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PREFACE

Superconductivity is a fascinating phenomenon in which a material, cooled to very
low temperature, allows a persistent frictionless flow of current. Ever since the discovery
of superconductivity in Mercury at 4.2 K, a series of metals, alloys and compounds were
screened for superconductivity. The recent breakthrough in this area was the discovery of
superconductivity in an iron based compound LaFeAsO;.xFx with a critical temperature
(Tc) of 26 K by a Japanese group led by Hideo Hosono in February 2008. The display of
superconductivity even in the presence of a well-known ferromagnetic element ‘Fe’
distinguishes the significance of this discovery, which then prompted the physicists to
work with the motto “Strike iron while it is hot” giving rise to lots of classes. The
similarity in features of different classes of iron pnictides to cuprates as well as MgB,
again generates interest in theoreticians. Features such as layered structure,
antiferromagnetic parent compound, relatively smaller anisotropy, different order
symmetry and less sensitive conductive layer allowing substitution at all sites, are found to
be the main characteristics of this system. Among the four major classes of iron pnictides,
the REFeAsO;.xFx (RE1111) compounds are found to be potential candidates for high field
applications. Though these compounds show promising characteristics, the volatility of
arsenic and fluorine and the trickier chemistry involved in the synthesis of these
compounds make the development of practical conductors more difficult.

The present thesis work focuses on the enhancement of transport and magnetic
properties of NdFeAsO,.4Fx based iron pnictide superconductors synthesized at ambient
pressure through a novel pre-processing technique. Initially, bulk samples were prepared
with properties at par with international status and thereafter wire and tape forms of the
bulk sample having better transport Jc were also developed. The first chapter is an
overview on the fundamentals of superconductivity and its applications and the second
chapter introduces the features of iron based superconductors in detail. The preparation and
characterization techniques adopted throughout the work are discussed in chapter 3.

Chapter 4 discusses the synthesis of NdFeAsO;.xFx (Nd1111) iron pnictide
superconductors in bulk form with varying fluorine stoichiometry (x=0 to 0.4) and it also
details the impact of fluorine variation on the structural and superconducting properties of
Nd1111. A maximum T¢ of 52 K and a transport Jc of 1050 Alcm? at 12 K were obtained
for the samples with x = 0.3 and 0.4, respectively. The transport and magnetic properties
observed for each stoichiometry showed remarkable correlation with their corresponding
structural and microstructural aspects. Moreover, the superconducting properties exhibited
in this material, processed at a relatively low temperature of 1000 °C, were competitive as
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compared to the existing reports wherein high pressures (~6 GPa) and temperatures (~1300
°C) were employed inevitably.

Chapter 5 focuses on the synthesis of rare earth modified NdFeAsOg7Fo3
superconductors and the studies on their magneto-transport properties. Selected rare earths
such as Yttrium (non 4f element) and 4f elements such as Cerium and Gadolinium having
ionic radii in the order Ce>Nd>Gd were doped at Nd** site in Nd.,REFeAsOq7Fo3 SO as
to enhance the critical parameters such as T¢, Jc and Hc,. All the rare earth doped samples
exhibited enhanced transport and magnetic properties as compared to the undoped sample
NdFeAsOy 7Fo3. Maximum Tcs of 53.3, 53.6 and 55.1 K were obtained at x= 0.3, 0.1 and
0.15 for Y, Ce and Gd doped samples, respectively. The magnetic Jc of Ce doped sample
was enhanced by a factor of two as compared to that of the undoped sample. It was found
that the substitution of a relatively smaller ion at Nd site created inner chemical pressure
due to lanthanide contraction thereby favoring the enhancement of T in Nd1111.
However, the lattice defects due to the substitution of a larger ion (Ce) had a significant
influence on the vortex pinning in Nd1111 which in turn enhanced the magnetic Jc.
However, the lattice defects due to Y, Ce and Gd doping at Nd site, irrespective of their
ionic size, assisted in effective pinning of the flux lines thereby exhibiting an enhanced
Jc(H) performance especially at high fields. Moreover, very high upper critical fields of
335 T and 360 T were also estimated for Gd and Ce doped samples, respectively.

Besides isovalent doping, simultaneous doping at two sites i.e. binary doping at Nd
and O sites with a single source was also tried using alkaline earth metal fluorides
especially CaF, and MgF, in NdFeAsO and the results are presented in chapter 6. The
synthesis of Nd;xCaxFeAsO1.oxF2x superconductors using CaF, as a binary dopant provides
both holes and electrons by simultaneous substitution of Ca®* ions and F ions at Nd** and
O sites, respectively. The sample with x=0.2 exhibited a maximum critical temperature
(Tc) of 52.3 K and transport critical current density of 1240 A/cm? at 12 K. An interesting
feature observed for binary doped samples is the preferential alignment of (00I) planes and
the refinement of microstructure both in terms of grain size and grain connectivity. While
using MgF, as a binary dopant, a similar refinement in microstructure was observed in
addition to an increase in Tc up to 54.7 K. The Jc(H) behavior derived through
magnetization measurements and upper critical fields estimated using magneto-transport
measurements were also presented. It was observed that lattice defects due to binary
doping acted as effective flux pinning centres and enhanced the Jc(H) performance of the
samples as compared to the corresponding F alone doped samples. Moreover, very high
Hc, values of 300 and 310 T were also achieved for MgF, and CaF, doped samples,
respectively.
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Chapter 7 deliberates an initiative towards the realization of conductor development
using NdFeAsOqgFo4 found to exhibit the maximum Jc in bulk form (Chapter 4). The
Powder in Tube (PIT) method was followed for mono-filamentary wire fabrication using
NdFeAsOy sFo.4 processed at 360 °C for 5 h as the precursor. Initially, the compatibility of
different sheath metals with the superconductor was investigated. The sheath metals such
as Ag, Fe, Cu, Ni and SS were used and the metal sheathed Nd1111 wire samples were
processed at different processing temperatures such as 850, 900 and 950 °C. The sheath
metals, Fe and Ag, were observed to be chemically compatible for Nd1111. Among these,
the superconducting properties were found to be the best for Ag sheathed Nd1111 based
wires processed at 900 °C for 40 h. Specific metallic additives such as Sn, Pb and Mg were
incorporated within the pnictide core in order to enhance the transport Jc of the wires.
Among which only Sn addition was found to be favorable in supporting the existence of
superconductivity while the others do not. Hence, the effect of varying Sn addition on the
transport properties of both Fe sheathed Nd1111 tapes were also investigated. The
summary and conclusions of the whole work and a few suggestions for future work are

consolidated in Chapter 8.
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CHAPTER 1

SUPERCONDUCTIVITY - FUNDAMENTALS AND APPLICATIONS

1.1  Historical development of superconductivity

Superconductivity is a startling phenomenon in which a material cooled to very low
temperatures exhibits a persistent frictionless flow of current as long as it is kept at low
temperatures. The backbone of the superconductivity history is a series of spectacular and
completely unexpected experimental discoveries leaving the then contemporary theoretical
physics puzzled. The first one was the discovery of superconductivity in mercury by the
famous Dutch Scientist Kammerlingh Onnes in 1911, at Leiden in the Netherlands. He was
the first person who could ever reach very low temperatures and marked the beginning of a
new field of science, the low temperature physics. One of his students who had been
monitoring the variation of resistance in mercury wires at low temperatures noticed a
precipitous drop in resistance within a very small temperature interval at around 4 K as
shown in Figure 1.1 (Onnes et al. 1911).
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Figure 1.1: Illustration of Kamerlingh Onnes’ discovery of superconductivity in 1911. At 4.2 K, the
resistance of Hg drops abruptly to a value no greater than 10° Q
Later, Walther Meissner and Robert Ochsenfeld discovered another striking
phenomenon in 1933 known as Meissner effect in which a superconductor expels applied
magnetic field on transition from normal to the superconducting state (Meissner et al.
1933). This superconducting phenomenon, demonstrating abrupt vanishing of resistance
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and expulsion of the magnetic field, remained inexplicable until 1935. Then, Fritz London
and Heinz London developed mathematical relationships with the help of Maxwell’s
equations which explained both the manifestations of a superconductor (London et al.
1935a; London et al. 1935b). Though the theory proposed by London and Heinz clarified
the experimental observations, it could not provide any microscopic origin to the
superconducting properties. As an extension of the London theory, the Ginzburg-Landau
(GL) theory was established in 1950 introducing a complex valued superconducting order
parameter varying smoothly in space (Ginzburg et al. 1950; Ginzburg et al. 2004). This
macroscopic theory was found appropriate for any superconductor defining it as a charged
Bose superfluid. The hypothesis was a strange idea that contradicted common knowledge
at that time; however, Abrikosov proved the validity of GL theory by the theoretical
prediction of quantized flux lines known as vortices (Abrikosov 1957a; Abrikosov 1957b).
In 1950, Maxwell and Reynolds observed the Isotope effect in Hg according to which the
critical temperature (Tc) of a superconductor is inversely proportional to the square root of
its mass (Maxwell 1950; Reynolds et al. 1950). The observation also suggested that the
electron-phonon coupling might be responsible for superconductivity. In 1957, the trio,
John Bardeen, Leon Neil Cooper and Robert Schrieffer proposed the BCS theory, a
microscopic quantum theory describing superconductivity as a microscopic effect caused
by condensation of Cooper pairs into a boson-like state (Bardeen et al. 1957a; Bardeen et
al. 1957b). In 1962, Josephson's tunneling theory was proposed to describe the tunneling
of Cooper pairs through a barrier between two superconductors (Josephson 1962).

Since the discovery of superconductivity in Mercury, a series of other metals and
alloys were checked for superconductivity. Twenty-seven of the metals turned out
superconductors, in their usual crystallographic forms, at atmospheric pressure and very
low temperatures. The metals found to be superconducting include aluminum, tin, lead,
rhenium, lanthanum, and protactinium. While certain metals, semimetals, or
semiconductors such as uranium, cerium, silicon, and selenium are superconductors only at
high pressures. Bismuth and five other elements that are not superconducting in their usual
crystallographic form, tend to be superconducting upon synthesizing them in a highly
disordered form. However, superconductivity is not observed in any of the magnetic
elements such as chromium, manganese, iron, cobalt, or nickel. The vast majority of the
known metallic superconductors have T values between 1 and 10 K (Matthias et al. 1963,
Eisenstein et al. 1954).




Superconductivity - Fundamentals and applications 3

Among the metallic elements, tungsten has the lowest critical temperature, 0.015 K,
and niobium the highest, 9.2 K. It was observed that though Nb superconducts at 9.2 K in
its elemental form; it cannot carry significant bulk currents and was therefore limited to
radio frequency and electronic applications such as SQUIDS for very sensitive current and
magnetic field sensors. In order to increase the current carrying capacity of Nb, it was
magnetically hardened by alloying and by introducing pinning centers for the magnetic
flux. Further, an alloy of niobium and titanium, Nb-Ti flourished as a workhorse in
superconductor magnet technology (Shen et al. 2001). As the usability of Nb-Ti is limited
to low operating temperatures and magnetic fields up to 10 T, another Nb based
superconductor, NbsSn with a T¢ of 18.3 K was used. Its superior superconducting
properties are due to the specific crystal structure, A15 phase. Nb3Sn was exclusively
applied in magnetic fields between 10 and 20 T. As the intermetallic phase NbsSn is very
brittle, complicated manufacturing technologies are an essentiality. The potential
applications of superconducting wires are in the electric power technology and in high
magnetic field systems. Due to the need to cool Nb based superconductors down to the
temperature of liquid helium (4.2 K), their use in power applications remained practically
inert. Thus, the application field of Nb based superconducting wires is retained mainly in
the generation of high magnetic fields in the key areas such as Magnetic Resonance
Imaging (MRI) in medicine, Nuclear Magnetic Resonance Spectroscopy (NMR) in biology
and chemistry, magnets for Nuclear Fusion power technology and magnets for particle
accelerators in High Energy Physics.

By 1975, more than two thousand different superconductors including metals and
alloys were unraveled with a maximum T¢ of 22.3 K for Nb3Ge in 1973 (Poole et al.
1995). For the next ten years, no further increase in critical temperature was observed. In
the early 1980s, a worldwide effort was made by physicists in search of novel
superconducting materials. In 1986, it was Georg Bednorz and Alex Muller who
discovered superconductivity in Ba doped La,CuQO, at about 30 K marking the beginning
of high temperature superconductivity (Bednorz et al. 1986). Many scientists believed that
the mechanism in high temperature superconductors could not be explained using the BCS
theory. In 1987, an American physicist P. W. Anderson and the Indian theoretical physicist
Ganapathy Baskaran proposed a theoretical model called Resonating Valence Bond theory
that tried to describe high temperature superconductivity especially that observed in
cuprate compounds (Anderson 1987). During this period itself, superconductivity was
observed at 90 K in a perovskite compound YBa,CuzO; (Wu et al. 1987). This was
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followed by an enthusiastic overnight symposium at Hilton hotel in New York which was
called as a Woodstock of physics. Moreover, the discovery was significant since from that
point forward it became possible to use cheap liquid nitrogen as a coolant. Later, scientists
experimented with many different forms of perovskites. The critical temperatures as high
as 112 K in a Bismuth based cuprate and 126 and 135 K in Thallium and Mercury based
cuprates, respectively were reported further (Sheng et al. 1988; Parkin et al. 1988). It is to
be noted that though these materials have complicated crystal structures and tedious
processing techniques, the very high critical temperatures make them cheap and useful for
high temperature applications. But the major drawback of these materials is the large
anisotropy and degradation in current carrying capacity at higher applied fields.

In 2001, the Akimitsu group at Aoyama Gakuin University found that a simple
intermetallic MgB, exhibited superconductivity at 39 K (Nagamatsu et al. 2001). This
value of Tc¢ is close to what has been considered the maximum possible by pairing caused
due to electron-phonon interaction. It is still considered as a typical phonon type BCS
superconductor with s-wave symmetry. The simpler composition, easy synthesis
procedures, weak link free grain boundaries, lower anisotropy and high transport critical
currents make it an excellent material suitable for electronic devices and persistent current
magnets. The main disadvantage of early MgB, samples was their low critical magnetic
field Hco. But later Heo was increased to more than 40 T in bulk and around 60 T in
oriented thin films by carbon doping. Even though its critical temperature is below the
boiling point of liquid nitrogen, the possibility of cooling with a cryocooler to 20 K and
operation in the persistent-current mode raised the demand for MgB; wires for many
practical applications.

Another breakthrough came with the discovery of superconductivity in an iron
based superconductor LaFeAsO;.xFx with a critical temperature of 26 K by a Japanese
group led by Hideo Hosono in February 2008 (Kamihara et al. 2008). The critical
temperatures of this class of materials were soon raised to as high as 56 K. A wide variety
of pnictide and chalcogenide compounds belonging to the iron based family was
discovered thereafter. The interesting features pertaining to these materials and other

aspects will be discussed in detail in the next chapter.
1.2 Fundamental characteristics of superconductors

A superconductor is not merely a “perfect conductor”. Rather, it is a phenomenon
characterized by both the complete absence of electrical resistance and the damping of the

interior magnetic field. The vanishing of the electrical resistance and the observation of
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ideal diamagnetism are characteristic fundamental properties of superconductors. The
variation of resistivity (p) and susceptibility (y) with respect to temperature in a

superconductor is depicted in Figure 1.2.
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Figure 1.2: The variation of resistivity and susceptibility of a superconductor with temperature
1.2.1 Critical surface of a superconductor

While mentioning the details of superconductor, one should definitely have an idea
of certain critical parameters related to it. A material remains to be a superconductor as
long as it is kept below a particular,

a) temperature, known as Critical temperature (T¢)

b) field, known as Critical field (H¢) and

c) current, known as Critical current (Ic) or current density, Critical current
density (J¢).

These three parameters form a three dimensional boundary called the critical
surface (shown in Figure 1.3) below which, the material is a superconductor and above it,
the material turns out to be normal. Though the values of the critical parameters vary from
one material to another, the basic aim of an experimentalist is to enhance these values so as
to increase the superconducting critical surface or more specifically to widen the operating
range of the material. Both T and Hc are intrinsic superconducting properties whereas Jc
of a superconductor is somewhat extrinsic. Hence, for a particular superconductor, it is true
that Tc and Hc cannot be altered much. But its Jc can be enhanced to an extent by

appropriate doping or change in synthesis method.
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(\\N Critical Surface

Figure 1.3: The critical surface encompassing the critical parameters of a superconductor

1.2.2 Classification of superconductors

Based on the critical temperature and behavior in an applied magnetic field,
superconductors can be classified into two. Moreover, they can also be categorized on the
basis of the superconducting mechanism obeyed. On the basis of

Critical temperature (T¢) —

a)  Low temperature superconductors (LTS) : Materials having Tc <77 K

b)  High temperature superconductors (HTS) : Materials having T¢ > 77 K

The method of classifying superconductors as HTS and LTS is based on whether
their T¢ is above or below the boiling point of Liquid Nitrogen (77 K). However, there
exists another convention wherein all superconductors having a T¢c > 30 K are generally
categorized as HTS or relatively high Tc materials.

Behavior in applied magnetic fields —

a) Type | superconductors . Materials which are superconductors (in Meissner
state) only below a lower critical field Hcy, above this field they are normal

b) Type Il superconductors : Materials which are in Meissner state below Hc;
and remain in an intermediate state with flux penetration up to an upper critical

field Hc, and above this they are normal

Superconducting Mechanism —

a) Conventional Superconductors . Materials which obey BCS theory
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b) Unconventional Superconductors : Materials which do not follow BCS

mechanism instead have pairing symmetry other than s-wave
1.2.3 Basic features of superconductors

The superconducting transition is accompanied by abrupt changes in various
physical properties as a part of a phase transition from the normal state to the
superconducting state. The superconducting state further prevails depending upon the
critical parameters such as the temperature at which it is maintained and the magnetic field
being experienced. When a superconductor is placed in a weak external magnetic field H,
the field penetrates down to a short distance A from the surface of the superconductor,
called the penetration depth, after which it decays rapidly to
zero. Generally, superconductors have a penetration depth of the order of 100 nm. The
expulsion of the magnetic field by the creation of super currents is called the Meissner
effect. However, the Meissner effect is different from "perfect diamagnetism". According
to Lenz's law, a changing magnetic field applied to a conductor will induce an electrical
current in the conductor that creates an opposing magnetic field. In a perfect conductor, an
arbitrarily large current can be induced, and the resulting magnetic field exactly cancels the
applied field. The Meissner effect differs from perfect diamagnetism because a
superconductor expels all magnetic fields, not just those that are changing as expected
from Lenz's law. The expulsion of magnetic field in a superconductor at temperature below
Tc is shown in Figure 1.4 (a). If a superconductor is cooled below T¢ and a magnet is
placed upon it, the superconductor will try to repel the magnet. This results in Magnetic
levitation, which can be considered as a demonstration of the Meissner effect (shown in
Figure 1.4 (b)).

The Meissner effect was explained by London who showed that the
electromagnetic free energy in a superconductor is minimum and he provided the London
equation which predicts that the magnetic field in a superconductor decays exponentially
from the value it possesses at the surface. The Meissner effect is not followed when the
applied magnetic field is too large. Superconductors can be divided into two classes
according to their behavior in the presence of magnetic fields. In the Type |
superconductors, superconductivity is abruptly destroyed when the strength of the applied
field rises above a critical value Hc. In Type Il superconductors, increasing the applied
field above a critical value Hcy (lower critical field) leads to a mixed or vortex state in
which an increasing amount of magnetic flux penetrates into the material, but there

remains no resistance to block the electric current as long as the current is not too large. At
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a field strength Hc, (upper critical field), superconductivity is completely destroyed. Most
of the elemental superconductors are Type | whereas almost all of the alloys and
compound superconductors are found to follow Type Il behavior. The variation of internal

magnetization with applied field for (a) Type I and (b) Type Il superconductors is shown in

Figure 1.5.
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Figure 1.4: The Meissner effect in a superconductor (a) a schematic representation of Meissner effect

and (b) an image of a magnet being repelled by a superconductor
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Figure 1.5: Variation of magnetization with applied field for (a) Type | and (b) Type Il
SUpeI’COI’]dUCtOI’S
The penetration of the magnetic field in the mixed state is actually caused by
“vortices”. The vortices are often called as "fluxons" since the flux carried by these
vortices is quantized. These quantized vortices are also known as Abrikosov vortices,
named after the person who proposed the concept of vortices. The basis of Abrikosov’s

model of the vortex state is the phenomenological GL theory, which simplifies the
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theoretical treatment of a spatially varying order parameter in a Type Il superconductor.
Within the framework of the GL theory the structure of an Abrikosov vortex is
characterized by two fundamental length scales: the magnetic penetration depth A, and the
coherence length &, where A > &. The coherence length  is approximately the distance over
which the pair potential (order parameter) W(r) rises from zero at the center of a vortex (r =
0) to its asymptotic value W, outside the vortex core. Its value can be determined
experimentally from measurements of the upper critical field, Hc, = ®o/27E% Abrikosov
differentiated Type | and Type Il superconductors on the basis of the fact that surface
energy of a boundary between a normal and superconducting region has a different sign
(Abrikosov 2004). The surface energy is proportional to the difference (&-1) and changes
sign depending on the value of the GL parameter. The GL parameter ‘K’ is, essentially, a
ratio of the fundamental length scales in GL i.e. K = M/&. The classification is as a) Type |
superconductor: 0 < K < 1/2 (positive surface energy) and b) Type Il superconductor: K
> 1/+2 (negative surface energy). The variation of the magnetic field and superconducting
order parameter at a normal-superconducting interface of Type | and Type Il

superconductors is shown in Figure 1.6.
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Figure 1.6: Variation of magnetic field and superconducting order parameter at a normal-
superconducting interface of Type I and Type Il superconductors
Each Abrikosov vortex has a normal core as a long thin normal cylinder along the
field direction. The order parameter inside the core |y|* = 0. The radius of the normal core
~ &. Around the normal core, there exists a circulating super-current. The direction of
circulation is such that the direction of the magnetic field created by this current coincides
with the direction of external magnetic field (along the normal core). The size of the region

where the super-current circulates is ~ A. Each vortex carries one quantum of magnetic
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flux. The penetration of the vortices in the superconductor takes place at H > Hcy. These
vortices have the same direction of circulation and hence repel one another and minimize
their free energy by forming a triangular lattice. Mixed state exist for Hc; < H < Hco. As
field increases from Hc; to Hcy, the density of vortices increases (lattice period decreases).
At Hc,, the distance between vortices becomes ~ &, |y| — 0 and the second order phase
transition to the normal state takes place. An illustration of flux vortices distributed in a
superconductor with super-current formation around each vortex is shown in Figure 1.7
(@). Figure 1.7 (b) shows the status of flux lines in a superconductor according to the

application of the magnetic field.
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Figure 1.7: An illustration of (a) flux vortices in a Type Il superconductor under an applied magnetic
field and (b) its H-T phase diagram: Below Hc, the superconductor expels magnetic field completely.
Between H¢; and He,, the superconductor is in a mixed state with the presence of vortices

For carrying large currents without resistance, the mixed state of Type Il
superconductor with large values of Hc, plays major role. The transport current flowing in
a superconductor from an external source, in the direction perpendicular to the vortices,
exerts a Lorentz force on the vortices. If the superconductor is absolutely perfect and
homogeneous (free of defects), an arbitrary small Lorentz force would cause vortex motion
and dissipate energy. In addition to the two limiting parameters Tc and Hc,, which are
intrinsic characteristics of a superconducting material, the zero resistance property of the
superconducting state is also lost if the material carries a current density larger than a
critical value Jc. The Jc of a superconductor is a structure-sensitive property and can vary
by as much as several orders of magnitude as a result of thermal or mechanical treatment
of the material. As current densities are raised higher than Jc the material does not go
suddenly from the superconducting state to the normal resistive state, but develops a “flux-

flow resistivity’ that rises with increasing current density (Chaddah et al. 2003). When
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current is passed through a superconductor in its mixed state, a non-vanishing Curl H is
required and this needs a gradient in the vortex density. The repulsive interaction with
vortices on either side will no longer cancel out, since the density gradient implies unequal
distances between vortices. Each vortex thus experiences a net force which is proportional
to both the density of vortices and to its gradient, i.e. to both B and J. This driving force
can be derived and is found to be F = H x Curl H = H x J. The force F on each vortex,
which is equivalent to a Lorentz force, will cause the vortices to move. The vortex motion
produces an electric field parallel to J, thus causing a resistance, and this is called the flux-
flow resistance. This resistance is much smaller than the normal state resistance, but the
material no longer has infinite conductivity. In an inhomogeneous Type Il superconductor
containing various types of defects (grain boundaries, dislocation walls, dislocation
tangles, voids, or second-phase precipitates), the flux vortices can be pinned by the defects
(Schmidt et al. 1997). These point-defects or line defects can provide optimum pinning
when their dimensions are close to the coherence length of the Cooper pairs in the
superconductor.

