Tc and jc compared to the sample annealed in 
O2. Such behavior is in good agreement with 
previously reported experiments [22], where it has 
been shown that both critical temperature and critical 
current density is strongly suppressed in SN interfaces 
and SNS junctions as the thickness of the normal 
metal increases. The suppression of 
superconductivity, also in the volume of the 
superconductor, in such systems is attributed to the 

proximity effect on the NS interface. Similarly in our 
case, we can expect that the higher amount of the 
unreacted boron in Ar annealed MgB2 films will not 
only lead to poorer inter-grain coupling, but also to 
suppression of superconductivity within the MgB2 
grains. X-ray diffraction measurements in 
symmetrical Bragg-Brentano and grazing incidence 
angle setups were performed on both types of the 
MgB2 samples. Unsurprisingly, the diffraction 
patterns (figure 7) correspond to a mixture of cubic 
MgO and hexagonal MgB2 phases. Due to the 
relatively thick MgO surface layer, the XRD shows 
mostly the MgO phase and only small reflection from 
the MgB2 bottom layer. The sample annealed in the 
Ar atmosphere revealed a higher ratio MgB2/MgO 
phase thanks to the thinner MgO surface layer as is 
seen from figure 7(b). To determine the MgB2 grain 
size within the film, more detailed GIXRD analyses 
were performed for 2theta from 60 to 66 deg. Since 
the 102 MgB2 diffraction peak at 63.3 deg. is almost 
overlapped with the 220 MgO at 62.4 deg, the 
deconvolution applying Pseudo-Voigt function was 
done. The average MgB2 grain size calculated from 
the Scherer equation for both samples was around 15 
nm. Further details can be found in ref. 16. It should 
be noted, however, that the calculated grain sizes are 
only approximate values and since the obtained grain 
size of ~15 nm is comparable to a MgB2 coherence 
length, which is about ~5 nm [23], even small 
difference in the grain size can have noticeable 
influence on the superconducting properties of the 
films.  

 
 
Table 1. The average atomic concentration of Mg, B and O in the MgB2 thin films taken from 20 XPS measurements in the 
interior of the films annealed in Ar and O2 atmospheres, respectively. 

Annealing 
atmosphere 

Mg  B  O  
B/Mg 
ratio 

Argon (at.%) 24.3 ±1.3 69.6 ±1.2 5.8 ±0.6 2.9 

Oxygen (at.%) 29.2 ±1.2 61.2 ±2 6.0 ±1.4  2.1 
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Figure 7. a) Grazing incidence XRD spectra of the MgB2 thin films annealed in Ar and O2 atmospheres; b) more detailed scans 
around 102 MgB2 and 220 MgO diffraction peak

To confirm the XPS and XRD analyses, 
transmission electron microscopy measurements 
have been performed on the MgB2 cross-sectional 
lamellas. The gallium Focused Ion Beam column 
integrated in the SEM with nano-manipulator and gas 
injection system was used to prepare high-quality 
lamellas and to transfer them on the TEM grid. The 
final thickness of the TEM lamellas were 
approximately 60 nm. To investigate these lamellas in 
different areas, a selective area electron diffraction 
(SAED) technique have been applied using an 
incidence aperture of 150 nm. Moreover, from the 
diffraction rings observed in the selected area, 
electron diffraction patterns were quantitatively 
analyzed. Subsequently, an electron diffraction 
profile was acquired by an azimuthal integration of 
selected area diffraction patterns. After background 
subtraction, diffraction peaks were examined in the 
profile, and each individual peak was fitted by a Voigt 
function. The fitted profile was successfully compared 
with the x-ray diffraction data using microscope 
calibration data and by converting the reciprocal 
space units to a common angular scale. Figure 8 
shows the SAED pattern (a), and corresponding 
diffraction profile of the MgB2 film annealed in Ar 
atmosphere. The electron diffraction pattern was 
measured in the center of the cross-sectional MgB2 

lamella, away from the top MgO layer. From figure. 
8(b), it can be plainly distinguished that while XRD 
diffraction pattern obtained from the whole film 
corresponds to a mixture of MgO and MgB2 phases, 
the TEM diffraction pattern, measured in the center 
of the lamella, reflects almost pure MgB2 phase. 
Similarily, in the case of sample annealed in oxygen, 
scanning TEM measurements confirm that the film 
consists of two separate layers (figure 9(a)). Again, the 
electron diffraction patterns were attained from the 
each layer separately (figure 9(b) and 9(c)). The SAED 
profiles confirm that the upper layer is formed of the 
pure MgO phase with a thickness of approximately 
200 nm, and the bottom layer consists mostly of the 
MgB2 phase with the small amount of the MgO. A 
thickness of the bottom layer was about 300 nm 
(figure 6 (d)). The SAED analyses are in a good 
agreement with the above-mentioned XPS and XRD 
results. It should be noted that from the above 
mentioned XPS, XRD and TEM results, we were not 
able to determine the purity of the MgB2 grains within 
the films, which might also influence their 
superconducting properties. However, based on the 
presented results, we believe that in our case the 
superconducting properties are predominantly 
determined by the inter-grain areas. 
 