When a vortex passes through a normal impurity region in a superconductor, the
total energy dissipated is lower than when the vortex lies just outside the impurity. This is
because there are more Cooper pairs in the sample in the former case, while the
condensation energy is absent both in the vortex and in the impurity in the latter case. The
pinning force (Fp) on the entire system of vortices in the superconductor is then the
resultant of various pinning forces between individual vortices and impurity sites, and the
interaction between vortices themselves. It is obvious that the pinning force increases with
rise in number of individual pinning (or impurity sites), but the pinning force is lowered
due to the rigidity of the vortex lattice which hinders distortions necessary for the vortices
to pass through the random pinning sites. The pinning force prevents the motion of vortices
until the Lorentz force (J x H) exceeds the pinning force Fp. This defines a critical current
density, Jc = Fp x H below which transport current is carried without any resistance, and
above which flux-flow resistivity sets in. In short, Fp depends on various factors including
the field H, and Jc and has an intricate field and temperature dependence. Thus, the zero
resistance property of a superconductor exists within an operating volume in the field-
temperature-current density space, enclosed by the Jc, Heo, and T lines.

Apart from the basic features, the thermal properties of a superconductor are also
interesting. The specific heat is a measure of how effectively heat can be introduced into a

material and helps raising its temperature. A related quantity is the thermal conductivity




12 Superconductivity - Fundamentals and applications

which is a measure of how easily heat flows through a material from a region at a high
temperature to a region at a low temperature. The specific heat of electrons in a
superconductor varies with absolute temperature both in the normal and superconducting
state (Gregersen et al. 2011). The specific heat in the superconducting state is smaller than
that in the normal state at low temperatures, but superconducting specific heat becomes
larger than normal specific heat as T is approached. At Tc, the specific heat drops abruptly
to normal specific heat for the classical superconductors while the curve has a cusp shape
near Tc for HTS. Precise measurements indicate that at temperatures much below T¢, the
logarithm of the electronic specific heat is inversely proportional to the temperature. This
temperature dependence analyzed on the basis of statistical mechanics strongly suggests
that there is a gap in the distribution of energy levels for the electrons in a superconductor,
which requires a minimum energy for the excitation of an electron from a state below the
gap to a state above it.

Thermal conductivity of a material involves the transport of entropy. However,
superconducting electrons do not scatter phonons and hence they carry no entropy. Below
Tc, the entropy of a superconductor drops continuously to zero so that the thermal
conductivity can be expected to decrease toward zero also. For all superconductors, the
thermal conductivity in the normal state approaches the thermal conductivity in the
superconducting state as the temperature approaches T¢. This suggests that the energy gap
(A) for each electron approaches zero near Tc. This justifies the fact that electronic specific
heat in the superconducting state is higher than that in the normal state near Tc. As the
temperature is raised towards the Tc, the energy gap in the superconducting state
decreases, the number of thermally excited electrons increases, and this requires the
absorption of heat. In unconventional superconductors, with decreasing temperature the
electronic contribution of thermal conductivity vanishes much more slowly due to the

relatively large number of quasiparticles present in HTS.
1.3 Theories proposed for conventional superconductivity

Superconductors are defined by the electrodynamic properties - ideal conduction
and magnetic-field repulsion. Since the discovery of superconductivity, great efforts have
been devoted to find out how and why it works. Thus, it was thought appropriate to
describe the phenomenon within the formal framework of electrodynamics. Some of the

conventional theories are discussed below.
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1.3.1 London Theory

In 1935, Fritz London and Heinz London presented Meissner effect as an outcome
of the minimization of the electromagnetic free energy carried by super-current (London et
al. 1935). They developed a phenomenological theory to describe the specific
electrodynamics of superconductors. It is based on a two-fluid picture wherein the
electrons are classified into two sets, one from a normal fluid of concentration n, and the
other from a superfluid of concentration ns, where np+ns = n, the total electron density.

They introduced the following constitutive relation complementary to the Maxwell

equations:
__o(A]D
E = ot (1.1)
where, A = with ‘m’ the effective mass of the electrons and ‘e’ the electron

(nse?)

charge. The London equation together with the Maxwell equations led to:

VZH = % (12)
2 mc? o L
where, A~ = >, C - the speed of light in vacuum. This implies that a
4nge

magnetic field applied on a superconductor is exponentially screened from its interior over
a distance ‘A’, thus accounting for the Meissner effect. The London equation was further

modified using the vector potential A as:
A
J= 0 (1.3)
The actual value of ns is temperature dependent, starting from zero at T = T¢ and
continuously increasing up to the total density of conduction electrons n when T— 0. If

this upper limit n is inserted in Eqg. (1.3), the so-called London penetration depth is

obtained:

1

40 = (A=)
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Without giving a microscopic explanation of the superconducting mechanism itself,
the London theory described the superconducting behavior of extreme Type Il
superconductors. However, the theory failed to provide accurate information about the
superconducting state for non-extreme Type Il superconductors. Later in the 1950s,
theoretical condensed matter physicists arrived at a concrete understanding of

‘conventional superconductivity’, delivering two noteworthy and significant theories: the
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phenomenological Ginzburg-Landau theory (1950) and the microscopic BCS theory
(1957).

1.3.2 Ginzburg-Landau theory

Ginzburg and Landau proposed a generalization of the London theory, introducing
a complex wave function W¥(r) for superconducting electrons, (wherein |¥(r)|* = ny2).
This wave function was called as a complex order parameter which is zero in the normal
state and has a finite value in the superconducting state. This theory is based on the theory
of second-order phase transitions developed by Landau, according to which a phase
transition of second order occurs when the state of a body changes gradually while its
symmetry changes discontinuously at Tec.

Minimizing the Gibb’s free energy in an applied field with respect to ¥ and A, a set
of coupled nonlinear differential equations known as Ginzburg-Landau equations were

proposed (Ginzburg et al. 1950):

1 ) 2e \*
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These Ginzburg-Landau equations allow determining the spatial variation of the
order parameter and the current distributions. The theory also introduces two important
characteristic length scales: the coherence length ‘€’ and the penetration depth ‘A’. The

coherence length ‘€’, indicates the length scale over which the order parameter is allowed

to vary without generating pair breaking kinetic energy and can be obtained from the first

B2 1/2
& = <2m*a(T)>

where ‘€’ has the dimension of length. The temperature dependence of the coherence

GL equation as:

-1/2 1/2
length is given as: &T) = &, (1 - Tl) where the length & is (Zmrl )
c %o

The penetration depth A, over which the magnetic field varies can be obtained from

. . m*czﬂ 1/2
the second GL equation as: A(T) = (W)
The penetration depth also has the same temperature dependence as that of

-1/2
coherence length, i.e. AMT) o (1 — Tl)
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The temperature dependence of & and A depends on the purity of the materials,
defined by the electron mean free path lg

In the case of a clean superconductor, i.e. lg >> &, the GL theory is valid if &(T),
A(T) >> &y. The condition A(T) >> &j expresses again that the temperature must be close to
Tc. In dirty superconductors (lg << &), the validity interval for the GL theory is much
wider (Tinkham 1975). In this case, the characteristic scale of inhomogeneity is the mean
free path and the GL theory can be applied if £(T), A(T) >> lg. Although the GL theory has
been derived only close to the transition region, it turns out that its validity range is much
larger. Moreover, the GL theory was able to explain experimental results for
superconducting samples with sizes smaller than the coherence length & (Geim et al.
1997).

1.3.3 The microscopic BCS theory

The microscopic mechanism of superconductivity was described by Bardeen,
Cooper and Schrieffer in 1957 (Bardeen 1957). In a normal conductor, an electrical current
can be considered as a fluid of electrons moving across a heavy ionic lattice. The electrons
constantly collide with the ions in the lattice, and during each collision some of the energy
is absorbed by the lattice and converted into heat, mainly the vibrational kinetic energy of
the lattice ions. As a result, there is constant dissipation of the energy carried by the current
which is termed as the “electrical resistance”. BCS theory assumes that there is an
attraction between electrons, which overcomes the Coulomb repulsion, and forms pairs of
electrons called Cooper-pairs. The Cooper electrons indirectly attract each other in the
following manner: one electron slightly disturbs the lattice in its neighborhood. The
resulting phonon interacts with another electron taking advantage of the deformation and
lowers its energy. The second electron emits a phonon by itself which interacts with the
first electron and so on. The passing back and forth of phonons couples the two electrons
together and brings them into a lower energy state. A schematic representation of electron-
phonon interaction is shown in Figure 1.8. Electrons in a Cooper-pair are placed on the
Fermi surface and have opposite momentum and opposite spin. These electrons form a
cloud of Cooper-pairs which drift cooperatively through the crystal. In order to destroy a
Cooper-pair, all Cooper-pairs in a macroscopic region of the superconductor need to be

destroyed. It requires much energy and hence the probability of the process is very small.
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Figure 1.8: A schematic representation of electron-phonon interaction
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Figure 1.9: The Fermi function versus energy for a normal conductor and a superconductor and the

energy gap between the two

Since the electrons of a Cooper-pair have a lower energy than two separate
electrons, the Fermi energy of the superconducting state is supposed to be lower than that
for the non-superconducting state. The lower state is separated from the normal state by an
energy gap, Eq. The Fermi function versus energy for a normal conductor and a
superconductor and the energy gap between the two are shown in Figure 1.9. If Egq is larger
than the thermal energy of the lattice, the Cooper-pairs will not be scattered by the lattice
and can flow without energy dissipation. Thus, the energy gap stabilizes the Cooper-pairs
and prevents them from breaking apart, which causes zero resistance.

The BCS treatment of electron pairing defines the critical temperature as the

temperature at which the gap is completely closed and the T¢ is equated as
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K,T, = 1.13hope  /9N©),

where wp is the phonon frequency and gN(0) is the BCS coupling constant.

Thus, main results of the BCS theory summarize that it is possible to create bound
states of electron pairs around the Fermi surface due to their interactions with lattice
phonons. This attractive s-wave pairing gives rise to a modified energy spectrum of the
conduction electrons, with a gap between the ground state and the first excited states
corresponding to the minimal excitation energy of Bogoliubov’s quasiparticles, which
correlate electrons with opposite momenta and spins close to the Fermi level. This energy
gap has definite temperature dependence, and the temperature at which it vanishes thereby
restituting the original energy spectrum of non-paired electrons, gives the critical
temperature for the superconducting transition. The BCS microscopic theory gives an
excellent account of the data in those cases where the energy gap is constant in space.

In Type | superconductors, one has to consider spatial inhomogeneity at the
interface where the superconducting state is joined into the normal state. This sort of
spatial inhomogeneity becomes more prevalent in the mixed state of Type Il
superconductors. In such situations, the fully microscopic theory becomes very difficult,
and much reliance is placed on the more macroscopic Ginzburg-Landau theory. Moreover,
BCS theory suffers many drawbacks such as: a) it is a weak coupling theory (A<<1), b) it
neglects both electron-electron Coulomb interaction and electron-phonon retardation
effects, and c) it lacks predictive power.

It is interesting to note that London theory is a limiting case of both GL theory and
BCS theory. In 1959, after two years of BCS discovery, Gor'kov showed that the GL
theory is valid near Tc and suitable to deal with spatially varying situations thus
establishing the relationship between the various conventional theories of
superconductivity (Gor’kov 1959).

1.4 Mechanisms proposed for unconventional superconductivity

Based on the BCS theory and its extensions, it was understood that
superconductivity occurred only at temperatures around 23 K (NbsGe) and was restricted
to non-magnetic metallic elements and simple compounds. In 1979, when
superconductivity was observed in various materials classes that differ from each other and
from the typical LTS superconductors already known, the preconceived notions changed.
Further, the T¢ observed in most of the materials were rather high and superconductivity

seemed unconventional. The discovery of high temperature superconducting (HTS)
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materials again showed the limits of the BCS theory. An even more puzzling discovery
was the announcement of superconductivity in MgB, at 39 K. The surprise was not the
critical temperature itself but the fact that MgB, behaves as a Type Il superconductor with
two kinds of electrons, yet being a conventional superconductor. The mechanism of the
new kind of superconductivity still remains one of the most enigmatic problems in the
solid state physics. One of the perspectives of the term ‘unconventional’ refers to
superconductors with order parameters having a lower rotational symmetry than the
normal-state crystal. This broken rotational symmetry may occur in real space, or in both
real space and spin space (Muzikar 1997). Conventional superconductors are well
described by the s-wave order parameter which implies isotropic attractive forces between
electrons in all spatial directions. But the order symmetry in unconventional
superconductors appears to be much more complex. The high T¢ superconductors have a d-
wave order parameter, implying a strong directional dependence of their electron-electron
interactions. However, unconventional superconductivity becomes a problem due to
different issues such as complicated crystalline structures having high T, presence of a
strong anisotropy, existence of non-adiabatic effects and strong electronic correlations
instead of electron-phonon interaction (Askerzade 2012; Anderson 1997). Moreover,
certain unconventional superconductors exhibit several phase transitions and mixed states
such as the coexistence of superconductivity and ferromagnetism or vitreous spin state.

In high T¢ cuprates, which possess not only very high values of T¢ but also exhibit
physical properties inexplicable by the classical BCS scheme; the key structural element is
a CuO; plane. Here, charge carriers appear due to the doping of the CuO, planes of a
parent antiferromagnetic insulator upon aliovalent substitution or by the creation of oxygen
vacancies in charge reservoirs outside the conducting planes. The distance between CuO,
planes in neighboring unit cells is large compared to the in-plane distance between
neighboring copper atoms causing strong conductivity anisotropy at temperatures above T¢
and the two-dimensional coherence of the superconducting state at temperatures below Tc.
Strong electron correlations, unusual symmetry of the pseudo-gap and the superconducting
order parameter in cuprates strongly suggest an electron based superconducting mechanism
rather than a BCS phonon mechanism or Eliashberg theory (Yu et al. 2008). The Hubbard
model and the related t-J model are some of these mechanisms. The two-dimensional
Hubbard problem has no accurate solutions and approximate solutions given by numerical

methods are often contradictory, which doubts about the credibility of this approach, since
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the unusual isotopic effect in cuprates indicates a nontrivial role of phonons in pairing-

interaction formation.
1.4.1 Hubbard model

Estimates of Tc made on the basis of phonon-exchange and the experimentally
derived values of the Debye frequency, the electron-phonon coupling, and the normal-state
density of states are much lower than the observed Tc in HTS. Also, BCS phonon
interaction is flat in k-space, which favors an s-wave gap. An s-wave gap is inconsistent
with nearly all experiments on the cuprates that are sensitive to the gap. It is observed that
d-wave pairing in the cuprates is probable if there is an attractive interaction for
momentum transfers q ~ (w/a, w/a). The parent or undoped cuprates are found to be
antiferromagnetic. A slight hole doping or a stronger electron doping helps in disturbing
the antiferromagnetic order and upon larger doping, superconductivity emerges. However,
further doping (the “over-doped” region) suppresses superconductivity again.

The two-dimensional single-band repulsive Hubbard model is thought to be the
simplest model that captures the main physics of the cuprates. The Hubbard model can be
considered as an upgrading over the tight-binding model, which includes the hopping term
only (Hubbard 1963). For strong interactions, it proposes a qualitatively different behavior
from the tight-binding model and properly predicts the existence of so-called Mott
insulators. The Hamiltonian in real space for the Hubbard model is composed of two terms

as follows,
H=-3 tijc;racja + UZciTTciTcu c;ri , withU >0

Where, c and ¢’ are the creation and annihilation operators respectively, ‘U’ the on-
site energy and ‘t’ the Kinetic energy.

Also, the undoped cuprate compounds have an odd number of electrons per unit
cell. Thus for them the single band must be half-filled while for doped cuprates it is close
to half filling. The lattice in real space is a two-dimensional square lattice with each site ‘i’
corresponding to a copper ion. In the Hubbard model, electrons move around in the two-
dimensional space by hopping among discrete sites arranged in the square lattice and
interact with each other whenever they are on top of each other at the same site.
Mathematically, the Hubbard model is defined simply as a sum of the kinetic and the
interaction energy term. For the kinetic energy or the hopping integral term, only the

nearest-neighbor hopping is often considered for convenience:

H= —t Yupocho+ C]Tacia)
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where <i,j> denotes that i and j are the nearest neighbor, and ¢ indicates the spin index, 1
and |. For the interaction energy term, the on-site energy, U, is chosen to be either negative

or positive depending on whether the interaction between electrons is attractive or

Hy = UZ gy
i

where njs is the number of electrons at site i with spin o. Technically, nj,= ¢'is Cio.

repulsive:

Attractive Hubbard model

The attractive Hubbard model is a natural model for superconductivity, where the
BCS theory can be applied in the form of a mean-field theory. Then, the mean- field
Hamiltonian becomes as follows:
H= -t Z(i,j),cr(clj-gcjcr+ C,-T(;Cia) +|U|0 Z(CLTTC;& +cucir) + UL Y 0% — /JZi,chlTo-Cio-a

where the fourth term is the chemical potential term, added to tune the electron density.
Repulsive Hubbard model

Since the discovery of high-temperature superconductivity, intensive attention has
been given to the repulsive Hubbard model particularly in the strong coupling regime
where U is much larger than t. This seems to be oxymoronic since pairing requires an
attractive interaction, not repulsive. The central mystery of high-temperature

superconductivity is the possibility of repulsive interaction to induce pairing.
142 t-J model

The t-J model was deduced from the Hubbard model by Jozef Spalek, in 1977
(Spalek 2007). It represents a very non-trivial model of strongly correlated fermions due to
the following reasons:

1. It represents a system of strongly inter-correlated itinerant fermions which transform
into an antiferromagnetic state of localized particles (the Mott-Hubbard insulator); the
classic situation takes place at the half filling state, with n = 1. The half-filled state is
an antiferromagnetic insulator modeled by the Anderson kinetic exchange.

2. The itinerant state is represented by particles called the correlated holes in the Mott-
Hubbard insulator, which do not have the ordinary fermion properties. They cannot be
represented by Landau quasi-particles since they do not represent almost-filled band

states.
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3. The magnetic interaction between the correlated itinerant particles i.e. the Kinetic
exchange is also regarded as the source of real-space pairing as it takes place between
the nearest neighbors. Hence, antiferromagnetism and the newly paired state must be
regarded on equal footing with the paired state (resonance valence bond state or
superconducting state). This is particularly relevant in the context of high temperature
superconductivity near the band filling, i.e. close to the Mott transition.

4. Due to the non-trivial character of the kinetic energy, it can become comparable or
even smaller than the kinetic-exchange-energy part. Thus, magnetic polaron or phase-
separated states or a new type of spin-paired states can be formed, parallel to the
transition to a localized state for a small carrier concentration of holes.

Until 1987, the t-J model was regarded as a generic model for explaining the
antiferromagnetism of Mott insulators and relatively rarely considered for n = 1. Later, it
was argued strongly that the p - d hybridization can be incorporated into an effective d-
band Hubbard model. The t-J Hamiltonian is given as:

H= —t Z(c‘jac‘ja+ &l o) + ]2(5}5, — nn;/4)
(ij)o (ij)
Where ¢ and c' are the creation and annihilation operators, respectively, ‘U’ the on-site

energy, ‘t’ the kinetic energy, ‘c’ the spin index and ‘S’ the spin operator.
1.4.3 Gutzwiller Approximation

Gutzwiller proposed the projected wave functions in 1963 to study the effect of
correlations presumed to induce ferromagnetism in transition metal compounds
(Gutzwiller 1963). Later, these wave functions were used to study the Mott-Hubbard metal
insulator transition and for a description of liquid ®He as an almost localized Fermi liquid
(Brinkman et al. 1970). However, these early studies considered only a projected Fermi
sea, in the Hubbard model, whereas Anderson proposed a projected BCS paired wave
function for the t-J model. Gutzwiller formulated the approximation for describing
electrons with strong local interactions in terms of the Gutzwiller wave function, composed
of a many-electron wave function acted on by a correlation operator, Gutzwiller projection.
Majority of the techniques used to analyze Gutzwiller projected wave functions address the
calculation of single particle spectral features. The Gutzwiller projection operator projects
out all doubly occupied sites. This is a projection in the mathematical sense since it lowers
the dimensionality of the space of wave functions (a Hilbert space), which has the benefit
of reducing the computational complexity of the problem. The Gutzwiller projector

determined so as to minimize the ground state energy is given by:
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P = 1_[(1 — My Nyp)
i

The Gutzwiller Approximation is a straightforward method to handle Gutzwiller

projected wave functions, which incorporate strong electron correlations by prohibiting
doubly occupied sites. Within the approximation, the effects of projection are absorbed by
statistical weight factors, which then allow for an analytical treatment of strongly
correlated Gutzwiller wave functions. Gutzwiller projected wave functions have the
advantage that they can be studied both analytically and numerically. These wave
functions are used to study correlations such as pairing correlations and magnetic
correlations, in a large Hubbard repulsive interaction. Gutzwiller-Resonating Valence
Bond theory of superconductivity explains several key features of the HTSCs (Edegger et
al. 2007). Moreover, it could be used to study a wide range of physical phenomena in the

proximity of a Mott transition.
1.4.4 Resonating Valence Bond (RVB) theory

In 1972, even before the discovery of HTSC, Anderson considered alternative
ground-state wave functions on the square lattice which can compete with the Neel
antiferromagnet (Anderson 1973). Anderson was inspired by L. Pauling’s work, who had
successfully described the chemical structure of benzene molecules as quantum-
mechanical superpositions of different valence-bond configurations and hence the name
resonating-valence-bond (RVB) (Pauling 1949; 1953). Pauling had also applied these ideas
to valence electrons in solids. Soon after the discovery of high Tc¢ superconductivity,
Anderson suggested the concept of an RVB state as relevant for the HTSCs. In RVB, the
half-filled Hubbard model is a Mott insulator with one electron per site. The charged states,
doublons and holons, form bound charge-neutral excitations in the Mott insulating state
and lead to the vanishing of electrical conductivity. Equivalently, virtual hopping can cause
a super-exchange interaction J between the electrons at the copper sites. Therefore, the
half-filled systems can be regarded as Heisenberg antiferromagnets with a coupling
constant J.

According to Anderson, upon doping, quantum fluctuations melt the
antiferromagnetic Neel lattice and create a spin liquid ground state (called as the RVB
state) in which the magnetic singlet pairs of the insulator become the charged
superconducting pairs. The RVB theory provides a clear explanation for several important
features of the high T¢ materials such as the d-wave pairing symmetry, the shape of the

superconducting dome, the existence of a pseudogap phase, the strong deviations from the
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BCS ratio and the singular k-dependence of the one-particle self-energy when approaching
half-filling.

Anderson’s proposal to understand HTS as a doped spin liquid is very sophisticated
and interesting. A wave function with resonating singlets and no translational symmetry
breaking (termed spin liquid by Anderson) is represented as

N/2 N/2

|IRVB) = P, Za(ri—rj)bjj |0y = P, Zai(ri—rj)ciﬁcfl |0)
0 07

The product produces states containing N/2 singlets. Those states which contain
doubly occupied sites are then removed using the Gutzwiller projector. |RVB) is a
superposition of all singlet-product states with bond occupation probability a(r). The RVB
wave function is a variational state for the t-J model. Indeed, it was found by Gros and
Yokoyama et al. in 1988 that a BCS wave function with d-wave gap symmetry is a favored
variational state of the t-J model for a large range of doping. The energy gain of this state
is mainly due to the spin-exchange term as we expect from Anderson’s arguments. It took
many years until the experimental technique of angle-resolved photoemission spectroscopy
(ARPES) was accurate enough to confirm the d-wave gap symmetry in the

superconducting phase of the cuprates.
1.45 Spin fluctuation models

While the RVB theory approaches the problem from the strong coupling limit, i.e.
large on-site electron repulsion U, spin fluctuation models start from the weak coupling
(small U) limit (Edegger 2007). The model extends the Hartree-Fock random phase
approximation and leads to a pairing state with d-wave symmetry. Within this model,
superconductivity is mediated by the exchange of antiferromagnetic spin fluctuations. In
unconventional superconductors, superconductivity is often found in the vicinity of
antiferromagnetism and it rarely coexists with the magnetic order. It is true for most of the
iron pnictides and heavy-fermion superconductors. The vicinity of a magnetically ordered
phase makes itself felt by strong magnetic fluctuations and strong but short-range, spin
correlations, observed as enhanced spin susceptibility. During magnetic second-order
phase transition, the static spin susceptibility yq diverges at q = Q, where Q is the ordering
vector. It is Q = 0 for ferromagnetic order and Q = (n/a, n/a) for checkerboard (Neel) order
on a square lattice. Even at a distance from the transition or at non-zero frequencies, the
susceptibility tends to have a maximum close to Q. Beyond the magnetic phase or at high

frequencies the remnant magnetic order becomes small. It can be concluded that the
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exchange of spin fluctuations could provide the attractive interaction needed for Cooper
pairing (Timm 2012).

1.5  Technological applications of superconductors

The superconducting technology integrates various technologies by considering its
research history, present status, future prospects, and the application in energy,
transportation, and communications. Even after celebrating the 100™ anniversary of the
discovery of superconductivity, the applications of superconductivity are still limited to
specific purposes that require ultimate performance. The major reason lies in the cooling
penalty. However, superconductivity is a unique phenomenon involving a persistent
current, perfect diamagnetism, and the Josephson Effect, which cannot be imitated. Lance
Cooley, who is based at the Fermi National Accelerator Laboratory, says:
"Superconductivity has been meeting some great challenges over the past 50 years. The
Large Hadron Collider, mankind's largest machine, would not exist without
superconductivity.....new materials and technologies enable researchers and entrepreneurs
to be more versatile and apply superconductivity in other ways that contribute to our
everyday lives, such as innovations to benefit our environment".

A majority of the current extensions of technology still rely on the low temperature
superconductors. Applications of high T¢ superconductors include magnetic shielding
devices, medical imaging systems, superconducting quantum interference devices
(SQUIDS), infrared sensors, analog signal processing devices, and microwave devices.
With the flight of time in understanding of the properties of different superconducting
materials, applications such as power transmission, superconducting magnets in generators,
energy storage devices, particle accelerators, levitated vehicle transportation, rotating
machinery, and magnetic separators will become more practical. However, this is also
closely related to the development of analytical equipment and technologies depending on
progress in comprehensive technologies beyond superconductivity technologies.

The most promising application of superconductors is strong magnets that exploit
their zero resistance. The first commercial application of superconductivity in large scale
was magnetic resonance imaging (MRI). It is a non-intrusive medical imaging technique
that creates a two-dimensional picture of tumors and other abnormalities within the body
or brain. This requires the patient to be placed inside a large and uniform electromagnet
having a high magnetic field. The normal electromagnets have issues such as higher
dissipation of heat and requirement of large amount of power; owing to their resistive

nature. Superconducting magnets, instead, need power only to maintain the cool
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environment. Once current starts flowing in the superconducting wire, the power supply
can be switched off as the wires remain superconducting in persistent mode as long as the
temperature is kept below the T¢ of the superconductor.

Nuclear magnetic resonance (NMR) spectroscopy, a standard technique for
determining protein structures that provides extremely precise information on the structure
of molecules around the atom in interest, is also making use of superconductors. NMR
systems with normal magnets are now being replaced by systems using superconducting
magnets as cutting-edge analytical systems in universities and institutions so as to further
increase its resolution. Researchers have also attempted to fabricate NMR magnets that
produce magnetic fields above 20 T, by cooling high-temperature superconducting

magnets to liquid helium temperature (Kitazawa 2012).

Table 1.1: A tabular comprehension of some superconductivity applications

Application Being used currently Emerging areas
Medical Magnetic Resonance Imaging Biotechnical Engineering
Squids Transistors
Electronics Particle Accelerators Josephson junction Devices
Sensors Circuitry Connections
. Separation Sensors and Transducers
Industrial . A
Magnets Magnetic Shielding
Motors
Generators

Energy Storage
Transmission

Power Generation

Fusion
Transformers and Inductors
Magnetically Levitated Vehicles

Transportation ) .
Marine Propulsion

One of the other remarkable applications of superconducting magnets is motors for
ship propulsion. Motors for automobiles are the candidates standing next to it. In both
cases, stronger magnetic fields having rotating rotors will be available, the torque at low
speeds increases, energy efficiency can be improved, and the motor size can be reduced.
This will help saving space, reducing noise, and improving steering performance. On a
small scale, the industrial application of superconducting magnets has also been launched.
A few examples of industrial applications include recycling of resources, separation of
minerals, the magnetic treatment of waste water, single crystal growth furnaces and

accelerators for particle radiation cancer therapy (Kitazawa 2012).
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The applications of superconductivity using its coherent electron properties, such as
diamagnetism and the Josephson Effect are still very limited. Typical applications of these
properties include preamplifier devices used in radio astronomy observatories and
superconducting quantum interference devices (SQUIDs) wused in magneto-
encephalography and magneto-cardiography for studying the functions of the brain and
heart. SQUIDs are so sensitive to small magnetic fields that it can detect the magnetic
fields from the heart (10™° T) and even the brain (10™ T). For comparison, the Earth’s
magnetic field is about 10 Tesla. As a result, SQUIDs are used in non-intrusive medical
diagnostics on the brain. They are also used to detect and safely recover unexploded
ordinances (UXOs). Thousands of UXOs are discovered each year around Europe,
especially in areas that were heavily bombed during the Second World War. A complete
network of SQUIDs speckled around the globe could also aid the detection of solar bursts
which send magnetic particles hurtling towards Earth. A similar network could also help
detect the specific magnetic signature of earthquakes before they strike (Kitazawa 2012).

The superconductors are traditionally used in scientific research where high
magnetic field electromagnets are required. The cost of keeping the superconductor cool is
much smaller than the cost of operating normal electromagnets, which dissipate heat and
have high power requirements. One such application of powerful electromagnets is in high
energy physics where beams of protons and other particles are accelerated to almost light
speeds and collided with each other so that more fundamental particles are produced. It is
expected that this research will answer basic questions such as those about the origin of the
mass of particles that make up the universe. In fact, all high-energy accelerators built since
the 1980s make use of superconducting acceleration cavities and/or magnets. The LHC, the
latest stage in this evolution, has 1250 superconducting dipoles operating at 8.33 T, 400
superconducting quadrupoles producing gradients of 223 Tm™ and thousands of other
superconducting magnets for correcting multipole errors, steering the beams and increasing
luminosity in collision (Lebrun 2000).

Large and powerful superconducting electromagnets will possibly turn up as future
energy source known as nuclear fusion. Nuclear fusion results in the release of large
amounts of energy without any harmful waste. Two isotopes of hydrogen, deuterium and
tritium, will fuse to release clean nuclear energy and helium. For this reaction to occur, the
deuterium and tritium gases must be heated to millions of degrees so that they become
fully ionized. For this, they must be confined in space so that they do not escape while

being heated. Powerful and large electromagnets made from superconductors are capable
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of confining these energetic ions. An international fusion energy project, known as the
International Thermonuclear Experimental Reactor (ITER) uses large superconducting
magnets and is due for completion in 2017 (Koizumi 2013).

Another area that is already progressing with the help of superconducting
technology is high-speed rail travel. Magnetically Levitating (Maglev) trains, whereby the
carriage is levitated by magnets and has no contact with the track, have already been
deployed in Germany, China, Japan and Brazil. Japan Railways (JR) is carrying out a
unique project of a superconducting magnetically levitated train (JR-Maglev), which is
levitated using persistent-current-mode superconducting magnets and runs at a high speed
without coming into contact with the rails (Kitazawa 2012). JR-Maglev does not require
power supply via a pantograph because onboard superconducting magnets operate in
persistent current mode. The absence of pantographs avoids the delay of trains due to
power failure making JR-Maglev highly advantageous. Moreover, in JR-Maglev the
levitation method uses the same coils for both levitation and guidance for midway from the
left and right sidewalls. The levitation-guide coils are not connected to any external power
source, and both ends of each individual coil remain just closed. Upon the approach of
onboard magnets, a faradaic current is induced in the levitation-guide coils to repel the
magnets.

Another promising application of superconductors is in power transmission cables.
Overcoming technological difficulties in the development of superconducting materials,
the target performance of high-temperature superconducting wires was finally achieved in
2005, two decades after the discovery of the high-temperature superconductivity. An
electric current flow that is 10 to 100 fold larger than that through Cu cables with the same
cross-sectional area is now possible. Currently, so-called ‘‘smart grids’’ are attracting
attention, and various countries are planning their power supply strategies by considering
that a superconducting core network will ultimately form the backbone of the power
transmission system. Similarly, the size and power consumption of conventional power
generators set up at the top of tall towers for wind power generation are also expected to be
downsized by replacing those with superconducting power generators. The increased
torque at low speeds will make gears unnecessary and will be highly advantageous for the
use of superconducting generators in large wind power plants at sea (Kitazawa 2012).

The list of applications and areas befitting the superconducting technology is

limitless as we go on unraveling the possibilities and outreach of this fascinating
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phenomenon. However, now it is under the spotlight and the scientific community will

undoubtedly make advantage of it.




CHAPTER 2

FEATURES OF IRON BASED SUPERCONDUCTORS

2.1  High T¢ in iron pnictides - a new era of superconductivity

The fortuitous discovery of superconductivity in an iron based compound LaFePO,
while looking for device application of transparent oxide semiconductors, prompted the
Japanese group led by Hideo Hosono to replace the pnictogen, phosphorous with arsenic
and to substitute oxygen with fluorine thereby observing a Tc of 26 K in LaFeAsO;.xF«
(Kamihara et al. 2006; Kamihara et al. 2008). This was reported as a two-page paper in J.
Am. Chem. Soc. in 2008 followed by record breaking publications in arXiv (Ishida et al.
2009; Ren(a) et al. 2009). The T values were raised above 50 K within no time and this
broke the monopoly of cuprates as high temperature superconductors. The condensed
matter physicists were tantalized by the discovery especially the Chinese groups as one of
the science magazine title says “New Superconductors Propel Chinese Physicists to
Forefront” and sooner this class of superconductors witnessed considerable progress in
materials synthesis, measurements on physical properties and theoretical understandings.
Thus, fundamental and applied research in iron pnictides turned out to be a new problem
for material scientists in addition to the time-honored problem of cuprates.

Iron based layered pnictide oxides have sparked immense interest in the chemistry
and physics communities reminiscent of the superconductivity in high T¢ cuprates during
1980s. Pnictide oxides popularly known as ‘oxypnictides’, are a unique class of
compounds. Group 15 elements (excluding nitrogen) are called ‘pnictogens’ or
‘pnicogens’, and their anionic forms or compounds containing anionic pnictogens are
called ‘pnictides’ (Ozawa et al. 2008). Pnictide ions are often found in compounds without
oxygen in their components. Usually, pnictogen and oxygen co-exists as ‘pnictates’ where
pnictogens are cations due to the high electronegativity of the coexisting oxygen. In
contrast to pnictate compounds, ‘oxypnictides’ accommodate both pnictogen and oxygen
as anions. This unigue anionic environment of oxypnictides tends to have characteristic
structures that are seldom observed in simple oxides. The iron based superconductors
could be broadly divided into two classes. The first class is iron pnictide materials,
including REFeAsO (1111 system) (where RE is a rare earth) with ZrCuSiAs-type
structure, BaFe,As; (122 system) with ThCr,Si,-type structure, and LiFeAs (111 system)
with PbFCl-type structure. Another class is the iron chalcogenides: FeCh (Ch-
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chalcogenides) compounds (11 type) and recently discovered new AxFe,Se, (A=alkaline
earth metals) systems formed by introducing charge reservoir layers between FeCh sheets.
Many more iron based compounds with different and novel structures were found and thus
a whole class of iron based superconductors was established in a short time. The
characteristic features such as layered structure, antiferromagnetic metallic parent
compound, relatively smaller anisotropy, different order symmetry, less sensitive
conductive layer allowing any site substitution are the fascinating factors of iron pnictides
to mention a few. The superconducting properties of these materials such as relatively high
Tc, moderate Jc and upper critical fields as high as 300 T are also captivating. Though the
factors such as highly reactive ingredients (rare earth and alkaline earth metals), toxicity
and volatility of arsenic and trickier chemistry of the compounds are major hurdles; the
discovery of superconductivity in iron pnictides has begun a new era by opening up a
number of research avenues both in understanding the superconducting mechanism and

molding of promising candidates suitable for technological applications.
2.2  Crystal, electronic and magnetic structure of RE1111 system

As for any functional material, the structure-property correlation has a significant
role in superconductors also. Every superconductor discovery is followed by a series of
experiments and theoretical predictions probing the crystal, electronic and magnetic
structure of the material and its association with the occurrence of superconductivity.

2.2.1 Crystal structure

Among the pnictide oxides, those with a ZrCuSiAs-type (tetragonal, P4/nmm)
structure have been under intense scrutiny since the recent discovery of superconductivity
in LaFeOP (Kamihara et al. 2006). These equiatomic quaternary pnictide oxides LnMPnO
(Ln =Y, lanthanide, actinide; M = d-metal; Pn = pnictogen) with the ZrCuSiAs-type
structure is the largest family of layered d-metal pnictide oxides. The crystal structure of
ZrCuSiAs-type pnictide oxides is shown in Figure 2.1. This structure consists of
alternating fluorite-type [M,Pn;] layers and anti-fluorite type [Ln,O,] layers. The fluorite-
type [M,Pn;] layer consists of square nets of M capped with Pn alternately above and
below the net centers. In this layer, M is tetrahedrally coordinated by four Pn, and Pn is
coordinated by four M to form square-pyramids. The anti-fluorite-type [Ln,O2] layer also
has the same configuration of atoms, but it is in the reverse manner: O is tetrahedrally
coordinated by four Ln, and Ln is coordinated by four O to form square-pyramids. This

multi-layer architecture of pnictides with tetrahedral network of FeAs layers correspond to
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the featured planar CuO, plane in cuprates and honey-comb 2D lattice of boron in
diborides, underline the relevance of lattice effects for high-temperature superconductivity.
In other words, the structure of the iron pnictide superconductors is a practical realization
of a ‘heterostructure at the atomic limit’ that was described to be the essential material
architecture for the emergence of HTS.

Hopping between Fe atoms with mediating As ions is expected to give the major
contribution to the kinetic energy and to the exchange interaction leading to the emergence
of superconductivity. Here, the dependence of the electronic properties on the crystal
structure i.e. the distortion of the As tetrahedron formed by the Fe-As bonds is quite
interesting (Calderén et al. 2009). This dependence is of importance for both weak
coupling models based on nesting properties and strong coupling models based on super-
exchange interaction, aimed at explaining the properties of these systems. For each family
of iron pnictides, the As tetrahedron exhibits different distortions. It is almost regular in the
122 family with the four As-Fe-As angles close to the ideal value, 109.47° while it is
elongated in LiFeAs (the As-Fe-As™ angle is 102.8°). Here, As'® refers to an As atom
placed above the Fe plane. In the 1111 family, the tetrahedron is squashed and the As'P-
Fe-As" angle depends on the specific composition, being equal to 113.7° in LaFeAsO and
120.6° in LaFePO. Differences in the electronic properties of these compounds have been
attributed to the different distortion of the tetrahedral. The As-Fe-As angle is also sensitive
to doping and can be deeply modified under pressure. At optimal doping concentration the
tetrahedron in Ba;—KFe,As, changes from squashed (in underdoped) to elongated (in
overdoped) and under high pressures the tetrahedron in CaFe,As; collapses. A possible
correlation between the critical temperature and the As-Fe-As angle suggests that, within a
class of iron pnictides, deviations from the regular tetrahedron turns detrimental for
superconductivity (Calderon et al. 2008; Singh et al. 2008; Ganguli et al. 2011). It is also
argued that there is a correlation between stronger interaction and higher critical
temperature in iron pnictides due to a narrower bandwidth for the regular tetrahedron. This
argument seems to be supported by the lower critical temperatures and lack of structural
distortion and magnetism in LiFeAs and LaFePO. An unusually large sensitivity of the iron
moment and the band structure to the separation of the As atoms with respect to the plane
has also been found in density functional theory calculations.

It has been found that the Fe-As bond length hardly shows any change, suggesting
the strongly covalent nature of this bond, while the Fe-Fe and Fe-RE bond lengths decrease

with decreasing rare-earth size. In support of the important role played by the local
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structure, transmission electron microscopy (TEM) images of 1111 compounds show
complex structural transitions in both crystalline symmetry and local microstructural
features. The structural instability due to the proximity to a structural phase transition is
accompanied by a magnetic instability. In SmOFeAs, NdOFeAs and PrOFeAs the
tetragonal—orthorhombic phase transition is found on cooling below 135, 136 and 150 K,
respectively. This transition precedes magnetic ordering in the parent 1111 compounds,

whereas both transitions occur simultaneously in 122 systems.

. REO
Layer

FeAs
Layer

Figure 2.1: The crystal structure of REFeAsO,_.F, based superconductors

There have been some dozens of iron based superconductors discovered so far,
classified into many groups. The superconducting transition temperature T¢ scatters from
10 K to 55 K, somewhat depending on the structural parameters such as the bond angle of
As-Fe-As and the height of As with respect to the Fe plane. In fact, the maximum T¢ also
depends on the type of doping since doping brings about structural modifications which in

turn decides the T¢ variation.
2.2.2 Electronic structure

Within the Fermi liquid theory for conventional metals, charge-carriers are
described as travelling waves or Bloch states whose ensemble of allowed wave-vectors
describes a three dimensional surface in reciprocal space called the Fermi-surface. From
the geometry of this Fermi surface one can infer fundamental properties of any given metal

such as the tendency towards an itinerant magnetic instability, associated strength of spin-
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fluctuations, and the compatible symmetries for a superconducting gap. Band-structure
calculations along with density of states and the Fermi surface topology could provide the
first glimpse of electronic structure in the iron based superconductors (Singh et al. 2008).
A typical plot showing the band structure calculations and total density of states for
LaFeAsO is given in Figure 2.2 (a) (Singh et al. 2008). Unlike the cuprates, the parent
compounds of iron pnictides are metals, instead of insulators. The first-principle
calculations showed that the energy bands near the Fermi surface are mainly contributed
by the Fe ‘3d’ orbitals, together with some contribution from As ‘p’ orbitals, within several
eV of the Fermi level. In the FeAs layer, the Fe atoms form a square lattice and an Fe atom
is coordinated by four As atoms in a tetrahedron. In fact, there are two Fe atoms in each
unit cell due to the staggered arrangement of the As ions above and below the square
palette of Fe. Due to the direct Fe-Fe bonds and the hybridization with the As ‘4p’ orbitals,
the Fe “3d’ orbitals form a complex band structure. But, according to Mazin, it is in fact
relatively simple to unfold the band structure to the extended Brillouin zone (BZ)
corresponding to the one Fe unit cell (Mazin et al. 2008). Thus, several simplified tight-
binding models have been proposed, ranging from the simplest two-orbital models
including only the ‘dy,” and ‘dy,” orbitals of the Fe atom, the three-orbital models by
including the “dy,” orbital into the two-orbital models, to the more sophisticated five-orbital
model including all the five ‘3d’ orbitals of the Fe atom (Li(d) et al. 2013).

Further, different experiments such as neutron magnetic scattering, quantum
oscillation measurements and angular magneto-resistance measurements were also done to
probe the Fermi surface (FS) of iron pnictides. The calculated density functional theory
(DFT) Fermi surfaces (Ren(a) et al. 2009) for undoped LaFeAsO consist of two small
electron cylinders around the tetragonal M point and two hole cylinders, plus a heavy 3D
hole pocket around I" as shown in Figure 2.2 (b). The high symmetry points are defined as
I'(0, 0, 0); X(0.5, 0, 0); S(0.5, 0.5, 0); Y(0, 0.5, 0) and Z(0, 0, 0.5), in terms of reciprocal
lattice vectors. To be specific, the Fermi surface has five sheets including two high velocity
electron cylinders around the zone edge M-A line, two lower velocity hole cylinders
around the zone center, and an additional heavy 3D hole pocket, which intersects and anti-
crosses with the hole cylinders, and is centered at Z. The heavy 3D pocket is derived from
Fe ‘d,” states, which hybridize sufficiently with As ‘p’ and La orbitals to yield a 3D
pocket. The electron cylinders are associated with in-plane Fe d’ orbitals and have higher
velocity and make larger contribution to the in-plane electrical conductivity. The electronic
structures and Fermi surfaces of the 122 and 111 phases were also investigated with the
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density functional calculations. The Fermi surfaces of 122 are similar to those in LaFeAsO,
but the hole Fermi surface at the Z point is flattened out, suggesting a more three-

dimensional character than that in the 1111 and 111 structures.
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Figure 2.2: (a) Band structure and density of states (DOS) and (b) Fermi surface of LaFeAsO

The observed Fermi surface was further supported by angle-resolved
photoemission spectroscopy (ARPES) measurements from various groups. It proved that
the low-lying electronic structures of iron based superconductors are characterized by
multi-band and multi-orbital nature. The Hund’s rule coupling and the fluctuating collinear
spin order is responsible for the large electronic structure reconstruction, spin density wave
and structural transition in iron pnictides. It was also found that early reports on local
density approximation (LDA) calculations support the formation of spin density wave
(SDW) instability in undoped systems due to Fermi surface nesting between the hole-like
Fermi surface at I" and the electron-like Fermi surface at X. Doping plays a key role in the
Fe based compounds by suppressing the long range magnetic ordering and structural
transition. Electron doping reduces density of states, which would lower pairing strength
by reducing the phase space, and at the same time strongly suppresses ferromagnetic
fluctuations, which are strongly pair breaking for singlet superconductivity. The main
effect of doping is suggested to be a reduction in the degree of nesting of the Fermi
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surfaces, which seems consistent with the experimental fact that the phase diagram is
approximately symmetric against hole and electron doping. Upon doping, the
superconductivity is enhanced by the Fermi surface nesting between d./dy, orbitals while
diminishes quickly after the central dy./dy, hole Fermi surfaces sink below Ek.

In short, the fermiology found in doped LaFeAsO gives rise to strong but broad
antiferromagnetic spin fluctuations near the M point in the Brillouin zone, while the
tendency to magnetism existing at zero doping is suppressed. These fluctuations are
instrumental in creating a superconducting state with order parameters of opposite signs on
the electron and hole pockets i.e. the superconducting gap of iron pnictides can be

described ubiquitously under the s-wave pairing symmetry.
2.2.3 Magnetic structure

Shortly after the discovery of superconductivity in LaFeAsO;Fyx, calculations
indicated that conventional electron-phonon coupling was insufficient to explain the high
transition temperatures, which was later verified experimentally. It was understood that a
ubiquitous magnetically ordered state is present indicating magnetism in close proximity to
superconductivity leading one to naturally consider the interplay between magnetism and
superconductivity in these materials. It is interesting that Fe which is detrimental to
superconductivity remains as one of the main ingredient in iron oxypnictides and governs
the magnetism of these materials. Besides the FeAs layers of the pnictide, the magnetic
structure is also modified by the presence of other elements such as for instance a magnetic
rare earth. This is specifically the case for the 1111 system presently holding the record of
the highest critical temperatures. The interplay of the rare-earth magnetism with that of Fe
ions and their combined effect on superconductivity is of primary interest. A further
common, extrinsic source of magnetism is due to small fractions of impurity phases
containing Fe such as FexAsy phases.

The magnetic structure of the oxypnictides within the ab plane consists of chains of
parallel Fe spins that are coupled antiferromagnetically in the orthogonal direction (Figure
2.3 (b)), with an ordered moment substantially less than one Bohr magneton. Hence, these
are itinerant electron magnets, with a spin structure that is consistent with Fermi-surface
nesting along with possible strong electron correlation effects (Lumsden et al. 2010). In
addition to this Fermi surface nesting scenario, it has been proposed that near-neighbor and
next-near-neighbor interactions between local Fe moments are both antiferromagnetic and
of comparable strength leading to magnetic frustration (Yildrim 2008). This also provides

an explanation for the structural phase transition as the lattice distortion relieves the
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magnetic frustration. These frustration effects have also been used to explain the small
ordered moment. It is already believed that the magnetic order is mainly driven by either
Fermi surface nesting or local moment super-exchange interactions (Ma(b) et al. 2009);
but an alternate approach concludes that though the moments are largely local in nature,
the interactions are relatively long-ranged itinerant interactions as opposed to super-
exchange (Johannes et al. 2009). It was later proposed that both the magnetic and structural
transitions are driven by orbital physics and that the structural transition is, in fact, a ferro-
orbital ordering transition. This model explains the coupling of the structural and magnetic
transitions and is consistent with the rather large ordering temperature (Lee(a) et al. 2009).