 
Figure 8. a) SAED diffraction pattern; and b) corresponding SAED profile and GIXRD spectra of the MgB2 film annealed in Ar 
atmosphere. 
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Figure 9. a) Scanning TEM image; b) SAED pattern of top layer; c) SAED pattern of bottom layer, and d) corresponding SEAD 

profile and GIXRD spectra of MgB2 film annealed in O2 atmosphere. 

Conclusions 

The superconducting and structural properties of the 
MgB2 thin films prepared by co-evaporation and ex-
situ annealing in Ar and O2 atmospheres were 
investigated. Compared to the Ar-annealed film, the 
film annealed in O2 exhibited superior 
superconducting properties with the transition 
temperature of 35.6 K, critical current density at 4.2 K 
of 2.4 x 107 A/cm2 and upper-critical magnetic field 
Hc2(0) at the zero temperature of 31 T. We have 
shown that the annealing in the O2 atmosphere 
creates  the sufficiently thick MgO surface layer, 
which prevents out-diffusion of Mg during the high-
temperature annealing. This assures better 
stoichiometry of the MgB2 films and enhances their 
overall superconducting properties. Additionally, 
although the average MgB2 grain size determined by 
XRD measurement is around 15 nm in both cases, the 
temperature dependencies of critical current 
densities indicate that the intergrain coupling varies 
from SINS (for sample annealed in O2 atmosphere) to 
SNS (for sample annealed in Ar atmosphere) due to 
different concentration of unreacted boron and extra 
oxygen in the MgB2 films. According to the XPS 
measurements, the presence of oxygen led to the 
formation of up to 6 % of MgO in the MgB2 films, 
which can form effective flux pinning centers. The 
amount of boron and oxygen within the films plays an 
important role in the connectivity of the MgB2 grains 
and influences the superconducting properties of the 
films in general. The higher concentration of 
unreacted boron in sample annealed in the Ar 
atmosphere revealed by XPS is most likely responsible 
for the formation of SNS-type inter-grain coupling and 
overall suppression of superconductivity also within 
the MgB2 grains via NS proximity effects. On the other 
hand, the samples annealed in O2 exhibit lower 
concentration of unreacted boron. This causes the 
MgO insulating phase to be more dominant, even 
though the amount of MgO is similar in both cases, 
which leads to SINS inter-grain connections. The small  

 

amount of MgO can also create effective pinning 
centers, which improve the critical current density 
and upper critical magnetic field. 
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6. Conclusions 

 
Superconductivity, as one of the most spectacular phenomena in condensed matter physics, 

was discovered more than hundred years ago. Throughout the history, numerous sorts of 

superconducting materials have been discovered, having remarkably interesting properties 

and bringing many extraordinary applications. In recent years, a great success has been made 

by the discovery of a new type of superconducting materials based on iron, being rather 

unexpected. Subsequently, a lot of endeavors has been put to uncover its fundamental 

superconducting properties such as the width of the energy gap(s), pairing symmetry, critical 

current density, critical magnetic fields, critical temperature and others. The investigations 

have been primarily driven by the possibility of application of these materials in novel 

superconducting cryoelectronic devices and heavy-current industry. On the other hand, basic 

research tried to grasp the understanding of the presence of a superconducting state in 

materials possessing iron with the magnetic ordering of electron spins. 

 In this work, we have focused on superconductivity in general, which was described 

by phenomenological theories of London brothers and Ginzburg-Landau theory, as well as the 

microscopic BCS theory. Subsequently, we have defined the theory proposed by G.E. Blonder, 

M. Tinkham and T. M. Klapwijk (BTK) and modified BTK theory. In general, the BTK theory is 

widely used to describe current-voltage and differential characteristics of normal metal – 

superconductor (NS) junctions. The firm advantage of the theory is its capability to describe 

contacts ranging from direct (NS) to pure tunneling, i.e. normal metal-insulator-

superconductor (NIS) junctions.  

In the experimental part, we have described deposition techniques used for 

deposition of superconducting thin films, including, pulsed laser deposition (PLD), electron 

beam physical vapor deposition (EBPVP) and resistive thermal evaporation (RTE). The 

following part was devoted to analytical experimental methods such as: atomic force 

microscopy (AFM), surface spreading resistance microscopy (SSRM), scanning tunnel 

microscopy (STM), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy 

(SEM), optical lithography (OL), ion beam etching (IBE), X–ray diffraction (XRD), and point 

contact spectroscopy (PCS).  

In the results part, we have described our investigations of surface transport 

properties of superconducting thin films of 10 % Co-doped Ba(CoxFe1-x)2As2 epitaxially grown 
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by PLD on CaF2 substrates by XPS, SSRM, and PCS. It has been shown that the surface of the 

iron-based superconductor rapidly degrades if exposed to ambient air, which results in 

suppression of gap-like structures in PSC spectra. Moreover, SSRM measurements revealed 

highly inhomogeneous surface conductivity on nanometer and micrometer scale, which 

explains the strong dependence of PCS spectra on the contact position. It was pointed out 

that measurements of superconducting properties of iron-based superconductors, in 

particular by surface sensitive methods like PCS, are highly influenced by the degradation 

and inhomogeneity of their surfaces, and they do not always reflect only the intrinsic 

superconducting properties of the investigated materials. This can explain a wide variety of 

published energy gap values and unclear pairing symmetry of the order parameter.  