Changes of the ordered magnetic structure with different rare earth elements
(REFeAsO) was extensively studied with neutron diffraction as well as local probe
methods (Wei 2013). The ordering wavevector of (Y2, ¥, %) observed for RE = La is also
observed for RE = Nd (de la Cruz et al. 2008; Chen(e) et al. 2008). However, for RE = Ce
and Pr the ordering is described by the wavevector (¥, %, 0) suggesting ferromagnetic
coupling between planes (Zhao et al. 2008a; Zhao et al. 2008b). This suggests rather weak
interplanar coupling which is strongly influenced by the rare earth ion and the associated
induced structural changes. Unfortunately, for the case of RE = Sm, the high absorption
cross-section for Sm makes neutron scattering measurements very difficult (Ryan et al.
2009). Neutron scattering measurements on SmFeAsO were performed but could only
explore the low temperature ordering of the Sm moments. The size of the ordered moment
as a function of RE has been a topic of considerable interest. Neutron scattering on RE = Pr
indicates a moment of 0.34 uB identical to that observed for RE = La (moment = 0.48 uB
measured below the Pr ordering temperature) (Kimber et al. 2008). The moment for RE =
Nd appears smaller and initially, Fe ordering was not observed, but later measurements
clearly indicated Fe ordering with an ordered moment of 0.25 uB, the smallest of any of
the rare earths. For RE = Ce, a much larger magnetic moment of 0.8 uB more than twice
the size of any other rare earth. Thus, on the basis of these neutron diffraction results, the
Fe moment size varies considerably with rare earth element. However, a contradictory
picture is obtained from °’Fe Mossbauer measurements. The Mossbauer measurements
yield an ordered Fe moment uB of 0.34, 0.35, .34 and 0.33 for RE = La, Nd, Ce, and Pr,
respectively (McGuire et al. 2008, McGuire et al. 2009, Sanchez et al. 2009). This
suggests an ordered Fe moment size which is independent of rare earth ion, in apparent

contradiction to the neutron diffraction results.
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cell

Figure 2.3: (a) Lattice of FeAs layer with dark and light shaded areas indicating As atoms below and
above Fe square lattice, respectively (b) Spin orientation of Fe atoms in the Fe lattice

The first evidence of the interplay between magnetism and superconductivity in the
Fe based superconductors was the presence of magnetism in the concentration dependent
phase diagrams. In summary, the parent compounds exhibit a magnetically ordered state
which is suppressed with doping and superconductivity appears at higher concentrations.
While this general behavior is common for different materials, the behavior near the
boundary between superconductivity and magnetism is material specific as shown in
Figure 2.4. The magnetically ordered state of some materials vanish abruptly with the
appearance of superconductivity, in others superconductivity emerges precisely as the
magnetic order is destroyed, and still others exhibit coexistence between the magnetically
ordered and superconducting states. The interactions in the magnetically ordered parent
compounds have been determined to be anisotropic 3D interactions. With doping, the
correlations along the ¢ axis appear get quickly suppressed so that in optimally doped
samples the spin excitations appear to be 2D in character much as in the normal state of the
parent compounds.

The magnetic phase diagrams of the Fe-based materials indicate that the
paramagnetic state of the parent compounds appears to be the same paramagnetic state out
of which superconductivity develops in the optimally doped materials. In the
superconducting materials, spin fluctuations near (¥, Y2, 0) have been found in all cases
investigated. Since the development of the BCS theory, it has been of interest to see
whether the effective interaction responsible for the superconducting pairing could be
mediated by excitations other than phonons. In early investigations itself, the first-principle
calculations have proved that the electron—phonon coupling is not sufficient to explain the
superconductivity in iron based superconductors. On the other hand, the experiments have
shown that the superconducting state is proximity to the AFM spin-density-wave state. It is
strongly argued that the AFM spin fluctuations in iron based superconductors could lead to
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a superconducting state with a gap which has the opposite sign on the electron and hole
pockets (Li(d) et al. 2013). In brief, below T, the development of a spin resonance
demonstrates a direct interplay between magnetism and superconductivity which appears

to support sign reversal s-wave symmetry.
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Figure 2.4: Phase diagrams of (a) Lal11l (b) Sm1111 (c) Bal22 and (d) Fe(Se,Te) systems
2.3 Iron based superconductors: A bridge between MgB, and cuprates

Iron based superconductors share several characteristics with high temperature
superconductors, such as the layered structure, the coexistence of different orderings, the
occurrence of superconductivity upon doping, the small coherence length, and
unconventional pairing (Norman 2008; Yamamoto et al. 2011). Some of these aspects
have shown to be unsuitable for practical application. On the other hand they exhibit
several advantages namely, they are metallic in the parent compounds, smaller anisotropy
and not strongly dependent on the level of doping, the supposed order parameter
symmetry seems to be different, and in principle not so detrimental to current
transmission across grain boundaries, impurities do not significantly affect Tc. Moreover,

they are extremely versatile in terms of chemical composition, as they belong to a
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comprehensive class of materials, where many chemical substitutions are possible and
their layered structure allows designing new iron pnictides with composite structures or
even artificial multilayers. This versatility could enable the superconducting properties to
be tailored for commercial technologies. High temperature superconductivity emerges in
cuprates and iron pnictides through the suppression of magnetism in the undoped
materials, ‘parents’, which are in a Mott-insulating and a semi-metallic spin-density wave
form, respectively. They also share characteristics with the more conventional MgB,. The
most remarkable one is the multiband nature that has offered unprecedented tools in MgB,
to tune and improve the superconducting properties. But all attempts to raise T¢ by atomic
substitutions have not succeeded in MgB; (Vinod et al. 2007).

But many unusual features of iron pnictides set them apart from the more
conventional two-band s-wave superconductor MgB, and make them closer to cuprates, in
short, iron pnictides form a bridge between the more conventional MgB, and highly
unconventional cuprate superconductors. Table 2.1 gives a comparison of the properties
of different classes of superconductors. Regarding the superconducting mechanism
followed, iron pnictides are not conventional like MgB; in which the high T is caused by
strong intra-band pairing and weak inter-band pairing mediated by phonons whereas iron
pnictides are governed by an unconventional superconducting mechanism.
Superconductivity in iron pnictides occurs on the FeAs planes. Given that magnetic ions
suppress the traditional singlet s-wave electron-phonon superconductivity, the fact that
superconductivity in iron pnictides originate from the quintessential magnetic Fe ion
makes it rather unconventional. Similar to the cuprates, iron pnictides become
superconducting on doping parent antiferromagnetic (AF) compounds. Unlike the
cuprates in which superconductivity occurs upon doping an AF Mott insulator, iron
pnictides turn superconducting on doping a parent AF semi-metal with the Neel
temperature Ty = 150 K (Paglione et al. 2010, Johnston 2010). Iron pnictides are
multiband superconductors with several disconnected electron and hole sheets of the
Fermi surface formed by hybridized d-orbitals of Fe. Cooper pairing in iron pnictides has
been attributed to AF or orbital excitations, resulting in strong inter-band interaction
between different sheets of the FS and unconventional pairing symmetry: either the s+
pairing with a sign change in the s-wave order parameters on different FS sheets or mixed
s-wave and d-wave symmetry (Kemper et al. 2010, Kontani et al. 2010; Mazin et al.
2009). The degree of electron correlation in iron pnictides was not clear at first, but it is

generally believed that pnictides lie somewhere between the strongly correlated cuprates
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and the weakly-correlated conventional superconductors. However, similar to cuprates,
the mechanism that leads to high T¢ superconductivity in these materials is still far from
being well understood.

Table 2.1: A comparison of properties observed in different classes of superconductors

Property Conventional MgB, Iron based Cuprates
superconductors superconductors
Tc (Max) 30K 39K 56 K 134 K
Relationship . . Parent compounds Parent compou_Jnds
. No magnetism No magnetism . are magnetic
to magnetism are magnetic metals -
insulators
PENAITE . Electron-phonon  Electron-phonon Presuma_bly Probably magnetic
Interaction magnetic
Order One band, same Two band Two band, One band sign
Parameter sign s-wave same sign s-wave  sign reversal s-wave reversal d-wave
Dimensionality . Thr(_ee . Thrge Variable Two dimensional
dimensional dimensional
Correlation None (nearly free None (nearly Long range (npn- Strong Io_cal
local magnetic electronic
effects electrons) free electrons) : . .
correlations) interactions

Most iron pnictides are in the clean limit in which the mean free path due to elastic
scattering on impurities is longer than & ~ 1-2 nm. Thus, impurities do not increase Hc, of
these materials as effectively as they do in conventional superconductors such as Nb-Ti or
NbsSn (Shapira et al. 1965; Orlando et al. 1979). Instead, the behavior of Hc, in iron
pnictides can be tuned by doping which expand or shrink some of the Fermi surface
pockets (Gurevich 2010). As far as vortex dynamics and pinning are concerned, some
members of the iron pnictide families behave like conventional low-T¢ superconductors
for which the role of thermal fluctuations of vortices is inessential (Yuan et al. 2009).
However, RE1111 systems such as Nd1111 or Sm1111 have many similarities with the
cuprates (such as YBa,Cu3O;-), including reduced vortex melting field, thermally
activated vortex flow and creep resulting from thermal fluctuations of vortex matter
(Jaroszynski et al. 2008a). Similar to the cuprates, iron pnictides are extreme-type Il
superconductors with the Ginzburg-Landau (GL) parameter K ~ 102 and the lower
critical field Hc1(0) ~ 10 mT and Hc2(0) ~ 100-300 T (Putti et al. 2010, Hunte et al.
2008). The London penetration depth in iron pnictides extracted from magnetization,

nuclear magnetic resonance and muon spin relaxation measurements gave the




Features of Iron based superconductors 41

characteristic values A9 ~ 150-300 nm not very different from those for the cuprates
(Johnston 2010, Gurevich 2011).

The Ginzburg number G; ~ 107'°-107° are characteristic of conventional BCS low-
Tc superconductors for which fluctuations are negligible. The region of G; ~ 107°-10°°
corresponds to ‘intermediate-T¢’ superconductors in which fluctuation effects are present
but not severe enough to affect the mean-field BCS relations and vortex properties (Larkin
et al. 2007). For instance, MgB, has a G; ~ 10~ (Putti et al. 2010). In the cuprates, G;
~1073-1 static and dynamic properties of vortex structures are strongly affected by thermal
fluctuations, so that the least anisotropic YBa,Cu3O;—, has G ~ 1072, while the very
anisotropic layered Bi-2212 and Bi-2223 cuprates have G; ~ 1 (Tsuei et al. 2000). The G;
values ranging from G; < 10 to G; ~ 102 are characteristic of iron pnictides in which
different phases of vortex matter, from the conventional Abrikosov lattices to the vortex
glass/liquid phases first discovered in the cuprates can exist (Blatter et al. 1994).

The difference between H;{(T) and Hco(T) curves are more pronounced for
Nd1111 while Bal22 behaves more like a conventional low-T¢ superconductor, consistent
with the values of G for these materials (Hunte et al. 2008). However, the resistance curve
R(T,H) for Nd1111 not only shifts but also broaden as H increases. In this case thermal
fluctuations of vortices are essential, resulting in thermally activated vortex dynamics
which is very similar to cuprates. Different members of the same iron pnictides can
exhibit both thermally activated and non-activated vortex dynamics: for example, Nd1111
with Tc = 55 K behaves qualitatively similar to YBCO, whereas Lall11l with T¢c = 26 K
behaves more like MgB, (Jaroszynski et al. 2008, Gordon et al. 2010). Such a difference
between these two materials results from the two-fold difference in Tc, which
significantly enhances thermal fluctuations.

The maximum elementary pinning force occurs as the size of non-superconducting
defects such as second phase precipitates approximately equal to the diameter of the vortex
core 2§ ~ 4-10 nm (Brandt et al. 1995). As a result, vortices in iron pnictides can be
pinned even by ‘natural’ crystalline disorder such as dislocations and grain boundaries.
They are also similar to cuprates as the vortices in iron pnictides can be pinned by oxygen
vacancies. However, as in cuprates, they suffer from poor grain connectivity which can
drastically reduce Jc in polycrystalline materials. Strong vortex pinning and high Hj, are
not yet sufficient for applications which also require long polycrystalline wires. One of the
main issues for the cuprates is that grain boundaries between misoriented crystallites

impede current flow. Recent experiments revealed similar weak linked grain boundaries in
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Bal22 and Lal111 (Lee(e) et al. 2009; Haindl et al. 2010). The grain boundary problem in
the cuprates and iron pnictides may be caused by the same materials features which
contribute to high values of T¢ and Hcp, such as low carrier densities, short coherence
lengths, unconventional pairing symmetry, large screening lengths and competing
antiferromagnetic states; characteristic of both cuprates and iron pnictides. In the cuprates,
local non-stoichiometry, charge and strains around dislocation cores, impurity segregation
and precipitation of non-superconducting and magnetic secondary phases at grain
boundaries can also inhibit grain connectivity (Song et al. 2005). It is unclear to what
extent all these factors contribute to the weak-link behavior of grain boundaries in iron
pnictides as compared with conventional superconductors or even the two-band MgB; in
which grain boundaries are not weak links (Larbalestier et al. 2001b). However, the high
upper critical fields and the irreversibility fields of iron pnictides suggest good prospects
for magnet applications. Anyhow, just like the cuprates, the high Hc, and T¢ in iron
pnictides are not enough to assure applications at higher temperatures. Making them useful
may require complex and expensive technologies, regardless of the values of T¢ and Hco.
The lower values of T¢ < 55 K limit applications of iron pnictides to temperatures 20-30 K
where the use of effective cryocoolers as in the case of MgB, is possible and can take
advantage of very high upper critical fields and irreversibility fields which are much better
than cuprates. As far as pinning is concerned, thin film and single crystal of iron pnictides
can carry high Jcs ~ 10® A/lcm? at 4.2 K, making them competitive with conventional

superconductors and indicate good possibilities for magnet applications.
2.4  Status of superconducting properties in RE1111 system

Iron based superconductors are well known for the variety of classes within the
family with different crystal structures having layered nature as a common feature. The
superconducting properties such as Tc, Jc, and Hc exhibited in iron pnictides varied from
class to class. While all attempts to raise Tc of MgB, by atomic substitutions were not
successful, the substitutional chemistry of iron pnictides eventually revealed numerous
new Fe-based superconductors with higher Tc. As a result, not only has T¢ been increased
up to 56 K in RE1111 by substituting La with other rare earths RE = Ce, Pr, Sm, Nd in the
RE1111 family, but many new families, most notably, Ba;— K As,Fe, with T¢c = 38 K;
LiFeAs with T¢ = 18 K and arsenic-free chalcogenides FeSe,Tex with Tc = 15 K were
discovered (Aswathy et al. 2010).
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As discussed earlier, in RE1111 family, the fluorine free parental compound
REFeAsO is not a superconductor. Superconductivity is achieved by fluorine doping at
oxygen site, creation of oxygen vacancies, cobalt/nickel doping at Fe site and
hetero/isovalent ion substitution at rare earth site. The modified RE1111 compounds show
a wide range of T¢ variation as shown in Figure 2.5. The first reported compound
LaFeAsO;xFx showed a T¢ of 26 K which was soon increased to a maximum of 43 K by
applying external pressure. Further, La was replaced by other isovalent rare earths of
smaller diameter such as Pr, Nd and Sm, pushing the T¢ to a maximum of 56 K. It was
already proposed that the maximum T possible in RE1111 compounds is in the 50s K and
the initial lower values were attributed to non-optimal synthesis. The variation of T¢ with
respect to pressure (P) as well as doping concentration (x) was studied on almost all
RE1111 superconductors. Both dTc/dP and dT¢/dx gave the same sign, indicating the same
suppression effect on the spin density wave state (Takabayashi et al. 2008; Chu et al.
2008). Doping brings structural modifications such as a reduction in cell volume, a
decrease in distance between layers, an increase in distance between RE** and F~ which

enhances spin and charge density fluctuations.
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Figure 2.5: The plot shows the wide range of T displayed by iron pnictides

Hole doping was first tried using Ca** ions in LaFeAsO at the lanthanide site and
did not show superconductivity. Wen et al. reported superconductivity in La;«SrFeAsO
(Tc = 25 K) even in the absence of F doping (Wen et al. 2008). Apart from bivalent ion,

thorium ion, another heterovalent ion was also substituted at the rare earth site in order to
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achieve a higher T¢. Gd,—ThyFeAsO displayed a T¢ of 56 K, which was much higher than
the F doped GdFeAsO;«Fx sample (Wang(b) et al. 2008). Later, partial substitution of
Tb* by Th*" in ThFeASO, exhibited superconductivity with a Tc of 52 K (Li(a) et al.
2008). Next is Fe site doping wherein cobalt is the widely used candidate for electron
doping. It was observed that substitution of Co atoms at the Fe site induced
superconductivity in LaFeAsO (T¢ = 13 K) and SmFeAsO (T¢ = 15 K) (Matsuishi et al.
2008; Qi et al. 2008a). Besides the doping of cobalt in parental systems, it has also been
doped simultaneously with fluorine; but resulted in the suppression of T¢. Dopants such as
Rh, Ir, Pd, Ni, Ru and Mn at the Fe site were also tried to induce superconductivity and
most of them led to insensitive suppression of T¢, which stood against the proposed s-wave
pairing symmetry (Qi et al. 2009a; Li(a) et al. 2009; Ni et al. 2009; Han et al. 2009;
Schnelle et al. 2009; Sato et al. 2010). Regarding the arsenic site, an arsenic deficient
compound, LaFeAs;—sOq9Fo.1 Was reported by Fuchs et al. with a Tc = 28.5 K (Fuchs et al.
2008). Phosphorous doping at the arsenic site was also reported with a maximum T¢ of 30
K in 122 compounds and below 11 K in the RE1111s (Ren(b) et al. 2009, Wang(b) et al.
2009). Both doping at the Fe site and the creation of As vacancies reveal the fact that iron
based superconductors can tolerate in-plane disorder in the FeAs conducting layer to some
extent.

A series of F free oxygen deficient samples (REFeAsO,—x; RE = Gd, Sm, Nd, Pr,
Ce, La) prepared by the high pressure synthesis technique was reported (Ren(a) et al.
2008a). Oxygen deficiency could produce more lattice shrinkage and charge carriers,
thereby increasing the density of states (DOS). The onset T¢ values of the REFeAsO,
family (with RE = Ho, Y, Dy, Tb, Gd, Sm, Nd, Pr, Ce, and La) were found to be 50.3,
46.5, 52.2, 48.5, 53.5, 55, 53, 51.3, 46.5 and 31.2 K respectively (Ren(a) et al. 2008a;
Yang(b) et al. 2008a, Yang(b) et al. 2008b; Ren(a) et al. 2008b; Lee(b) et al. 2008). The
onset Tc in these compounds increased with the decrease in size of the RE atom and
reached a maximum of 55 K for Sm (Ren(a) et al. 2008b). The crystal structure of
REFeAsO,x is modified compared with that of REFeAsO. The FeAs, coordination in
REFeAsO,« transforms into a regular tetrahedron with increasing oxygen deficiency
accompanied by an increase in T¢, and T¢ reaches a maximum when the FeAs, lattice
forms a regular tetrahedron (Lee(b) et al. 2008). In addition to oxygen deficient samples,
fluorine doped samples subjected to external pressure showed either suppression or
enhancement of T¢. The pressure dependence of T¢ i.e. dT¢/dP is found to be negative or
positive, the sign changes from positive to negative at the quantum critical point (QCP). In
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short, T¢ in iron pnictides varies widely according to the dopant used, doping site, doping
concentration and external pressure applied.

The upper critical field Hc,, and the critical current density Jc, are two important
parameters to characterize superconductivity. Hcy is an intrinsic property of a type Il
superconducting material in which the resistive transition (p-T) width increases with
increasing magnetic field, H. Usually, the Hc, of the sample can be measured from the
resistive transition (p-T) analysis under different magnetic fields. According to the
conventional BCS picture, Hc; is linear in T near Tc and saturates at the 0 K limit. This
behavior may deviate on considering the presence of impurity scattering. The Hc2(0 K) can
be calculated using the one band Werthamer-Helfand-Hohenberg (WHH) formula,

dHcy

Hg, (0) = —0.693T, (W)TC’ where % is obtained from the slope of the graph Hc;

versus T at Tc. Rather high values of Hc, are obtained for the Fe based superconductors
using this equation, i.e. 45, 185, 144, 150 and 304 T for La, Ce, Pr, Sm and Nd based 1111
systems (Gordon et al. 2010; Shahbazi et al. 2010; Bhoi et al. 2009; Senatore et al. 2008;
Jia et al. 2008a), all are well above that of NbsSn (Hc2(0) = 30 T) (He et al. 2010).
However, these Hc; values are extrapolated from measurements at low magnetic field and
high temperature using the one band WHH model, which is not valid for the low

temperature range.

Table 2.2: Status of superconducting properties of iron pnictides compared to other superconductors

Properties Nb-Ti NbsSn  MgB, 1111 122 111 11  YBCO Cuprates

Tc (K) 9 18 39 56 38 18 16 90 135
Hco(0) (T) 10 20 30-40 >300 >100 15-30 >40 50 100
7 - - 3-5 5 2 2 2 5-7 50-200
€ (nm) 4-5 3 3.7-12 2.3 2.1 4.8 2.6 2 15
Jc (Ncmz) 6 6 6 6 6 6 6 6 7
(at 4.2 K) 10 10 10 10 10 10 10 10 10

High magnetic field measurements up to 60 T conducted on the single crystals of
NdFeAsOg 7Fo3 show a spin dependent positive magneto-resistance for H||c due to the
presence of some paramagnetic phase of Nd** ions (Jaroszynski et al. 2008a). They
introduce several pairing scenarios in order to explain the Hc, versus T curve and the best
fit is obtained by considering the paramagnetic effect. The paramagnetic effect on Hcy(T)
in oxypnictides significantly reduces Hc»(0) as compared to that based on extrapolations of
Hc2(T) near Tc down to low temperatures. The extrapolation of Hc, near Tc to low
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temperatures following the GL theory neglects the essential paramagnetic limitations and
could overestimate the actual Hc2(0) (Jo et al. 2009). The extrapolated Hc, values are two
or three times higher than the weak coupling Pauli-limited field, the field at which the free
energy in the normal state becomes equal to the condensation energy of the
superconductor, which may indicate a considerable enhancement of the Pauli-limited field
by the strong coupling effect. The highest reported upper critical field for RE1111 system
is observed in the single crystals of Nd1111 system i.e. around 300 T with a relatively
small mass anisotropy parameter y = my/m¢ < 5, where m, and m. are the effective masses
along the ab plane and the c axis, respectively. However, the above studies were performed
in magnetic fields not exceeding 9 T, where most of the multiband effects would not
manifest themselves in the Hco(T) curves. The very high magnetic fields make them
promising for high field applications as wires. Although the cuprate superconductors
exhibit much higher T¢ and similar high Hc, as compared to iron pnictides, the small
degree of electromagnetic anisotropy between the ¢ axis and ab plane directions confirmed
in 11, 122 and 1111 systems encouraged the development of more versatile conductors.
Soon after, iron pnictide wires were fabricated using the RE1111 compounds following the
powder-in-tube (PIT) method. Table 2.2 shows a status of superconducting parameters of
different iron pnictides compared to other potentially established superconductors.

Though iron pnictides have gathered enough attention in terms of their relatively
high T¢ and very high Hc;, the status of transport Jc was not much promising in the early
stages of discovery. But, the dependence of Jc on the magnetic field was confirmed to be
small and moderately high Jc values were found to be maintained up to very high fields.
However, in the past two years, the transport Jc of iron pnictide wires has been rapidly
increased (Ma(a) et al. 2012; Togano et al. 2011; Gao et al. 2011; Weiss et al. 2012; Gao
et al. 2012). At 4.2 K, a wire with 122 compounds has achieved transport Jc of 10°A/cm?
in self-field and even 1.4 x10* A/cm? in a field of 14 T, respectively (Weiss et al. 2012;
Gao et al. 2012). Compared with 122, the transport Jc of 1111 wires is still much lower of
the order of 10° (Wang(a) et al. 2012). It is to be noted that two main difficulties limit the
progress of RE1111 wire development (Fujioka et al. 2011a). The first one is the difficulty
in achieving exact composition in RE1111 by maintaining the fluorine content since
fluorine is highly unstable during sintering. This in turn affects the phase purity; a large
amount of detrimental impurities such as FeAs, REOF etc. interrupt grain-to-grain super-
current flow. The second issue lies in the compatibility of different sheath materials with

the highly reactive ingredients. These problems severely limit the transport Jc of RE1111
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wires. Therefore, it is essential to overcome these difficulties to make a breakthrough.
Several methods such as sheath metal variation and addition of materials with lower
conductivity were tried further to increase the critical current density of RE1111 wires
(Ma(a) et al. 2011, Wang(a) et al. 2013).

It is said that the cuprates needed more than fifteen years to realize industrial
products, by expending enormous research funds and continuing strenuous efforts from
researchers all over the world. Hence, the effort and funding spend during the past five
years for understanding superconducting properties of iron based superconductors is much
less when compared to cuprate superconductors. Understanding the determining factors for
Jc and the introduction of effective pinning centers are believed to be essential for the

development of superconducting technologies versatile enough to generate high fields.

2.5  Objectives of the present work

For technological applications, such as magnets and cables, superconductors in the
form of flexible wires or tapes have to be developed. In addition, the behavior of transport
critical current density of these conductors in high fields also must be observed. Iron
pnictides are extreme type-Il superconductors with very high Hco(T) which often
extrapolate to Hcp(0) ~ 100-300 T. Large values of Hc, in semi-metallic iron pnictides
result from their short coherence lengths due to relatively high T¢ and low Fermi velocities
revealed by band structure calculations and angular-resolved photoemission spectroscopy.
Vortex matter in iron pnictides exhibits a variety of different behaviors and glass phases
controlled by pinning and thermal fluctuations. Several transport and heat-capacity studies
on Nd1111 revealed an upper critical field of Heyllab = 304 T and Hcollc = 62-70 T
extrapolated from the WHH formula. It has also been observed that Nd1111 could provide
irreversibility fields up to 40-50 T at 20 K. The high Hc, and irreversibility fields suggest
good prospects for magnet applications. Moreover, the relatively high T¢c ~ 55 K makes
them suitable for applications around 30 K where the use of effective cryocooler can take
advantage of their very high upper critical fields and irreversibility fields. Superconducting
iron based wires fabricated by the powder-in-tube (PIT) method has been reported globally
only by very few groups. Both in situ and ex situ PIT fabrication processes have been
reported. The former employs starting materials, whereas the latter employs a powder of
synthesized superconducting material. A disadvantage of the ex situ fabrication of the
RE1111 wire is that the fluorine content in the system decreases during the heat treatment
after rolling. However, it is really a challenge to fabricate wires of REFeAsO;.«Fy, since
these materials are mechanically hard and brittle and therefore not easy to draw into the
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desired wire geometry. On the other hand, the use of proper metal cladding is another
critical issue because of the strong chemical reactivity of these materials at high processing
temperatures. Hence, the proposed work focuses on surpassing the existing hurdles and
developing Nd based iron pnictide wires suitable for magnet applications. Before stepping
into wire development, it is necessary to optimize the processing parameters such as
temperature and duration to synthesize bulk Nd1111 with enhanced electromagnetic
properties. The effect of various dopants at different sites also should be examined and the
best dopants for enhancement of Tc, Jc and Hc, must be identified. Further, the
compatibility of Nd1111 with different sheath materials needs to be studied. After
choosing the appropriate sheath material both in terms of chemical compatibility and
mechanical workability, the fabrication of wires using PIT method will be taken up.

In short, the main motives of the present thesis work are as follows:
Obijectives:

»  Preparation of good quality polycrystalline Nd1111 bulk samples at relatively
low temperatures and ambient pressures.

»  Enhancement of superconducting properties such as Tc¢, Jc(H) and Hc, by
incorporation of suitable dopants.

»  Studies on the development of metal sheathed Nd1111 superconducting

wires/tapes for magnet application.




CHAPTER 3

PREPARATION AND CHARACTERIZATION OF IRON PNICTIDES

3.1  Preparation techniques for iron pnictides

The discovery of superconductivity in iron pnictides by Hosono’s group spurred the
whole family of condensed matter scientists captivating both the theorists and
experimenters. Though the Japanese and Chinese groups published papers at a rate of 2.5
per day in arXiv and synthesized almost all doped versions of iron pnictides especially the
1111 class, a close survey would reveal that only a few groups could prepare these trickier
compounds successfully. Meanwhile, physicists around the world conducted different
measurements on the compounds borrowed from these groups. It was observed that either
the quality or size of the samples or both remained insufficient to discriminate among the
various theoretical ideas proposed (Day C. 2009). The reasons for the fewer groups
indulging in the development of iron pnictides and the problems of achieving samples with
high quality and large quantity can be discussed in detail. Iron pnictide superconductors are
having a variety of classes ranging from different multilayer structures to the simple two
element 11 system. The ingredients, processing conditions and techniques differ according
to each class. All these superconductors can be developed in different forms such as
bulk/polycrystalline, single crystals, thin films, wires and tapes. Though conventional solid
state route is the basis for polycrystalline samples, the preparation technique chosen varies

according to the type of superconductor.
3.1.1 Polycrystalline samples

For the synthesis of polycrystalline samples mainly two techniques are adopted:
a) Solid state synthesis (at ambient conditions)

b) High pressure synthesis
3.1.1.1 Solid state synthesis

The conventional solid state synthesis method is the easiest way to make desired
compounds through direct reaction of the starting materials at high temperatures wherein
powder reactants of almost similar particle size are mixed, ground, pressed into pellets and
heat treated at high temperatures. The synthesis of iron oxypnictides using solid state
method can either be done by one single step or two-step. For the REFeAsO (RE1111)

compound, earlier almost every group followed the two-step synthesis technique wherein
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the first step comprises of the synthesis of certain binary compounds followed by a second
step allowing the reaction of these binaries with the remaining raw materials to form the
final compound (Kamihara et al. 2008; Sefat et al. 2008; Shekhar et al. 2008; Chen(b) et
al. 2008; Lorenz et al. 2008). This route was frequently adopted due to the simple reasons
such as volatility and toxicity of arsenic and high oxygen/moisture affinity of rare earth
metals. The high volatility of arsenic creates enormous vapor pressures at sintering
temperatures above 600 °C. The presence of fluoride compounds causes volatile loss of
fluorine and this exacerbates the situation. Hence, the two-step method helped in forming
polycrystalline samples by reacting stable binaries in evacuated quartz tubes at relatively
high temperatures avoiding the risks of explosion. However, then comes the question of
quality or phase purity of the samples thus obtained. We know that Fe is more prone to
react with As to form a stable covalent compound FeAs, while RE tends to form a stable
ionic compound with the O element, RE,O3. The melting points of RE;O3 compounds are
very high. As a result, the reaction between the two stable compounds FeAs and RE;O3
becomes difficult and this leaves small amounts of RE,O3 and FeAs as impurities in the
RE1111 compound (Fang et al. 2010). One-step synthesis method has also been tried
wherein all ingredients are taken stoichiometrically and reacted in inert atmospheres, but
the samples so formed also lack purity (Awana et al. 2008; Qi et al. 2008b).

The amount of impurities can be controlled both by the choice of starting materials
and by suitable modification of processing techniques. For RE1111 system, the starting
materials include pure rare earth metals, As, Fe, Fe;O3/RE;O3 and FeF,/REF3. The rare
earth metals are expensive and very sensitive to oxygen and humidity. They need to be
handled carefully in a well-conditioned glove box having high purity inert atmosphere. The
toxicity and volatility of arsenic should be taken care of by taking appropriate safety
measures for proper usage and disposal after use. Now, in the early reports it was seen that
RE,O3 was used as the oxygen source. But, later it was observed that for improved reaction
Fe, O3 is a better source since RE,O3 is comparatively more stable and hard to dissociate
(Chen(b) et al. 2008a). Further, it was seen that FeO is much better than Fe,O3 (Wang(a) et
al. 2012). Finally, in solid state synthesis one has the freedom to choose the starting
materials according to their reaction characteristics so as to obtain a particular compound
with a desired stoichiometry. However, regarding stoichiometry, one of the hurdles with
fluorine doped RE1111 system lies in the large disparity between the nominal F content
needed and the actual content in the sample formed (Malavasi et al. 2010). Thus, several

precautions are taken in solid state method itself such as optimization of processing
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temperatures, use of expensive materials such titanium as wrappers for samples heat
treated in quartz tubes, use of excess ingredients to compensate the loss and so on. Still, the

control on fluorine content and its estimation in the final compound remains a concern.
3.1.1.2 High pressure synthesis

In search of other options to control the volatile loss of fluorine, it was observed
that iron pnictides can be prepared using high pressures also (Ren(a) et al. 2009). The high
pressure method differs from the two-step solid state method in the second step. The
ingredients are pelletized and prepared pellets are sealed in boron nitride (BN) crucibles,
then placed inside a graphite heating tube and mounted into a six-anvil high-pressure
sintering machine. A high pressure of 6 GPa, a pressure enough to squeeze out the air, was
applied to the sample which was then heated at 1250 °C for two hours while maintaining
the pressure, and then cooled before the pressure was released. This high pressure method
has proven to be more effective for F doping (Yang(b) et al. 2009). The reason is that the
press-sealing of the BN cell is much better at keeping the fluorine from being lost. In
addition, fluorine can react with the quartz tube, sometimes even causing breakage of the
tube when the sample mass is too high. Another advantage is that high pressure synthesis
can produce a very dense and high quality sample that is more suitable for physical
property measurements. However, the samples synthesized through high pressure method
are restricted to smaller sizes.

High pressure sintering was found to be very effective in synthesizing a new series
of oxygen deficient REFeAsO;x superconductors without F doping, similar to the
adjustment of oxygen content in cuprates (Ren(a) et al. 2008c; Ren(a) et al. 2008d). The
synthesis of the O deficient samples is similar to that explained above, only with different
starting chemicals according to the chemical formula. Since one vacancy can release two
electrons into the lattice, whereas an F atom only releases one, the O deficient method
proved to be more effective and advantageous than F doping by eliminating the reactive F.
However, until now, this REFeAsO;.x superconductor has not been obtained by methods
other than high pressure synthesis. The reason is that the O vacancy is not stable in these
compounds (Ren(a) et al. 2009). Moreover, this technique could also induce
superconductivity in heavy rare earth based RE1111 systems which were not
superconducting when prepared at ambient pressures. In terms of properties, high pressure
synthesized samples display higher Tc, smaller lattice parameters and unit cell volume.
Nevertheless, iron oxypnictides are now being synthesized in either ways depending on the

starting materials and requirements.
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3.1.2 Single crystals and thin films

Extensive work has been carried out to synthesize high purity polycrystalline
materials and to grow sizeable single crystals of iron based superconductors in order to
explore the intrinsic as well as anisotropic physical properties and superconducting
mechanism. The availability of millimeter-sized high quality single crystals enables
various structural and physical property studies to be conducted by different techniques.
The successful growth of centimeter sized single crystals of 122 systems has enabled
significant understanding of these iron pnictides and elucidated the important structural,
magnetic, thermodynamic, and transport features of these novel superconductors (Canfield
et al. 2010). In contrast, the growth of RE1111 has been found to present several
challenges showing serious difficulty in synthesis protocol. There are no reports available
on the multicomponent phase diagram and the melting/solidification mode of REFeAsO
compounds, which would facilitate design and optimization of growth processes.
Moreover, the high vapor pressure at relatively low temperatures and toxic nature of
arsenic require special precautions during the crystal growth. Single crystals of RE1111
were initially grown out of NaCl flux under ambient or high pressure. The low solubility of
the starting materials in NaCl flux demands high temperatures and high pressure for larger
crystals (Fang(b) et al. 2009; Martin et al. 2009; Lee(d) et al. 2009).

The first report based on single crystal growth using flux method was from Jia et al.
(Jia et al. 2008a). They synthesized single phase samples of NdFeAsOqg,Fo.18 With plate
like crystals of size ranging from 5 to 50 nm. In the preparation process, NaCl/KCI was
used as the flux, with a mass ratio NaCl:Nd1111 = 10:1, and sealed in an evacuated quartz
tube, and heat treated at 1050 °C for 10 days. This method is efficient in lowering the
processing temperature, and growing high quality single crystals, even though the growth
time is longer. However, the separation of crystals from flux by washing and cleaning
processes generates a large amount of hazardous waste water containing sodium arsenate
hydrate (Yan et al. 2011). This motivated the search for the criteria in looking for new,
environmentally benign fluxes for the growth of RE1111 compounds and this led to NaAs.
Later, it was identified that NaAs can be a suitable flux for the growth of plate-like
LaFeAsO single crystals with typical dimensions of 3 x 4 x (0.05-0.3) mm?. This growth
protocol was then applied to other RE1111 compounds with magnetic rare earth ions. The
ability to extract RE1111 crystals from this NaAs flux suggests that NaAs has significant
oxygen solubility, possibly due to the formation of the ternary compound NaAsO,, and
enough oxygen diffusivity to transport solute to the growth front. Oxygen solubility and
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diffusivity are two important factors in searching for an alternative environmentally benign
flux for the growth of RE1111 superconductors.

High quality epitaxial thin films are very helpful to explore the intrinsic properties
of superconductors, especially when it is difficult to prepare sizable single crystals.
Successful fabrication of thin films is essential for the development of electronic devices
such as the Josephson device and SQUIDs. Actually, it is a tough task to obtain even
polycrystalline films because of the difficulties associated with the excitation laser source
and the preferential deposition of non-metallic impurity phases present in iron
oxypnictides. Some groups have succeeded in the fabrication of epitaxial thin films by
Pulsed Laser Deposition (PLD) (Hiramatsu et al. 2008; Choi et al. 2009; Backen et al.
2008; Kidszun et al. 2010). The first report is on deposition of codoped SrFe,As, on (100)-
oriented mixed perovskite (La, Sr)(Al, Ta)O3; single crystal substrates using a second
harmonic Nd:YAG laser. Thereafter, the thin film forms of Lallll on (001)-oriented
LaAlO3; and MgO were developed by a group in Germany (Backen et al. 2008). Recently
the growth of epitaxial thin films of RE1111 by molecular beam epitaxy (MBE) has been
reported (Kawaguchi et al. 2010, Ueda et al. 2011). The growth of superconducting
Sm1111 films by F diffusion using MBE was also reported. The growth conditions and the
properties of resultant films were compared for CaF, and LaAlO; substrates. The F
diffusion approach is powerful to grow plain superconducting RE1111 films, but it has a
problem with the existence of an undesired layer of SmOF and/or SmF3; on the surface of
films, which is not suitable for fabricating multi-layer Josephson junctions (Takeda et al.
2012).

3.1.3 Wires and tapes

From the application point of view, iron based superconductors are attractive due to
their relatively high T¢ and high critical fields. All the early reports showed that iron based
superconductors exhibited extremely high Hc,, very low anisotropy, and rather large Jc
values with field independency at low temperatures, indicating good possibilities for
magnet applications at 20-30 K, where the niobium-based superconductors cannot play a
role owing to their lower Tcs. Shortly after the discovery of oxypnictide superconductors,
the first trial fabrication of pnictide wire was reported for Lallll, Sm1111, and (Sr,
K)Fe,As, superconductors (Gao et al. 2008a; Gao et al. 2008b; Gao et al. 2009b). Initially,
the critical current density (Jc) was estimated only from magnetization measurements and
not from |-V measurements. To observe Jc in the I-V measurement, the good connections

between a sheath and the superconducting phases are absolutely necessary. As we know,
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wires for bulk applications are always based on polycrystalline materials, however, the
global Jc observed in polycrystalline samples is just in the orders of 10° A/lcm? at 4 K in
self-field (Yamamoto et al. 2008; Wang(a) et al. 2009; Pultti et al. 2010). It was reported
that strong granularity of these compounds restricted global Jc values to very low ones
(Gao et al. 2008b). Microstructural studies emphasized cracks, low density, grain
boundary-wetting FeAs phase, and phase inhomogeneities which cause local suppression
of the order parameter at grain boundaries as responsible factors for current blocking in
polycrystalline materials. Moreover, iron pnictides have relatively tough and hard phases,
and thus cannot be plastically deformed. Therefore, the most common approach for
developing wires from such brittle superconductors i. e. the powder-in-tube (PIT) process
was followed, in which powders are packed in a metal tube, mechanically processed into a
wire or tape form, and finally heat treated for reaction. The PIT process is attractive from
the aspect of applications, taking advantage of the low material costs and the relatively
simple deformation techniques. Actually, the PIT process was being used for making
electrical conductors from brittle superconductors such as NbzSn, MgB,, and cuprates
(Kunzler et al. 1961; Flukiger et al. 2003; Hikata et al. 1989).

Generally, the PIT pnictide wire is fabricated by packing stoichiometric amounts of
11, 122 or 1111 powder particles into a metal tube under Ar atmosphere and sealed to form
a billet. The billet is then swaged and drawn to wire composites and finally given a heat
treatment under Ar. In order to get a tape form, the final wire sample is again flat rolled.
Furthermore, the PIT technique is usually classified into two different processes: in situ
and ex situ. In the former case, a mixture of the starting materials is packed into a metal
tube and the reaction is performed within the final wire or tape after deformation, whereas
the latter employs a precursor of synthesized superconducting material before filling into
the metal tube.

In the early stage of pnictide wire development, one of the main challenges
encountered in fabricating wires or tapes by the PIT process is the hardness and brittleness
of the compound pnictide. On the other hand, the use of proper metal cladding is another
critical issue because of the strong chemical reactivity of the pnictide at the high heat
treatment temperatures of 900-1200 °C for tens of hours (Ma(a) et al. 2012). Thus, the
choice of the metallic sheath has been reduced to those elements or metals showing little or
no reaction with pnictide at this temperature range. However, early efforts suffered from
the reaction layer problem. Zhang et al. systematically studied the effect of various sheath

materials on the microstructure and superconducting properties of Sm1111l wires
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(Zhang(b) et al. 2010). By means of the elemental maps and EDX spectra measurements,
indeed all the sheaths such as Nb, Ta and Fe/Ti showed a markedly high reaction with the
pnictide due to the diffusion of As into the sheath, the interfacial reaction layer ranges from
60-200 pum thick. These results demonstrated that such a thick reaction layer formed
between the core and the sheath would act as a big barrier for obtaining the transport Jc
values in the wire samples. In 2009, Wang et al. fabricated Sro sKo 4Fe2As, wires and tapes
wherein a composite sheath material Ag-Fe was used (Wang(a) et al. 2010). This led to the
first success in measuring the transport critical current in the 122 type wires, a
breakthrough in iron pnictide wire development. Later, Fujioka et al. claimed that Cu could
work as a good sheath material, but they did not provide a critical current data for their
wires (Fujioka et al. 2011b). Future studies may focus on the methods of texturing and
element-doping in order to minimize weak-link problems at grain boundaries and to

improve the inter-granular current density of polycrystalline 1111 superconducting wires.
3.2 Processing technique followed in the present work

The overall analysis of processing techniques adopted by different internationally
accredited groups and the discussions on the merits and demerits of these techniques
prompted us to develop a novel route taking consideration of all aspects concerning the
1111 class of iron pnictides. The processing technique followed both for
polycrystalline/bulk and wire samples and details regarding the technique chosen are dealt
in the succeeding sections. The processing technique discussed in this section has been

followed throughout the thesis work.
3.2.1 Processing technique for bulk samples

The bulk samples of RE1111 were synthesized by conventional solid state route at
ambient pressures. The synthesis method is essentially a single step process, i.e. all the
ingredients are processed together. However, the heat treatment was done in two stages. In
short, the synthesis of bulk superconductors is done using a single step two stage method
involving a novel pre-processing technique developed by our own group (Anooja et al.
2012).

Samples with nominal compositions of REFeAsO;«Fx were synthesized in the
following manner. Stoichiometric amounts of RE, Fe, As, Fe,O3 and FeF, powders (M/s
Alfa Aesar, purity 99.9%) were used as starting materials. Since rare earth is highly
oxygen sensitive, the storage and use of rare earth is a problem. A well-conditioned glove

box with high purity argon atmosphere was exclusively used for the work to resolve this
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issue. The glove box has two chambers: a main chamber and ante chamber. The pressure
inside both the chambers is monitored using Pirani gauges and displayed by digital and
analogue meters. The minimum pressure reached in the ante chamber is 10 milli bar. The
highly reactive rare earth rods and the volatile arsenic are stored in the ante chamber.
Inside the glove box, we have placed a weighing machine, a set of sieves and files and also
have fixed a vice so as to clamp the rare earth rod for filing. This rod is then subjected to
filing under inert atmosphere and the rare earth powder thus obtained is sieved to particles
of size around 75 um. All the ingredients are then weighed, mixed and ground into a
homogenous mixture within the glove box. The homogenous mixtures of each
stoichiometry was then compacted into rectangular pellets with dimensions of 15 mm x 5
mm x 2 mm, under a pressure of 500 MPa using a hydraulic press (Herzog TP 20P). The
pellets were barely placed in one end closed quartz tubes, evacuated with argon partial
pressure and sealed. The sealed tubes were then subjected to heat treatment in a
programmable muffle furnace having stability and accuracy better than +1 °C controlled
using Eurotherm-2404 temperature controller. The exhaust gases from the furnaces, if any,
were allowed to flush through an outlet and driven above the building height. The pellets in
the evacuated quartz tubes were pre-processed at an optimized condition of 360 °C for 5 h.
The optimally pre-processed samples, were again ground, repelletized and sealed in an
evacuated quartz tube for the final sintering at 1000 °C for 50 h. This is the preparation
procedure generally followed for all the bulk samples and it is schematically represented in
Figure 3.1. Depending upon the dopants or starting materials used the final sintering

temperature is altered.
3.2.2 Processing technique for wires

The rapidly growing literature dealing with the preparation of iron pnictide
compounds demands that the feasibility of fabricating powder-in-tube (PIT) processed
pnictide wires needs to be explored in detail. The PIT process takes advantage of the low
material costs and the deformation techniques employed are relatively simple. The choice
of the metallic sheath has been reduced to those elements or alloys showing little or no
reaction with pnictides at high temperatures. Generally, RE1111 based iron pnictides are
synthesized at temperatures as high as 1150-1250 °C. On the other hand, low temperature
fabrication process is required from the point of view of the sheath reactivity and the
processing cost. The PIT processing routes reported so far either follow the in situ method
wherein the starting materials are directly filled in the tubes, then rolled and heat treated or
the ex situ method where the reacted samples are filled and further processed.
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Figure 3.1: A schematic representation of the preparation procedure for bulk superconductors

In the present work, we prepared RE1111 based wires using the precursor developed
by the pre-processing technique as described in the previous section followed by the PIT
method. A schematic diagram displaying the steps for preparation of metal sheathed
RE1111 wires is shown in Figure 3.2. Initially, the ingredients such as freshly made RE
filings, Fe powder, Fe,O3; powder, As lumps and FeF, powder, with a stoichiometry
REFeAsO;.xF«x were well ground in Ar atmosphere. The homogenous powder was then
pre-processed at a temperature of 360 °C for 5 h. This precursor powder was further placed
in metal tubes (OD/ID: 6/4 mm). The filled tube was end sealed and then groove rolled
down to desired dimensions. Short samples were cut from the as-drawn wires for sintering.
For tape preparation, the wires were further flat rolled. The wires/tapes were then sintered
at temperatures of 800-950 °C for 30-50 h in Ar atmosphere.
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Figure 3.2: A schematic representation of the preparation procedure for superconducting wires

3.3  Characterization techniques adopted

Understanding the relationships between processing, structure, properties, and
performance is of at most importance in the development process of new and advanced
materials. The superconducting bulks as well as wire/tape samples prepared for the present
work were, hence, subjected to both structural and superconducting characterizations. This
section gives a detailed description regarding the characterization techniques adopted and

the instrumental specifications.
3.3.1 Structural and microstructural characterization

Structural characterization of materials involves the understanding of the elemental
composition, the crystal and local structures, and the types of defects present in the
material. Microstructural analysis gives a deeper insight of the overall homogeneity,
sample density and grain morphology of the materials at micro level. The samples prepared
for the present study were subjected to different characterizations such as x-ray diffraction,
optical imaging, scanning electron microscopy and energy dispersive x-ray analysis.