Afterward, we have studied the influence of used substrate on surface properties of 

epitaxial 10 % Co-doped superconducting Ba(CoxFe1-x)2As2 thin films, which were prepared by 

PLD on MgO with Fe buffer layer (Fe/MgO) and CaF2 substrates. The studies of the thin film 

surfaces were performed by AFM, SSRM, STM, XPS, AES/AEM and PCS. The surfaces of the 

films were inspected in the as-received state as well as after ion beam etching. Our results 

show that although the substrate does not affect the chemical composition of the films, it 

considerably influences their surface properties, particularly, the topography and surface 

conductivity distribution, which was found to be highly inhomogeneous in all cases. The 

influence of the used substrate on the observed differences in the PCS spectra has been 

discussed, and the modified BTK theory has been used to fit the experimental dI/dV-V data, 

leading to energy gap values similar to previously published results (∆1= 2.53 meV and ∆2=

10 meV).  

Subsequently, we studied influence of the annealing atmosphere on structural and 

superconducting properties of the MgB2 thin films. The MgB2 thin films were prepared by co-

evaporation of boron and magnesium on c-cut sapphire substrates and ex-situ post-annealing 

in Ar, N2 and Ar+H2 atmospheres. The annealing was performed at a pressure of 700 Pa and 

varying temperature from 700 to 800 oC. The investigations, in this case, were carried out by 

electrical transport measurements, XPS, and XRD. It was shown that the annealing in Ar and 

N2, in this temperature interval, produces relatively thick MgO layer on the surface of the thin 

films while creation of this layer is highly reduced if the annealing was done in reducing Ar+H2 

atmosphere. The XPS and XRD results suggested that the MgO layer might serve as a 

protective layer against out-diffusion of magnesium from the films during the high-

temperature annealing, which assures better MgB2 stoichiometry as well as the creation of 
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larger MgB2 grains. The thin films annealed in N2 exhibited highest zero resistance critical 

temperature of Tc0 = 34.8 K with a very sharp transition width of 0.1 K.   

In the end, we studied enhancements of superconducting properties of MgB2 thin 

films using oxygen annealing atmosphere. In this case, the MgB2 thin films were prepared by 

co-evaporation of boron and magnesium on c-cut sapphire substrates and ex-situ post-

annealing in O2 and Ar atmospheres. From the prepared thin films, MgB2 microbridges were 

formed using a combination of optical lithography and ion beam etching. Later on, these 

structures were narrowed by focused ion beam etching (FIB, Tescan). On these nano-bridges, 

as well as on the stand-alone thin films, resistance vs. temperature R(T) characteristics were 

measured using standard DC four-probe measurements in a transport LHe Dewar container. 

Detailed electrical transport measurements such as R(T) were performed in high magnetic 

fields from 0 up to 9 T in both directions of perpendicular H⊥  and parallel H
⫽

 fields. It was 

shown that, compared with the Ar-annealed, the O2-annealed film possessed superior 

superconducting properties with the transition temperature of 35.6 K, critical current density 

at 4.2 K of 2.4 x 107 A.cm-2 and upper critical magnetic field Hc2(0) of 31 T at zero temperature. 

We have shown that the annealing in the O2 atmosphere creates sufficiently thick MgO 

surface layer, which prevents out-diffusion of magnesium during the high-temperature 

annealing. This leads to better MgB2 stoichiometry and enhances the overall superconducting 

properties of the films. Moreover, although the average MgB2 grain size determined by XRD 

measurements was about 15 nm in both cases, the temperature dependencies of critical 

current densities indicated that the intergrain coupling varied from SINS (for the sample 

annealed in the O2 atmosphere) to SNS (for the sample annealed in Ar atmosphere). This was 

caused by the considerably higher amount of unreacted boron in Ar-annealed films and extra 

oxygen in the MgB2 films. The XPS measurements revealed the presence of a small amount of 

oxygen also in the volume of the films, leading to the formation of up to 6% of MgO, which 

can form effective flux pinning centers improving the critical current density and upper critical 

magnetic fields. 
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7. Specifications of author’s contribution 

In presented work, various technologies, measurement techniques and methods have been 

used. A wide team of people participated on the results. My own contribution to displayed 

work is listed below. 

 

Surface transport properties of Fe-based superconductors: The influence of degradation 

and inhomogeneity 

 Electrical transport measurements and point-contact spectroscopy used for 

characterization of Co-doped Ba(CoxFe1-x)2As2 superconducting thin films. 
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layer and CaF2 substrates  
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thin films  

 Participated in preparation of the MgB2 thin film samples by co-evaporation and ex-
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temperature. 
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