3.3.1.1 X-ray diffraction (XRD) analysis

X-ray powder diffraction is a rapid analytical technique primarily used for phase
identification of crystalline materials and determination of unit cell dimensions. The




Preparation and characterization of iron pnictides 59

principle behind this technique is that materials can be probed to different extents with
electromagnetic radiations of suitable wavelengths. To yield useful information about the
structure of the analyzed material, x-rays having wavelength of the same order of
magnitude as the interatomic spacing in the crystal structure is highly essential. In 1912,
Max Von Laue discovered that crystalline substances act as three dimensional gratings for
x-ray wavelength to the spacing of planes in a crystal lattice. A crystal is a complex but
orderly arrangement of atoms, and all atoms in the path of an x-ray beam scatter the
incident x-rays simultaneously. In general, the scattered x-rays interfere, essentially
canceling each other out. In certain specific directions, where the scattered x-rays are “in-
phase”, the x-rays scatter cooperatively to form a new wave. This process of constructive
interference is diffraction. W.L. Bragg developed an equation for diffraction, equivalent to
the simultaneous solution of the three Laue equations by monochromatic radiation, which
allows diffraction to be treated mathematically as reflection from the diffracting planes. He
pointed out that, for any crystal, one can draw a set of equidistant parallel planes that pass
through all of the atoms in the crystal, and that there are many different sets of such
"Bragg" planes. The planes are labeled with a set of integers (hkl), called the Miller
indices, which are identified as the reciprocals of the fractional intercepts which the plane
of interest makes with the crystal axes. Consider a beam of parallel x-rays penetrating a
stack of planes of spacing d, at a glancing angle of incidence, 0 as shown in Figure 3.3.
Each plane is pictured as reflecting a portion of the incident beam. The “reflected” rays
combine to form a diffracted beam if they differ in phase by a whole number of
wavelength, that is, if the path difference = nA where n is an integer.

The diffractometer unit used for the x-ray analysis of samples for the present study
is PANalytical X pert Pro (Model: PW 3040/60) x-ray diffractometer with CuKa radiation
employing a proprietary detector, X ’Celerator and a monochromator at the diffracted beam
side. A mechanical assembly called goniometer holds and moves the x-ray source on one
arm and the detector on the other as shown in Figure 3.4. The system has ‘0-0’ Bragg-
Brentano geometry (both source and detector make an angle 6 with the sample surface)
with fully automated operation and data acquisition. Programmable slits are used to limit
the x-ray beam to the specified sample area. Most of the scans are performed under a tube
voltage and current of 40 KV (. = 1.540566 A) and 30 mA, respectively. The sample to be
analyzed was finely powdered, filled in standard holders and the XRD data were recorded

at room temperature. For less amount of powder (especially from small wires/tapes) a
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standard zero back ground holder was used. Usually, the samples were scanned for 20 in

the range from 20 to 70° with a step size of < 0.02°.

X ray 1

X ray 2

AB+BC = multiples of ni

Constructive interference occurs only when:

nA = AB+BC
AB = BC

nA = 2AB
Sin6 = AB/d
AB = dSin6
nA = 2dSin0

A = 2d,,Sin0y,

Figure 3.4: (a) Schematic representation of powder x-ray diffraction technique and (b) Photograph
showing the source, sample holder and detector held by goniometer
The uses of x-ray diffraction mainly include phase identification, unit cell lattice
parameter refinement, and estimation of crystallite size and microstrain of the sample. The
diffraction pattern for every phase is as unique as a fingerprint. The position and relative

intensity of a series of peaks of the experimental data can be matched to the reference
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patterns in the database to identify a particular phase. Using X’Pert Highscore software,
phase identification of the samples can be performed with support of the ICDD-PDF-2
database. The volume percentages of different phases in the samples can be assessed semi-

quantitatively, from the integrated x-ray peak intensities, using the relation

Vol. % of phase X = (

X (Integrated peak intensities of phase X) )
X (Integrated peak intensities of all phases)

By accurately measuring peak positions and corresponding d values over a long
range of 20, one can also determine the unit cell lattice parameters. Crystallites smaller
than ~120 nm create broadening of diffraction peaks. This peak broadening can be used to
quantify the average crystallite size of nanoparticle using the Scherer equation. Microstrain
may also create peak broadening. Analyzing the peak widths, Full width at half maximum
(FWHM) over a range of 26 can be estimated and using a Williamson-Hall plot (FWHM x
Cos@ versus Sin#) one can separate microstrain and crystallite size (Williamson et al.
1953). In the present work, XRD analysis has been used for phase identification, phase
quantification, lattice parameter and FWHM calculation.

3.3.1.2 Optical imaging

The optical microscopes use visible light and a system of lenses to magnify images
of small samples. The image from an optical microscope can be captured by normal light-
sensitive cameras to generate a micrograph. Developments in technology like
complementary metal-oxide semiconductors (CMOS) and charge-coupled device (CCD)
based cameras allow the capture of digital images. Purely digital microscopes use a CCD
camera to examine a sample and the resulting image directly displayed on a computer
screen. A Leica EZ4 HD stereo microscope with magnification up to 35X was used for the
close examination of the samples prepared for the present work. Leica EZ4 HD stereo
microscope offers high quality 4.4:1 zoom. The 7 LEDs in this model provide transmitted,
incident and oblique light for high quality illumination and contrast. The integrated High
Definition digital camera offers a fast live image on a computer screen or high definition
display transforming a stereomicroscope into a USB microscope. It captures 3 Mega pixel
color images directly onto SD card or Windows or Mac computer. The intuitive Imaging
software allows for easy fine tuning, capture, and archiving of images. The Leica LAS EZ
software also allows for basic annotation and measurements such as exact estimation of
core and sheath cross sectional areas of wires/tapes. In the present study, optical
microscopy is used to analyze the cross section of the wire or tape samples. Samples of

size around 5 mm were cut from long conductors, polished mechanically and placed under
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the microscope in suitable holders for taking images at different magnifications. The cross
sectional analysis provides the details regarding estimation of core area, homogeneity of
the filaments, final geometry and the interfacial reaction between core and sheath of the

conductors.
3.3.1.3 Scanning electron microscopy (SEM)

While using visible light as a source of electromagnetic radiation one can probe
only the superficial appearance of a material, alternatively the use of a focused beam of
electrons for scanning a material can yield finer details and this is called as Scanning
Electron Microscopy. The scanning electron microscope (SEM) uses a focused beam of
high-energy electrons to generate a variety of signals at the surface of solid specimens. The
signals that derive from electron sample interactions reveal information about the sample
including external morphology (texture), chemical composition, and crystalline structure
and orientation of materials making up the sample. In most applications, data are collected
over a selected area of the surface of the sample, and a two dimensional image is generated
that displays spatial variations in these properties. The electron beam is generally scanned
in a raster scan pattern, and the beam's position is combined with the detected signal to
produce an image. Specimens must be electrically conductive, at least at the surface, and
electrically grounded to prevent the accumulation of electrostatic charge at the surface.
Specimens can be observed in high vacuum, low vacuum and in environmental SEM
specimens can be observed in wet condition. The types of signals produced in SEM
include secondary electrons (SE), back-scattered electrons (BSE), characteristic x-rays,
light (cathodoluminescence) (CL), specimen current and transmitted electrons. In the most
common or standard detection mode, secondary electron imaging (SEI), the SEM can
produce very high-resolution images of a sample surface, revealing details less than 1 nm
in size. The spatial resolution of the SEM depends on the size of the electron spot, which in
turn depends on the wavelength of the electrons the electron-optical system that produces
the scanning beam. The resolution is also limited by the size of the interaction volume.

In the present study, the microstructural analysis was done using a JEOL JSM
5600LV scanning electron microscope equipped with an energy dispersive x-ray
spectrometer (Phoenix) used in SEI mode. Freshly fractured surfaces of the bulk samples
are mounted on brass studs using adhesive carbon tapes or conducting silver paste. Since
the iron pnictide samples are electrically conducting, gold coating is not required. The
brass studs with the mounted samples are loaded on the sample holder of the microscope.

In the case of wires/tapes, the cross sectional surface of the conductor is polished and then
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erected on brass studs for SEM. SEM images were taken for a magnification up to 5000
times. The SEM analysis of the samples prepared for the present work has helped in

analyzing the sample homogeneity, density, grain morphology and connectivity.
3.3.1.4 Energy dispersive x-ray spectroscopy (EDX/EDS)

Energy dispersive x-ray spectroscopy is an analytical technique that qualitatively
and quantitatively identifies the elemental composition of materials analyzed in SEM. EDS
analyzes the top two microns thickness of the sample with a spatial resolution of one
micron. Beryllium windowed EDS detect all elements with atomic numbers greater than
oxygen at concentrations greater than 0.1%. When the electron beam of the SEM is
scanned across the sample, it generates x-rays from the atoms. To return the ionized atom
to its ground state, an electron from a higher energy outer shell fills the vacant inner shell
and, in the process, releases an amount of energy equal to the potential energy difference
between the two shells. This excess energy, which is unique for every atomic transition,
will be emitted by the atom either as an x-ray photon or will be self-absorbed and emitted
as an Auger electron. The energy of each x-ray photon is characteristic of the atom from
which it escapes. The EDS system collects the x-rays, sorts them by energy and displays
the intensity versus their energy. This qualitative EDS spectrum can then be further
analyzed to produce either an area elemental analysis (displayed as a dot map) or a linear
elemental analysis (displayed as a line scan) showing the distribution of a particular
element on the surface of the sample. The EDS data can be compared to either known
standard materials or computer-generated theoretical standards to produce either a full
"quantitative” or a "semi-quantitative” analysis. The location of the peaks identifies the
elements.

In the present study, an EDS (Phoenix) attached with SEM was used for elemental
analysis. Quantitative analysis requires much more effort and care, but with proper
settings, an accuracy of + 2% of the wt % is obtained (example, for 10 wt% the accuracy is
+ 0.2 wt %). Each spectral data is taken after an exposure time of 60 seconds. Once the
spectrum is collected, the background is removed by digital filtering algorithm. The
obtained profile is compared with the standard materials of known homogeneous

compositions at the microscopic level.
3.3.2 Superconducting characterization techniques

As we know, the phenomenon of superconductivity is realized by the zero

resistance behavior exhibited by a material at very low temperatures. This implies that a
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material can be checked for superconductivity only if it is cooled from room temperatures
to very low temperatures with simultaneous monitoring of resistivity. Another approach
uses the magnetic behavior of a superconductor. Superconductors show perfect
diamagnetism once they are kept below the critical temperatures. Hence, susceptibility
measurement with varying temperature is also an important superconducting
characterization technique. Apart from the basic check for superconductivity, the samples
proved to be superconductors can also be subjected to many other measurements such as
current versus voltage measurement, critical current density versus applied field
measurement and so on, to understand and compare their performance level with the

existing ones.
3.3.2.1 Resistivity versus temperature (R-T) measurement

Resistivity depends upon the nature of the material. The resistivity is calculated by
measuring resistance R and the dimension of the sample (length, width, thickness). The
resistance is determined by voltage/current value. When a current of known value is fed to

the sample, then a potential difference is produced across the sample. From these

measurements, the resistivity is calculated as, p = (R lXA).

There are various methods of resistivity measurements such as two-probe and four-
probe methods. In two probe method only one pair of leads runs to the sample from the
instrument, in which case the voltmeter and current source share the same pair of leads. In
this case, we cannot get the exact resistance. The advantage of for four probe method over
two probe method is that it minimizes the other contributions. i.e., lead resistance, contact
resistance, etc. to the resistance measurement, which results an accurate measurement of
sample resistance. In this method four equally spaced probes are in contact with a material
of unknown resistance. The outer two probes are used for sourcing the current and two
inner probers are used for measuring the resulting voltage drop across the surface of the
sample. In this case, the voltage, V = (I-11)R - 1(2Rcontactt2Reag) as observed from Figure
3.5 (a). Since the resistance or voltage across the voltmeter measuring the sample voltage
is typically much larger than other resistance in the circuit, I; <<< I. So, V = IR, exactly

gives the sample voltage.
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Figure 3.5: Schematic representation of (a) four-probe measurement and (b) a pellet with four probes

In the present study, we measured the resistance of the sample from 300 K down to
12 K a helium based cryocooler integrated cryostat with provision for four probe
measurement. The cryocooler used is a Gifford-McMohan cooler manufactured by
Sumitomo Heavy Industries Ltd (SRDK-408). A programmable milli-ampere source
(Keithley 220/6220) was used as current source and a nano-voltmeter (Keithley
181/2182A) was used for voltage measurement. Lakeshore L332/L.340 model temperature
controllers were used for monitoring and controlling the sample temperatures. Oxygen free
high conductivity (OFHC) copper wires of suitable gauges were used for both current and
voltage leads. The as-prepared bulk pellets were grooved and wound with copper wires at
four positions and pasted with air drying silver paint as shown in Figure 3.5 (b). Generally,
a current of 100 mA was sourced through the outer end current leads and voltage was
measured from the inner voltage taps. If the sample is a superconductor, the R-T plot
exhibits a sudden transition or drop of resistance at a particular temperature, which is
denoted as the critical temperature, Tc. The difference between the temperatures
corresponding to the 90% and 10% of normal state resistivity just above Tc (i.e. Tconset —
Teorset) 18 defined as AT for the samples.

Apart from the R-T measurements at self-field (0 T), R-T measurements were also
conducted under different fields ranging from 0-9 T using PPMS (Quantum design) so as
to estimate the upper critical fields of selected samples. The field dependent p-T plots
showed a broadening with respect to that at 0 T. The normal state resistivity value just
above the superconducting transition (say 56 K) was taken as p,. Then, H-T phase diagram
was plotted using the field and T¢ values obtained for 90% p, values of p-T plot at each
field. The slope of this H-T plot i.e. d(Hc2)/dT at Tc was further used to estimate the He;
WHH theory.
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3.3.2.2 Current versus voltage (I-V) measurement

I-V measurement is very important to understand the current limitation of the
superconductor and thereby to evaluate its status for practical applications. -V
measurements were carried out using four-probe method to determine the current carrying
capacity i.e. critical current, Ic. During 1-V measurements, a ramping current was passed
for short durations (10-100 ms) with sufficient intervals of time for cooling. Here, the
current source used is of 100 A capacity (APLAB 9711P). From the I-V characteristics, the
current at which the voltage shows a sharp rise is usually considered as the transport Ic.
Here, the standard 1 uV/cm criterion was used to determine the Ic. Ratio of I¢ to the cross
sectional area of the sample core is taken as the critical current density (Jc). Both the R-T
and I-V measurements were automated and controlled by a PC, interfaced with the system
through GPIB/LABVIEW.

3.3.2.3 Hall Effect measurement

Hall Effect is the creation of a potential difference within a sample in the transverse
direction i.e. perpendicular to both the current flow and applied field. The Hall co-efficient
estimated for a sample depends on whether it has only one type or two types of charge
carriers and the temperature dependence of Hall co-efficient also varies depending on
whether the material is single or multiband type. The Hall Effect measurement of selected
samples at different selected temperatures was also done using the PPMS (Quantum
Design). The voltage leads of the samples were fixed in such a way that the leads face each
other vertically and are perpendicular to the current leads fixed on the ends along the
longitude of the rectangular pieces of samples. The current flows from one end to the other
end along an equipotential line and the transverse voltage was measured at different field
values sweeping the field from -9 to 9 T. It is to be noted that the field direction was
perpendicular to the plane of the sample. Thus, the measured voltage, current flow and
applied magnetic field remained mutually perpendicular. Then, the Hall voltage was
estimated by eliminating the longitudinal resistivity contribution i.e. the Hall voltage was
calculated as:

V(+H) — V(—H)
H= 2

Thereafter, the transverse resistivity (pxy) was plotted against field which is found
to be linear with negative slope; the slope of this plot i.e. py,/B gives the Hall coefficient,

Ru. The charge carrier density was then estimated as n = 1/(eRy).
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3.3.2.4 Specific heat capacity measurement

Heat capacity (C) of selected samples was also measured to ensure the T¢ and
thereby the crystal quality using PPMS (Quantum Design). Initially, the heat capacity of
the puck along with suitable amount of adhesive (for sample fixation) is measured with
varying temperature and the data was saved as addendum data. The samples were then cut
into small cubic pieces having mass less than 10 mg and were placed carefully on the
adhesive. The heat capacity of the puck along with the adhered sample was then measured
in the same temperature range as for the addenda. The heat capacity of the addenda was
then subtracted from the total data, which gives the heat capacity of the sample. The
specific heat capacity is directly given by the instrument on providing the mass of the

sample, i.e. specific heat Cp = C/m.
3.3.2.5 AC susceptibility versus temperature (x-T) measurement

The measurement of ac magnetic susceptibility as a function of temperature is a
convenient and straightforward way to confirm superconductivity in a material. Besides
providing a detailed characterization of compounds, ac susceptibility measurement is fast
and does not require any electrical contact. That is probably the reason why this measuring
technique is so widely used for studying superconductors. In ac magnetic measurements an
ac field is applied to a sample and the resulting induced sample moment is time-dependent.
ac measurements yield information about magnetization dynamics which are not obtained
in dc measurements, wherein the sample moment is constant during the measurement time.
The ac susceptibility has an in-phase, or real, component y' and an out-of-phase, or
imaginary, component %". In the normal state (i.e. above the critical temperature),
superconductors typically have a small susceptibility. In the fully superconducting state,
the sample is a perfect diamagnet and so y' = —1. The out-of-phase component of the
susceptibility is nonzero for temperatures slightly below the transition temperature, where
magnetic irreversibility occurs in the sample. In short, y' demonstrates flux exclusion due
to shielding currents, whereas x" yields information about ac energy losses and relaxation
processes. Careful examination of both components can reveal a granular microstructure
and the presence of impurity phases, which determine the feasibility of the materials for
practical applications. In addition, when varying the applied magnetic field amplitude
and/or frequency, results generally allow more fundamental physical parameters, such as

the thermal activation energy of flux lines or pinning length scales.
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Figure 3.6: Schematic representation of a closed cycle ac susceptometer

The principle of ac susceptibility measurement is often based on a coaxial mutual
inductance technique. A primary coil which generates an ac magnetic field and two
secondary oppositely wound coils form the basic unit of the measuring circuitry. In the
absence of a sample, the voltage measured across these two detection coils is ideally zero.
Inserting a sample centered in one of the secondary coils will result in a non-zero signal in
the secondary coil due to the electromotive force induced by the primary coil and this is
directly proportional to the amplitude of ac susceptibility of the sample being measured. In
the present study, the temperature dependence of ac susceptibility (x-T) was measured
using a closed-cycle ac susceptometer (ARS-CS202S-DMX-19 SCC, Advanced Research
Systems, Macungie, PA) employing a lock in amplifier (SR850, Stanford Research
Systems).

A schematic representation of the ac susceptibility system used for the present
work is shown in Figure 3.6. The bulk samples were placed in the sample holder for
susceptibility measurements. Measurements were taken from 300 K to 12 K with the help
of lock in amplifier and lakeshore temperature controller and the data acquisition was
automated using GPIB-LABVIEW. The y-T measurement was mainly used for checking
the material for superconductivity, determination of T¢ and understanding the granularity
of the sample. For this, measurements were conducted at a single frequency of ac signals

(preferably, 208 Hz) with an ac field, Hac = 0.49 mT. Multi-frequency measurements were
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also conducted at different frequencies such as 208, 333, 533, 733 and 999 Hz at a fixed
field.

3.3.2.6 Critical current density versus applied field measurement (Jc - H)

DC magnetization measurements were done using Physical Property Measurement
System (PPMS), in collaboration with JINCASR (Jawaharlal Nehru Centre for Advanced
Science and Research, Bangalore), Cambridge University, UK and also an in-house
Vibrating Sample Magnetometer based Quantum Design Dynacool PPMS installed in May
2014 at CSIR-NIIST. The PPMS is an open-architecture, variable-temperature field system
optimized to perform a variety of automated measurements for material properties such as
specific heat, magnetic ac and dc susceptibility and both electrical and thermal transport
properties. The base unit of the PPMS consists of a cryostat with a superconducting
magnet coil. The different measurement options result from the use of different
measurement inserts or sample holders and the call of the according software mode. It is
well known that procuring and maintaining Liquid Helium is a task. This problem has now
been solved by redesigning virtually cryogen-free systems with all the capabilities of the
PPMS. These systems are integrated with a single, two-stage pulse tube cooler to cool both
the superconducting magnet and the temperature control system, providing a low vibration
environment for sample measurements. Only Helium-gas is needed for purging the sample
chamber. The sample environment allows fields to a maximum of up to £ 16 T (depending
on the magnet used) and standard temperature ranges of 1.9 - 400 K. To start the
measurement one just needs to insert the sample in the PPMS and create or open a
sequence. The system will automatically perform the measurement and start to collect
significant data. The vibrating sample magnetometer (VSM) is a powerful measurement
system to be used for magnetic sample characterization. The VSM option transforms your
PPMS into a sensitive dc magnetometer for fast data acquisition. The sample is attached to
the end of a sample rod that is driven sinusoidally. The movement of the sample is done by
a special sample transport, which has a linear characteristic and thus is very precise and
flexible. The basic measurement is accomplished by oscillating the sample near a detection
(pickup) coil and synchronously detecting the voltage induced. The voltage induced in the
pickup coil is amplified and lock-in detected as in ac susceptibility measurement. The
major difference between ac susceptometer and VSM based dc magnetometer lies in the
manner how flux variation is attained. Further options which extend the capability of the
VSM include:

e Rapid and completely automated centering operation of the sample
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e Sensitive dc magnetic moment measurement up to the maximum field of the
magnet
e Possibility of sweeping the magnetic field or temperature while doing the
measurement
For the present work, bulk samples cut into typical dimensions of 3 mm x 3 mm x
1.5 mm were used for magnetization measurements with magnetic field applied along the
longest dimension of the samples. M-H (magnetization vs. field) hysteresis loops were
measured at different temperatures up to the maximum field possible in the instrument
used. Magnetic field dependence of the critical current density, Jc(H) of the sample was

estimated based on Bean critical state model (Bean et al. 1962) using the formula:

Je ) = ()

where, AM = M* — M~ (in emu/cm®) is the width of the M-H loop and (R) is the average
grain size in cm. The M-H measurements were conducted at different temperatures such as
5 K, 10 K, 20 K, 30 K, and 35 K. Flux pinning force (Fp) can be calculated using the
formula, Fp = Jc x H. Jc(H) performance and flux pinning behavior of the samples were

analyzed based on these measurements.




CHAPTER 4

PREPARATION OF NdFeAsO;.,F, SUPERCONDUCTOR AND
IMPACT OF FLUORINE VARIATION ON ITS STRUCTURAL AND
SUPERCONDUCTING PROPERTIES

4.1 Introduction

Following the discovery of superconductivity in electron doped LaFeAsO (T¢ ~ 26
K) (Kamihara et al. 2008), the T¢s of these materials ramped up to 55 K by substitution of
La®** with other rare-earth elements of smaller ionic radii (Chen(c) et al. 2008; Ren(a) et al.
2008b; Liu(a) et al. 2008; Kito et al. 2008; Aswathy et al. 2010). The lanthanide
substitution not only causes chemical pressure but also introduces additional spin degrees
of freedom in the rare-earth oxide (REO) layer due to the unpaired RE 4f electrons. The
presence of magnetic elements such as Fe and rare earths often questions the possible
interplay of the local moment of the RE ‘4f’ electrons and Fe ‘3d’ electrons with
superconductivity. The breakthrough also triggered an active debate regarding whether
they resemble cuprates or conventional superconductors (Aswathy et al. 2010).
Furthermore, the significant characteristic of this pnictide family is the versatile chemistry
exhibiting superconductivity in various similar structures, allowing both electron and hole
doping. Regarding the synthesis of iron pnictides, most of the groups adopt a two-step
method wherein the binary compounds such as REAs, FeAs, or Fe,As are prepared
initially, to avoid the risk of As vapor pressure. The preparation of REAs itself is a two-
stage process with processing temperatures in the range 500-600 °C (first stage) and 800-
1000 °C (second stage) (Pissas et al. 2009; Ren(a) et al. 2008d; Zhao(b) et al. 2010;
Tarantini et al. 2008). The final composition is often obtained on reacting the binaries with
rest of the ingredients at high temperatures (1150-1350 °C) and/or high pressures (6 GPa)
(Pissas et al. 2009; Ren(a) et al. 2008d; Zhao(b) et al. 2010; Tarantini et al. 2008; de la
Cruz et al. 2008; Ding et al. 2011; Prozorov et al. 2009). Even though such high
temperatures and pressures are preferred for the reaction to take place, the volatility of
fluorine (F) often hampers the synthesis of iron pnictides with good transport properties.
The synthesis route in which the pellets of homogenized ingredients including the binaries
are vacuum sealed in quartz tubes for further heat treatment is referred as ambient pressure
synthesis (APS) whereas high pressure synthesis (HPS) is carried out in in boron nitride
crucibles under high pressures (up to ~ 6 GPa) and high temperatures (~ 1250 °C) (Kito et

al. 2008). The HPS method is mainly used to make fluorine free superconducting
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oxypnictides and is restricted to small sized samples only. However, La/Ce/Sm1111 based
systems are mainly synthesized using APS method but for Nd1111 samples HPS technique
was found inevitable to circumvent the fluorine loss in common quartz tube method.
Though rousing improvement has been observed in the superconducting properties of iron
pnictides, efforts are still going on to optimize the processing parameters so as to minimize
the processing temperatures and pressures with minimum fluorine loss and to reduce the
reaction between the reactants and the container.

Among the different classes of iron based superconductors, REFeAsO;.xFx
(RE1111) compounds stand out in terms of relatively high T¢, moderate Jc and very high
Hco. These compounds crystallize in the ZrCuSiAs tetragonal structure of P4/nmm space
group having two formula units per unit cell. The crystal structure consists of alternatively
stacked REO and FeAs layers along the c¢ axis. The parental phase REFeAsO is non-
superconducting and shows structural as well as magnetic transition around 150 K. It is
observed that either fluorine doping at oxygen site or creation of oxygen vacancies is
inevitable for superconductivity to occur. Amongst the RE1111 compounds, the very high
upper critical fields around 300 T make NdFeAsO;4Fx one of the most promising
candidates. Nevertheless, the impact of varying fluorine content on the electromagnetic
properties of this superconductor has not been addressed so far. It is important to have a
clear direction on how to optimize transport properties of polycrystalline materials and also
to understand the intrinsic nature of their grain boundaries. Here, we discuss the influence
of fluorine variation on the transport properties of Nd1111 superconductor samples
synthesized at a relatively low temperature and ambient pressure. The correlation of the
observed transport and magnetic properties of the samples with their microstructure is also

discussed.
4.2 Precautionary steps taken for the synthesis of NdFeAsO;.xFx compounds

The initial effort towards any synthesis procedure begins with the procurement of
essential starting materials. In the present case since the ingredient, rare earth is extremely
oxidizing in ambient conditions, the storage and processing of the ingredients in inert
atmosphere demanded a glove box. A custom made glove box was procured and suitably
modified. All the preparation procedures such as filing of rare earth metal rods/ingots into
powders, weighing of ingredients and mixing was done after repeated (30-40 times)
evacuation and filling of ultra-high purity Argon gas in the main chamber. For NdFeAsO;.
«Fx based compounds, the ingredients include high purity chemicals such as Nd, Fe, As,

Fe,0s3, FeF, and other dopants for the doped variants. Among these ingredients, rare earth




Impact of fluorine variation on NdFeAsO; 73

and their compounds are highly expensive. Even if we preserve powders of pure rare earths
in high vacuum or inert conditions, they get degraded with time. So the rare earth metals
were procured in the form of rods and powdered by filing them in the glove box as and
when required. The suppliers (M/s Alfa Aesar) provide pure rare earth rods which are
packaged in Mylar under argon and hence can be safely stored in inert chambers. The rod
to be used is fixed on a vice which is permanently fixed in the glove box. The rod is then
filed using a suitable filing tool, in inert atmosphere. On obtaining enough powder the
remaining rod is smeared with mineral oil and again stored in inert chamber. Here, the loss
suffered due to degradation is limited to the surface layers only. The rare earth filings thus
obtained are further ground to smaller grains and mixed with rest of the ingredients using
an agate mortar and pestle kept inside the glove box. For arsenic, only required amount of
arsenic lumps were ground and the rest were stored in vacuum sealed condition. For
oxygen and fluorine sources, Fe based compounds: Fe,O3 and FeF, were chosen; since rare
earth based compounds were not only expensive but also very stable and hence less
reactive. The homogenized powders of starting materials were pelletized and the pellets
were then vacuum sealed in quartz tubes. The sealed quartz tubes were heat treated in a

programmable muffle furnace with special provisions for disposal of waste gases if any.

4.3  Preparation of NdFeAsO;xFx superconductor using a pre-processing

technique

Samples with nominal compositions of NdFeAsO;.xF« (x =0, 0.1, 0.2, 0.3, and 0.4)
hereafter referred as NdO, Nd1, Nd2, Nd3, and Nd4 were synthesized by a one-step solid-
state method using a pre-processing technique developed by our group (Anooja et al. 2012)
(detailed discussion is given in Chapter 3). Stoichiometric amounts of Nd, Fe, As, Fe,0s,
and FeF, powders (M/s Alfa Aesar, purity 99.9%) were used for the synthesis. The F
source (FeF,) was added 20% higher than the nominal compositions to compensate the
volatile loss and reaction of F with quartz glass at elevated temperatures (Jaroszynski et al.
2008b; Chen(d) et al. 2010a). The corresponding excess of Fe was deducted from the free
Fe added into the system. The starting materials were weighed, mixed, and ground to form
a homogenous mixture, inside a glove box with ultra-high purity argon atmosphere. These
samples were compacted into rectangular pellets with dimensions of 12 x 2 x 2 mm?®, under
a pressure of 500 MPa. The pellets were barely placed in evacuated sealed quartz tubes.
The sealed tubes were subjected to a preprocessing at 370 °C for 5 h in a programmable

muffle furnace. The preprocessed samples were again ground, pelletized, and sealed in
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evacuated quartz tubes and sintered at 850 °C for 20 h and 1000 °C for 30 h in a single
step.

The phase identification of the samples was performed using an Xx-ray
diffractometer (PANalytical X’Pert Pro, the Netherlands) with CuKa radiation employing
a proprietary high-speed detector and a monochromator at the diffracted beam side.
Microstructural examination was done using a scanning electron microscope (JEOL-JSM-
5600LV, Japan). Superconducting transport measurements such as resistivity versus
temperature (p-T) and current versus voltage (I-V) were carried out using a closed-cycle
cryocooler integrated cryocooler (Janis Research Co., SHI SRDK-408 SW, USA) by DC
four-probe technique. The temperature dependence of ac susceptibility (x-T) was
measured using a closed-cycle ac susceptometer (ARS-CS202S-DMX-19 SCC, USA). The
temperature of the sample was precisely controlled and monitored using two temperature
controllers (Lakeshore-340 & 332, USA). DC magnetic measurements were done on a

Physical Property Measurement System (Quantum Design, USA).
4.4  Impact of fluorine variation on the properties of the superconductor
4.4.1 Structural properties

Figure 4.1 shows the x-ray diffraction (XRD) patterns of Nd1111 samples with
varying F levels. The diffraction patterns can be well indexed on the basis of the tetragonal
ZrCuSiAs type structure. Small fraction of FeAs phase is found in all samples and its
relative intensity is almost constant regardless of the F content. In F doped samples, NdOF
phase is observed which increases on increasing the F content. The lattice parameters
obtained from the XRD for the undoped and the F doped samples are included in Table
4.1. Compared with the undoped sample, the lattice parameters of the F doped samples are
found to decrease systematically with increase in F content, indicating the increase in
internal chemical pressure favoring the enhancement of Tc, as discussed in the succeeding
section. But for the sample with x = 0.4, the a and ¢ values increase which is reflected in
the Tc reduction of that sample. The variation of lattice parameters with fluorine content is
graphically represented in Figure 4.2 (a). A shift in the XRD peaks towards right is a direct
indication of the shrinkage in lattice parameters. An enlarged view of the main peaks (102)
of the XRD patterns is shown in Figure 4.2 (b). It is clearly seen that with the increase in F
content there is a slight shift of XRD patterns towards the right, compared to that of the
parental compound NdO.
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Figure 4.1: The XRD patterns of undoped and F doped Nd1111 samples
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Figure 4.2: (a) Variation of lattice parameters with fluorine content and (b) Enlarged view of the (102)
peaks showing a shift towards right due to lattice contraction

Figure 4.3 shows the Williamson-Hall plots of the (102), (112) and (114) planes for

undoped and F doped Nd1111 samples and the dashed lines show the linear fits given to

the data. It is observed that the slope of the linear plots increase with the increase in

fluorine content. Since slope of the Williamson-Hall plots represent the strain in the lattice

of the system, the increase in slope is an indication of the strain developed in the system
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due to fluorine doping at oxygen site. However, the strain induced due to fluorine doping is

found to saturate at a doping level of x = 0.4.
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Figure 4.3: Williamson-Hall plots of the (102), (112) and (114) planes for all samples and the dashed
lines represent the linear fits to the data points

Figure 4.4: SEM images of Nd1111 samples with varying F content

Figure 4.4 shows the SEM images of the freshly fractured surfaces of F doped
Nd1111 samples. The microstructure generally depicts flaky grains with good
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homogeneity. But, there is a regular change in microstructure especially in terms of
porosity and grain size as we move on from Nd1 to Nd4. The microstructure of Nd1 is
more porous than all the other samples with small flaky grains. In Nd2, the porosity
decreases and shows larger flaky grains. Porosity almost disappears in Nd3 and the grains
seem to fuse into one another without clear boundaries. The microstructure of Nd4 is
entirely different from all other samples exhibiting well-connected and very large grains.
The improvement in density, grain connectivity, and grain size is expected to enhance the

transport properties of these samples.
4.4.2 Superconducting properties

A detailed investigation has been carried out to understand the transport properties
of Nd1111 superconducting samples with varying F content and to investigate the intrinsic
limitations of iron pnictides while entering into practical applications. The superconducting
properties have been analyzed employing both transport and magnetic measurements. The
transport measurements include resistivity dependence on temperature and current-voltage
characteristics; and magnetic measurements include temperature and frequency
dependence of ac susceptibility and dc magnetic measurements at different applied fields.

Figure 4.5 shows the temperature dependence of resistivity (p-T) of pure and F
doped Nd1111 samples and the inset shows an enlarged view around the superconducting
transition region. The Tc, ATc, normal state resistivity (psgo), and residual resistivity ratio
(RRR) values obtained from the plots are tabulated in Table 4.1. As observed in all the
parental compounds of RE1111 superconductors, the pure sample shows an anomaly
around 130 K, usually called as the structural transition temperature (Ts), which is an
indication of the structural as well as spin density wave instability (Zhao(b) et al. 2010).
Fluorine doping at oxygen site shifts this anomaly to lower temperatures with an onset of
superconductivity at x = 0.1. On further doping, T¢ increases up to a maximum of 52.0 K
for x = 0.3 and then decreases drastically to 47.6 K for x = 0.4. All the superconducting
samples show a metallic behavior before the transition region. The AT¢ values measured
display broad transition widths except for x = 0.4. Furthermore, the residual resistivity ratio
defined as the ratio of the normal state resistivity at room temperature (psoo) to the normal
state resistivity close to the superconducting transition (here at 60 K, i.e. RRR = p3oo/pso)
were also calculated for the F doped Nd1111 sample. RRR value is a common indicator of
overall sample purity. Here, RRR values are found to be higher than other magnetic
RE1111 pnictides processed at high temperatures but very less than Lal111l (Ma(a) et al.

2011; Sefat et al. 2008). The values also exhibit a systematic increase up to the sample
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with maximum T¢ (Nd3) and then decreases. It is to be noted that the sample with the

maximum T¢, has the lowest normal state resistivity and the highest RRR value.
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Figure 4.5: p-T plots of undoped and F doped Nd1111 samples with varying F content. Inset shows the
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Figure 4.6: Phase diagram of Nd1111 system as a function of F content




Impact of fluorine variation on NdFeAsO; 79

The results obtained from the p-T plot are used to construct a phase diagram as a
function of the F (electron) doping and this is shown in Figure 4.6. With increasing F-
doping, the Ts for Nd1111 system (x = 0) is driven down, the superconducting state
emerges at x = 0.1, and a maximum T of 52.0 K is attained at x = 0.3. On further
increasing the F content i.e., at x = 0.4, the T¢ decreases to 47.6 K. The solubility limit of F
seems to reach at x = 0.3 itself and hence further addition of F results in T¢ reduction.
Figure 4.7 displays the 1-V plots of the F doped Nd1111 samples measured at 12 K. The
transport Ic values of all the samples, estimated using the standard 1 pV/cm criterion, and
corresponding Jc values have been included in Table 4.1. The observed I¢ values show a
steady increase with F doping and attains a maximum of 42 A for Nd4 with a
corresponding Jc of 1050 Alcm?. The I variation observed can be well correlated with the
microstructure of the corresponding samples. Obviously, the sample with x = 0.5 (Nd5) has
to be measured to check whether there is any further increase in Ic, on increasing the F
content. Although Nd5 was also prepared, it was highly fragile and hence could not be

measured.
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Figure 4.7: 1-V plots of Nd1111 samples with varying F content measured at 12 K

The superconducting characteristics due to granularity have been often studied
using the ac susceptibility measurements, a sensitive tool for the study of the currents
flowing in granular materials. Macroscopically, polycrystalline samples of RE1111
samples exhibit an electromagnetic behavior typical of the granular systems, analogous to
the intrinsic behavior of high T cuprates. Figure 4.8 shows the temperature dependence of

ac susceptibility (x-T) for all the superconducting samples measured at frequency, f = 208




80 Impact of fluorine variation on NdFeAsO,

Hz and ac field, Hac = 4.94 x 10 T. The T¢ values observed from the x-T plots are in good
agreement (within 0.5 K) with those obtained from the p-T. The real and imaginary parts
of the fundamental ac susceptibility (x = y' + ix") represent two complementary aspects of
flux dynamics below T¢, a sharp decrease in the real part y' represents the energy stored by
the sample due to the diamagnetic response of the screening current induced in the
superconductor by the external magnetic field, whereas the imaginary part is proportional
to the energy or ac losses due to the vortex motion. In polycrystalline high Tc
superconductors, a typical feature observed in x-T plot is a two-step in ¥’ accompanied by
two peaks in %" which arises due to the combined response of the superconducting grains
and the inter-granular weakly coupled region. It is to be noted that our samples are also
polycrystalline-sintered pellets composed of a conglomerate of grains with
superconducting connectivity. Hence, a screening current may flow among the grains
(inter-grain current), and at the same time, a screening current flows inside the single
grains (intra-grain current). In ac susceptibility measurement, the overlap of these two
signals can be detected, one coming from the inter-grain current and the other from the

intra-grain current.
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Figure 4.8: x-T plots of Nd1111 samples with varying F content
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Table 4.1: Structural and superconducting parameters of F doped Nd1111 samples
Lattice
| J
Sample parameters (A) Te (K) ATc P300 K N c,
Name K) Q RRR (A) (Alem®)
a c oT T (mQem) @t12K) (at12K)
NdO 3.9695 8.5898 - - - - - -
Nd1 3.9689 85725 305 30.1 13.4 3.89 1.36 25 62.5
Nd2 3.9598 85358 51.4 51.0 4.1 2.16 5.27 17.5 437.5
Nd3 3.9585 85305 52.0 51.5 5 1.47 5.65 23.0 575
Nd4 3.9615 8.5618 47.6 47.5 3.1 3.52 3.42 42.0 1050
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Figure 4.9: ¢-T plots of Nd4 at different frequencies of ac signals

The diamagnetic transitions observed here, i.e., the real part y’, has a double

stepping nature for Nd2 and Nd3 with a peak in " corresponding to the second step (lower

T); while this step like behavior disappears in Nd4 and the peak in its " shifts toward the

first step (near T¢). The bumpy nature in the real part along with analogous peaks in the

imaginary part can be attributed to the inter-granular and intra-granular current flow in the

sample (Zhang(a) et al. 2010). Iron based superconducting samples exhibit this behavior
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due to the inherent electromagnetic granularity and/or inhomogeneity, as mentioned earlier
(Bonsignore et al. 2011; Polichetti et al. 2008). The suppression of this double stepping in
x = 0.4 shows the reduced effect of granularity. It can be inferred that the sample Nd4 has
well coupled grains which in turn justifies the enhanced Jc in Nd4. Besides this, the depth
of the diamagnetic signal also increases with increase in F content from Nd1 to Nd4.

AC susceptibility measurements also help in investigating inter-granular as well as
intra-granular vortex dynamics of a superconductor. In type Il superconductors, there are
various loss mechanisms such as flux flow or viscous losses, bulk pinning hysteretic
losses, and flux line cutting losses. Bulk pinning losses are independent of frequency but
dependent on the field, whereas flux flow losses depend on the frequency and not on the
field (Celebi et al. 1998; Clemm et al. 1991). Experimentally, both field and frequency
dependencies can be observed simultaneously (Emmen et al. 1990). In the low magnetic
field amplitude range, the imaginary part of ac susceptibility in granular high Tc
superconductors represents the inter-granular bulk pinning loss (Celebi et al. 1997).
However, when the applied ac field amplitude is high enough, intra-granular loss peak can
also appear (Lee(c) et al. 1996). Nikolo et al. have employed the Anderson flux creep
model in their studies showing that ac loss peak shift with frequency in terms of activation
energy for vortex de-pinning (Nikolo et al. 1989; Anderson P. W. 1962). Muller et. al.
have shown that adding a flux creep term to the current density term in the critical state
equation causes a change of inter-granular magnetic field variation such that the ac loss
peak shifts to higher temperature with increasing frequency (Muller et al. 1991).

The frequency of the applied ac field plays an important role on determining the
intrinsic ac magnetic properties of granular iron based superconducting samples also
(Polichetti et al. 2010). In granular superconducting systems, inter-granular closed loops of
current flow throughout the sample from one grain to the next one through the weak links
between them and thereby create a critical state in the system (Chen(a) et al. 2005). Each
weak link is characterized by a field and temperature dependent critical current density, the
lowest of which represents the critical current density of an entire closed path formed by a
given number of grains linked together. For temperatures and magnetic fields lower than
their respective critical value, these current loops produce a partial shielding against the
penetration of external magnetic field. So, if these closed current loops are present, the
linked grains are subjected to a field which is reduced with respect to the applied one, and
consequently the grains react to this reduced field. When the ac field of given frequency is

applied, an electrical field proportional to that frequency acts on the sample, thus creating
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currents again proportional to it. At a given temperature, if the frequency increases, the
generated current can be sufficiently high to overcome some inter-grain critical current and
can therefore break the closed loop around which the superconducting current flows. In
these conditions, the closed paths around which the inter-granular current flows break, and
the grains appear to behave as if they are not connected electrically, reproducing the effect
of an increased ac field.

Figure 4.9 represents the real (y’) and imaginary (y"”) components of ac
susceptibility as a function of temperature obtained at the frequencies f = 208, 333, 533,
733 and 999 Hz at an ac field of 0.49 mT for the sample Nd4. The overall behavior of ac
susceptibility with respect to temperature resembles that of the single frequency
measurement given in Figure 4.8. The onset T¢ of the sample is found to be independent of
the variation in ac frequency. However, there is noticeable frequency dependence in the
imaginary part. The whole profile for the imaginary part resembles that of thermally
activated flux creep phenomena predicted in the framework of the linear Kim-Anderson
creep model (Kim et al. 1962; Anderson P. W. 1962). Here, we can observe an increase in
peak height with the increase in ac frequency. Also, the peak in the imaginary part shifts to
higher temperatures with the increase in ac frequency. With the increase in ac frequency,
the inter-grain peak of the bulk sample moves to higher temperatures due to the presence
of flux dynamic processes with characteristic times longer than 1/f. The temperature
corresponding to the inter-grain peak is hereafter referred as Tp. When the frequency is
increased, the inter-granular vortices have less and less time available to penetrate into the
superconductor during each cycle. In order to reach full flux penetration, a weaker inter-
granular pinning force density is required to compensate for less efficient magnetic
relaxation or creep. Since the pinning force density weakens with increasing temperature,
Tp must increase with increasing frequency.

The activation energy U, for the vortex creep can be obtained using the frequency f,
dependence of the peak temperature Tp, expressed as an Arrhenius rate equation (salamati
et al. 2004):

ie.f= foexp(=U/KgTp) ,

Where fy is a characteristic or attempt frequency and Kg is the Boltzmann constant.

Figure 4.10 represents 1/Tp dependence on In(f) wherein we can see an exponential
decrease in 1/Tp with respect to frequency instead of a linear behavior. However, the shift
in peak temperature is relatively small. This is analogous to the frequency dependence of

peak temperature observed in YBCO superconductors.
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Figure 4.10: 1/Tp versus frequency profile for the sample Nd4
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Figure 4.11: (a) The magnetic hysteresis loops i.e. M versus H plots of Nd4 measured at different
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determination of Hc; and (b) shows the paramagnetic background subtracted MHLs
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The critical current density Jc was also estimated using magnetic measurements i.e.
magnetization versus magnetic field. This measurement is devoid of electrical contacts and
can be performed on even small sized samples. Hence, measurement of the irreversible
behavior in magnetization is one of the standard methods to determine Jc and its
dependence on applied field H in a superconducting sample. During magnetic
measurements, the voltage generated in the detection coil can probe the whole volume of
the sample and this provides volume average of the sample’s magnetic response (Nikolo et
al. 1995). However, in order to employ this technique to determine the critical current
density, a suitable critical state model must be invoked. Flux pinning centers present in a
type 11 superconductor cause a non-uniform distribution of the penetrated flux and this also
depends on the magnetic history of the specimen. In 1962, Bean introduced the critical
state model to describe this behavior, which is now being applied extensively to study high
temperature superconductors (Bean C. P. 1962). In this model, one assumes that the local
current density, which by Ampere’s law is associated with the non-uniform flux
distribution, has a certain magnitude of Jc which is again dependent on the magnetic
induction B. Thus, Jc is proportional to the vertical width of the magnetization hysteresis
loop, AM. The magnetization hysteresis incorporates contributions from both inter-
granular and intra-granular current flow. Besides, the electromagnetic behavior of RE1111
system is known to be influenced by the magnetic rare earth ions and inherent granularity.
Thus, the effect of magnetic rare earth ions is directly observed in the magnetic hysteresis
loop (MHL) of the sample.

The sample which exhibited the highest transport Jc among the series of samples
subjected to 1-V, i.e. Nd4 having a typical dimension of 3 x 3 x 1.5 mm® was subjected to
magnetization measurement up to a maximum field of 9 T. Figure 4.11 shows the magnetic
hysteresis loops of Nd4, measured at 5, 10, 20, 30, and 35 K. A cursory look (Figure 4.11
(@) itself gives an idea that the hysteresis loops are not symmetric and the peaks observed
in the even quadrants deviate more from the y axis and get broadened at lower
measurement temperatures. The MHLs measured at different temperatures also have a
cross over at 0.4 - 0.6 T field. On increasing the applied field, the magnetic moment of the
superconductor remains to be negative up to a particular field and thereafter the moment
increases, approaches zero and increases further to much higher values. The overall
behavior is a sum up of the irreversible superconducting hysteresis and paramagnetic
background due to the presence of paramagnetic Nd** ions present in the sample (Prozorov

et al. 2009). The hysteresis loops become thinner at higher fields and temperatures closer
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to Tc; whereas at lower fields and low measurement temperatures the loops broaden. The
lower critical field Hcy, the field above which flux penetration into the sample starts also
can be estimated from the MHLs. The inset of Figure 4.11 (a) shows an enlarged view of
the MHLs at low fields. On increasing the applied field, initially the magnetic moment of
the sample becomes negative and at a particular field there is a reversal from the maximum
negative moment i.e. a point of departure from linearity, the field corresponding to this
point is taken as the Hc;. It is observed that for this sample Hc; is around 0.12 T at 5 K. All
the measurements above 5 K give still smaller H¢; values closer to zero.

In order to further understand the pinning characteristics of the sample, the
magnetic field dependence of critical current density (Jc) was estimated from
magnetization curves using Bean’s critical state model and the same has been represented
in Figure 4.12. Since the Nd** ions present in the system NdFeAsOgsFo.4 and the impurity
phase (NdOF) are paramagnetic in nature, AM should be calculated after separating the
paramagnetic background from the measured magnetic moment. Hence, the paramagnetic
background was estimated as a mean of the upper and lower hysteresis branch (i.e. Mp =
(M* + M")/2) for each loop and was deducted from the experimentally obtained MHLs.
Then, the volume magnetization was estimated by dividing the obtained magnetic moment
with the volume of the sample. Figure 4.11 (b) shows the paramagnetic background
subtracted MHLs for Nd4 measured at different temperatures 5, 10, 20, 30 and 35 K. The
width of the background subtracted magnetic hysteresis loop is maximum at the lowest
measurement temperature (5 K) and goes on thinning as the measurement temperature
nears the Tc of the sample. The width of the loop, AM is then calculated as M* — M". As
already discussed the critical current flowing inside a superconductor can be categorized as
intra-granular or local current and global current. Both local Jc and global Jc can be
estimated using Bean model. It can be understood that the local Jc will be definitely higher
than the global Jc especially when the superconductor is granular and has weak link
problem (Wang(a) et al. 2009). Whereas if the superconductor is devoid of weak links and
has good grain to grain connectivity, local and global Jc will be comparable (Larbalestier
et al. 2001a). Chemical doping can increase the global Jc only if it refines the
microstructure, improves the sample density and creates pinning centres at inter-granular
paths thereby reducing the current limiting factors. However, improvement in local Jc can
occur only if the dopant creates structural modification or lattice defects which act as

effective vortex pinning centres within the grains.
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Figure 4.12: The critical current density of Nd4 estimated from Bean critical state model using MHLs
measured at different temperatures 5, 10, 20, 30 and 35 K. (a) Global Jc and (b) Local Jc
The global critical current density, global Jc, which refers to the current flowing

throughout the whole sample can be derived from the hysteresis loop width based on the

extended Bean model as Global ], = 20[AM/a(1 — %)], where AM is measured in

emu/cm?, ‘a’ and ‘b’ are the dimensions of the samples with a < b in cm and Jc in A/lcm?.
It can be seen that the maximum global Jc observed for the sample is 2.5 x 10° A/cm? at 5
K. The studies on size-dependence of Jc indicate that the contribution of global currents to
the hysteretic magnetization is less than that produced by the locally circulating currents.
Moreover, there are reports showing that the electromagnetic granularity and presence of
wet phases such as FeAs limit the global Jc of iron pnictides in the order of 10° (Wang(a)
et al. 2009; Yamamoto et al. 2011). The overall Jc(H) behavior observed in Figure 4.12 (a)
shows that at low fields, around the Hci, a maximum of Jc is observed for all the
measurements at different temperatures. As the applied field increases, the Jc has a sudden
decrease up to around 1 T and thereafter it remains relatively constant up to the maximum
field applied. However, at higher measurement temperatures (30 and 35 K), the Jc goes on
degrading with the field.

Further, the local Jc i.e. Jc within the grains was also estimated using Bean model.
For this, the bulk sample was powdered and subjected to M-H measurement. Since the
particles in the powdered sample are electrically isolated from each other, it is presumed
that the magnetization of the powder sample comes from the superconducting current

within each particle. Then, AM was calculated, as discussed earlier, for the powdered

sample and the intra-grain Jc was estimated on the basis of Local J, = (%), where AM

is measured in emu/cm® and <(d)” is the average grain size in cm. Both global Jc and local

Jc are represented in Figure 4.12 (a) and (b), respectively. Obviously, the field dependence




88 Impact of fluorine variation on NdFeAsO,

of local Jc resembles that of global Jc with the former attaining a maximum of 2 x 10°
Alcm? at 5 K. It is observed that there is a difference of about two orders of magnitude
between local Jc and global Jc. Though the sample Nd4 shows the highest transport Jc of
1050 A/cm?® among the series of samples studied, the transport Jc observed remains far
from the local Jc estimated from magnetization measurements. The inherent
electromagnetic granularity of this class of materials and the presence of weak links due to
impurity phases are the possible reasons for this wide difference. For Nd4, the lattice
modifications due to fluorine doping at oxygen site favors the pinning mechanism within
the grains and thereby the local Jc whereas the presence of secondary phases as observed
from XRD presumably hinders the global current.

Studies on the influence of F doping and the substitution range of F at O site are
essential for the synthesis of iron pnictide superconductors with improved superconducting
properties and also for the understanding of unconventional superconductivity. The phase
diagrams reported for RE1111 compounds often show an anomalous behavior in the T¢
versus F content plots at higher levels of F. In this region, the T¢c maintains either a
plateau-like trend or it reduces as in high T¢ superconductors (Malavasi et al. 2010). In the
present work, the variation in T¢ shows a decreasing trend at x = 0.4. The replacement of
O% by F ion results in the increase of charge carrier concentration to an optimum value at x
= 0.3, leading to the maximum T¢. As the dopant concentration increases further (i.e., x =
0.4), the charge carrier concentration of the system goes to an overdoped region resulting
in lowering of Tc. The variation observed in lattice parameters as well as electronic
properties due to F doping conclude that the maximum T¢ is achieved at an optimum value
of x = 0.3. But, the effect of T¢ reduction is not reflected in the observed Jc of the sample
with x = 0.4 (Nd4). Instead, Nd4 exhibits the maximum transport Jc among all the samples
because of the better microstructural properties. However, the global Jc and local Jc
estimated from magnetization measurements are much higher. As already known, the
Nd1111 system is a potential candidate for magnet applications, but the superconducting
properties reported so far demand a high pressure/high temperature synthesis or vapor
pressure controlled binary preparation. The synthesis method developed by our group and
used here reduces the complexities such as initial binary preparation, wrapping with
expensive materials or usage of high pressure capsules. Nevertheless, the highlight is that
the electromagnetic properties obtained are competitive to the existing reports (Ding et al.
2011; Sun et al. 2011). Besides, the correlation of the observed transport properties with
corresponding structural and microstructural aspects is remarkable. The suppression of
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granularity as seen in y'-T plot and the enhancement of transport Jc displayed by the
sample with x = 0.4 (Nd4), are evidently reflected in the microstructure of the sample
which exhibits well-connected and exceptionally large grains. The observations conclude
that it is possible to obtain good quality samples even at relatively low processing

temperatures, provided that higher content of F is used.
4.5  Conclusions

The structural and transport properties of the NdFeAsO;.xFx with (x = 0, 0.1, 0.2,
0.3, and 0.4) samples have been investigated on samples prepared by a simple route. The
correlation of the observed superconducting transport properties with their structural and
microstructural aspects, on increasing the F content, is commendable. The achievement of
an onset T of 52.0 K in Nd3 and transport Jc of 1050 A/cm? (at 12 K) in Nd4 processed at
a temperature of 1000 °C is worthy enough for Nd-based iron pnictides which are usually
processed at temperatures above 1150 °C or pressures of 6 GPa. A global Jc of 5.4 x 10°
and a local Jc of 4.3 x 10° Alecm® (both at 5 K) were observed in magnetization
measurements. The transport properties observed for the Nd1111 samples synthesized at
such relatively low temperatures make these materials promising in the application point of
view. However, there exists enough scope for efforts to minimize grain connectivity issues

and reduce the large gap between the transport Jc and the magnetic Jc.




CHAPTER 5

THE STRUCTURAL AND SUPERCONDUCTING PROPERTIES OF
RARE EARTH MODIFIED NdFeAsOg ;Fg3 SUPERCONDUCTORS

51 Introduction

With the discovery of iron based superconductors by Hosono’s group, the world of
superconductivity witnessed the unraveling of a series of other iron based compounds
having different crystal structures and interesting superconducting as well as magnetic
properties (Kamihara et al. 2008; Aswathy et al. 2010; Ren(a) et al. 2009). Presently, the
focus is to enhance the transport current and to utilize the very high upper critical field in
iron pnictides for practical applications. Apart from the explorations on application point
of view, basic research through chemical doping is also being carried out at various sites of
REFeAsO iron pnictides (Ren(a) et al. 2008b; Raghu et al. 2008; Wang(b) et al. 2009b;
Li(e) et al. 2010). The REFeAsO system (abbreviated as RE1111 - RE refers to rare earth)
shows a tetragonal to orthorhombic structural phase transition in between 100-200 K
accompanied by a spin-density-wave (SDW) type antiferromagnetic long-range ordering
(Liu(a) et al. 2008). The suppression of these structural and magnetic phase transitions is a
major hurdle to induce superconductivity in this class of iron pnictides. Doping in the
charge reservoir block (RE,O, layer) and application of external pressure are effective
methods to cause structural modification or balance in charge carrier concentration, which
in turn induces superconductivity into the system (Aswathy et al. 2010; Ren(a) et al.
2009). Generally, fluorine substitution at oxygen site suppresses the SDW instability and
retains the tetragonal structure below 100 K leading to superconductivity. Further, it also
causes lattice contraction especially along the c-axis. Application of external pressure
induces superconductivity as an aftereffect of the increase in charge transfer between the
charge reservoir layer (RE,(O/F),) and conducting FeAs layer due to the mechanically
forced lattice contraction. In short, the RE1111 compounds show signs of
superconductivity or enhancement in critical temperature (T¢) if lattice contraction is
induced by internal chemical pressure or external pressure (Yang(a) et al. 2010; Takahashi
et al. 2008; Zhao(b) et al. 2010).

In RE1111, instead of fluorine doping at oxygen site, the substitution of RE with
either an isovalent or aliovalent ion in the former enhances internal chemical pressure for a

dopant of smaller ionic radius and the latter produces superconductivity by the variation in
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charge carrier concentration (Yang(a) et al. 2010; Takahashi et al. 2008; Zhao(b) et al.
2010; Wen et al. 2008). For isovalent doping, fixed fluorine to oxygen ratio or oxygen
vacancy is essential. Here, we can expect a Tc enhancement in rare-earth doped sample
when compared to the solo fluorine doped RE1111 compound (Prakash et al. 2009). In
aliovalent doping, fluorine doping is not mandatory and the solo substitution of a bivalent
or tetravalent ion at RE site in REFeAsO can give rise to superconductivity despite having
a low T (Wen et al. 2008). Cobalt or nickel doping at iron site and phosphorous doping at
arsenic site have also been carried out to establish the relationship between the magnetic
moments of Fe/Ln and superconductivity (Wang(b) et al. 2009b; Li(e) et al. 2010; Li(c) et
al. 2009).

The present chapter is a detailed investigation on the structural and
superconducting properties of rare earth modified NdFeAsO1.xFx superconductors. The rare
earths chosen include yttrium (), cerium (Ce) and gadolinium (Gd) wherein Y is a non-4f
non-lanthanide rare earth element while Ce and Gd are lanthanides similar to Nd
positioned on either side in the periodic table with ionic radius of Ce being larger than Nd

and that of Gd is smaller.

5.2 Influence of yttrium doping on the electromagnetic properties of
NdFeASOOJFog

The NdFeAsO;.«Fx (Nd1111) system, which is renowned for its very high upper
critical field and almost constant critical current density at high fields, was initially
reported to be superconducting under high pressure synthesis conditions (Ren(a) et al.
2008d; Wang(c) et al. 2009). Later, electron and hole doped samples of Nd1111 processed
at ambient pressures were also reported to be superconducting (Wen et al. 2008; Malavasi
et al. 2009). A lot of investigations were carried out to demonstrate the symmetry of
electron and hole doping in iron pnictides. Often chemical doping is done with an aim to
enhance the existing status of superconducting properties. For this, the dopants are chosen
based on certain pre-requisites such as ionic-size-match and valency; not to mention the
existence of sporadic reports contradictory to this requirement. The choice of the second
element also depends on the possible effects it can create in the crystal and electronic
structure of the host material in enhancing any/all of its superconducting properties. So far,
there have been studies of different rare earths getting substituted at lanthanide site; but
yttrium, being a non-4f element, has been the most popular option for Tc enhancement
(Prakash et al. 2009; Tropeano et al. 2009; Shirage et al. 2008; Ganguli et al. 2010; Lai et
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al. 2012; Chen(d) et al. 2010b). The T¢ of LaFeAsOg¢s has been enhanced from 20 K to
43.1 K on replacing La®*" by smaller Y*" (Tropeano et al. 2009). Also, optimum Y doping
in Ce1xYxOosFo2FeAs significantly increases both Tc and Hcp to 48.6 K and 90 T
respectively as compared to the Y free CeOqgFo2FeAs (Tc =42.7 K, Hep, = 43 T) (Prakash
et al. 2009; Ganguli et al. 2010). In SmFeAs(O,F) system, contradictory results showing
both T¢ enhancement and reduction have been observed (Lai et al. 2012; Chen(d) et al.
2010b). However, no work has been reported on the effect of yttrium substitution in Nd
based systems. Hence, in the following section, we discuss the synthesis of Ndi.
xYxFeAsOq 7Fo 3 by simultaneous substitution of Y at Nd and F at O sites and the analysis

of its superconducting properties in detail.
5.2.1 Experimental

Samples with nominal compositions of Nd;.xYxFeAsOq7Fo3 with x = 0, 0.1, 0.2,
0.3 and 0.4 labeled as NdYO, NdY1, NdY2, NdY3 and NdY4 respectively, were
synthesized by a one-step solid state method (Anooja et al. 2012). Stoichiometric amounts
of Nd, Fe, As, Fe,03, FeF, and Y powders were weighed, mixed and ground, inside a
glove box with high purity argon atmosphere, to form a homogenous mixture. These
samples were compacted into rectangular pellets with dimensions of 12 x 2 x 2 mm?®, under
a pressure of 500 MPa. The pellets were placed in evacuated sealed quartz tubes. The
sealed tubes were subjected to heat treatment at 360 °C for 5 h in a programmable muffle
furnace having stability and accuracy better than = 1 °C controlled using Eurotherm-2404
temperature controller. The samples were subsequently ground, repelletized and sealed in
evacuated quartz tubes and then sintered at 1000 °C for 50 h.

The facilities used for phase identification, microstructural examination,
superconducting transport measurements, ac susceptibility measurements and dc magnetic

measurements have been described in Chapter 3.

5.2.2 Results and discussions

The x-ray diffraction (XRD) patterns of all the samples are shown in Figure 5.1.
The peaks are indexed on the basis of the tetragonal ZrCuSiAs type structure with the
space group P4/nmm. The expected NdFeAsO was formed as the main phase for all the
samples. FeAs and NdOF phases are also detected in all the samples and their relative
intensity is almost constant irrespective of yttrium content. Minor amount of YOF phase is
found in the Y doped samples up to NdY3. In NdY4, the YOF content is found to be
relatively higher. Since, Nd is more reactive than Y; the formation of NdOF is preferred to
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that of YOF. So the increase in YOF content at higher dopant levels (x = 0.2, 0.3 and 0.4)
can be due to excess of yttrium than the nominal amount required to be substituted at Nd
site. The lattice parameters were accurately obtained from Rietveld refinements on the
XRD data employing the Fullprof program. The variation of lattice parameters as a
function of Y content is shown in Figure 5.2 (a). Both a and ¢ values are found to decrease
on Y doping, resulting in a net reduction of cell volume. The lattice parameters a = 3.9591
A and ¢ = 8.6052 A for NdYO reduce to a = 3.9511 A, ¢ = 8.5616 A for NdY3 sample. But
for NdY4, the a and c values are found to remain almost stagnant which indicates that x =
0.3 is an optimum level for Y doping in Nd1111 system. For all doped samples, except
NdY4, both NdOF and YOF impurity fractions do not change significantly with Y
substitution. Hence, it can be surmised that the lattice parameter changes (shown in Figure
5.2 (a)) arise mainly from Y substitution and not from changes in F content of the
superconducting phase. The lattice contraction due to the combined effect of yttrium and
fluorine doping is also reflected in the shift of the XRD patterns towards higher angles as
observed in the enlarged view (Figure 5.2 (b)) of the main peak (102).
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Figure 5.1: The XRD patterns of undoped and Y doped Nd1111 samples

The morphology of the pristine and Y doped samples was analyzed using the SEM
images of freshly fractured surfaces of NdY0, NdY1, NdY2, NdY3 and NdY4 pellets

which are shown in Figure 5.3. The images show that there is a systematic and gradual
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change in morphology on going through samples from NdYO to NdY3. The yttrium free
sample shows clean flaky grains characteristic of RE1111 superconductors. But, the flaky
nature of the grains changes on yttrium doping. In NdY3, the flaky nature of the grains
completely disappears and transforms into cuboidal shape with rounded edges, where the
secondary phases detected by XRD are also seen. For NdY4, the microstructure is found to
be more porous and inhomogeneous. Due to this high porosity and fragility, NdY4 could

not be used for further measurements.
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Figure 5.3: SEM images of the undoped and Y doped Nd1111 samples
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Figure 5.4: p-T plots of undoped and Y doped Nd1111 samples. Inset shows the zoomed region around
the transition

The resistivity of the samples as a function of temperature is shown in Figure 5.4.
In all the samples, the electrical resistivity gradually decreases on cooling and then drops
drastically at Tc. Interestingly, the Tc increases for all Y doped samples and it is the
maximum for NdY3 as shown in the inset (top-left) of Figure 5.4. For the yttrium free
sample the superconducting transition temperature is observed to be 49.6 K which
increases up to 53.3 K for the x = 0.3 composition (Table 5.1). For the x = 0.1
composition, the Tc is observed at 51.5 K which slightly increases to 51.7 K for the x = 0.2
composition. Moreover, the transition width ATc, defined as (Tconset — Tcoffset), fOr the
sample NdYO is 3.5 K which increases to 4.1 K on yttrium doping, regardless of the
change in doping concentration. A linear temperature dependence of the resistivity persists
from high temperatures to a characteristic temperature (Ts = 200 K), at which the
resistivity deviates from linear behavior and shows a slight decreasing trend with decrease
in temperature especially for NdY1. Below Ts, the resistivity again decreases rapidly
leading to superconducting transitions. These features in the p-T plot can be the
consequence of the spin density wave instability and also an indication of the pseudo gap
regime existing in the samples (Liu(a) et al. 2008; Solovjov et al. 2010). The residual
resistivity ratio RRR = p3gox/pssk estimated for all the samples is also included in Table 5.1

and it is found that the RRR values of all the Y doped samples are comparatively higher
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(5.76 - 7.38) than that of NdYO0 (3.59). The presence of non-superconducting phases, as
observed from XRD, and defects induced due to substitution are found to be the reasons
for the increase in normal state resistivity (given in Table 5.1) and hence the increase in
RRR value also.

In order to examine the effect of yttrium doping on the crystal structure and to
understand the reason behind T¢ enhancement, the lattice parameter variation of all the
samples was analyzed. The six coordinate ionic radius of Y** ion (90 pm) is relatively
small compared to that of Nd** ion (98.3 pm), which obviously leads to a contraction of
lattice parameters. The shrinkage of lattice parameters observed along a-axis is 0.20% and
that along the c-axis is 0.63%. This shrinkage causes a reduction in the cell volume which
induces an additional chemical pressure into the system. Therefore, the T¢ enhancement
mechanism involved in the system is similar to that in the other oxypnictide
superconductors i.e. ‘lanthanide contraction’ due to the substitution of a relatively smaller
ion Y** in the place of Nd** (Prakash et al. 2009; Tropeano et al. 2009; Shirage et al. 2008;
Ganguli et al. 2010). Replacement of La®" by Y*" in Lal111 system is found to produce
1.8% and 1.7% reduction of a and c values, correspondingly Tc increases by ~ 17 K
(Tropeano et al. 2009). While in the case of Y** in Ce*, a and c reductions are about
0.81% and 0.89%, respectively which cause a T¢ increase of ~6 K (Prakash et al. 2009).
On comparing Ce** and La** ions, the difference in ionic radii of Nd** and Y** is relatively
small. Doping Y** in Nd*" resulted in a total volume reduction of only 1.03%. Hence, the
Tc gain of 3.9 K in yttrium doped Nd1111 system is reasonable. Apart from the ionic radii
difference, the ionization energy difference between Y and Nd also prefers the formation
of Y-O bond which is stronger and shorter than Nd-O bond, causing lattice contraction.

Figure 5.5 shows the ac magnetic susceptibility plots of the samples as a function
of temperature which provides an insight into the granular behavior of the samples. In
granular samples usually two types of screening currents exist: inter-grain and intra-grain
currents. The real part of ac magnetic susceptibility is associated with the energy stored in
the sample due to the diamagnetic response of these screening currents induced in the
superconductor, whereas the imaginary part is proportional to the energy converted into
heat during one cycle of the ac field. The onset of diamagnetic transition detected by ac
susceptibility for all the samples is included in Table 5.1. The T¢ values determined are
comparable but slightly lower than those determined from the resistivity data. The yttrium
free sample shows two step transitions in the real part and a peak corresponding to the

inter-grain current in the imaginary part. Such double step transitions are already reported
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in polycrystalline samples of iron based oxypnictides and this is attributed to the presence
of electromagnetic granularity (Polichetti et al. 2008; Bonsignore et al. 2011). In the
yttrium doped samples, the second step is found to get suppressed and completely vanishes
from NdY2 onwards. The step near T¢ is ascribed to the intra-grain shielding and that at

lower temperature is due to the inter-grain shielding (Polichetti et al. 2008).
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Figure 5.5: -T plots of the undoped and Y doped Nd1111 samples

Inhomogeneous/multiphase samples can also exhibit double step transitions
(Zhang(a) et al. 2010). But from XRD and SEM analysis, it is clear that yttrium doping
does not improve the homogeneity or alter the superconducting phase of the Nd1111
system. Hence, it is inferred that the suppression of the low temperature step occurs due to
the absence of signals corresponding to inter-grain current flow. This is due to the
inhibition of super-current flow between the grains because of non-superconducting
secondary phases formed between the superconducting grains by yttrium doping. The
inhibition of inter-grain current observed in the Y doped samples gives enough evidence
for the degradation of transport current in these samples. Moreover, the peak height of "

and depth of diamagnetic signal in ' of Y doped samples seem to be non-monotonous.
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But, a noticeable shift and broadening of peaks exist in the doped samples. Usually, this
behavior is observed while measuring %”-T at different magnetic field amplitudes. The
peak of y" shifts to lower temperatures and broadens more when the field amplitude Hy is
increased. This is due to the necessity of larger screening currents for higher applied fields
(Saleh et al. 2003). Similar features such as decrease in peak height and peak broadening

have been reported for YBCO samples also (Li(b) et al. 1997).

Table 5.1: Superconducting parameters of undoped and Y doped Nd1111 samples

S:\l;nrﬁée p_TTC (K)x:r ATc (K) ( n‘: z;"c':n) RRR
NdYO 49.6 49.2 3.5 5.06 3.59
NdY1 51.5 50.9 4.1 9.00 7.38
NdY2 51.7 51.5 4.1 7.84 5.76
NdY3 53.3 53.0 4.1 7.38 6.63
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Figure 5.8: Fp(H) plots of the samples at 4 and 20 K. Inset shows normalized Fr versus H plots at 20 K

The experimentally measured magnetic hysteresis (M-H) curves for the samples up
to 16 T, measured at 4 K are shown in the Figure 5.6. The M-H loops appear as a
combination of the irreversible superconducting hysteresis loop and a paramagnetic
background. The observed M-H behavior is in accordance with the published reports of

Nd1111 and is attributed to the paramagnetic nature of the Nd*" ions (Prozorov et al.
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2009). The impurity phase NdOF is paramagnetic at low temperatures and hence it can be
assumed that the observed paramagnetic moment arises from the Nd** ions existing both in
the superconducting phase and in NdOF. The top-right inset of Figure 5.6 shows enlarged
view of M-H curve at low fields. The M-H curves are asymmetric with respect to the field
axis. The field decreasing branch shows almost linear behavior and, moment tends to zero
as H approaches zero. This indicates that the Bean-Livingston (BL) surface barrier
dominates the flux entry and exit at the surface (Bean et al. 1964; Yeshurun et al. 1996).
The paramagnetic background was estimated as a mean of the upper and lower hysteresis
branch (i.e. Mp = (M" + M")/2) for each loop and was deducted from the experimentally
obtained M-H curves. The top-left inset of Figure 5.6 shows the paramagnetic background
subtracted M-H curves of undoped and Y doped NdFeAsOy 7Fo 3 samples measured at 4 K
and 20 K. At both measurement temperatures, the width of the hysteresis loop, AM (where
AM = M" — M) of Y doped samples show a systematic increase corresponding to Y
content, due to vortex pinning.

The critical current density (Jc) of the superconducting samples is extracted from
M-H curve using the Bean critical state model (Bean C. P. 1962), Jc = 30AM/{d) (Chen(d)
et al. 2008). Here, AM (emu/cm®) is the width of the M-H curve and (d) is the average
grain size in cm. An average grain size of 5 um is used for the Jc(H) calculations. From the
ac susceptibility data, it is evident that Y doping causes the formation of non-
superconducting phases which exacerbates the inter-grain connectivity in the samples.
Hence, we considered the bulk samples as decoupled grains and calculated their intra-grain
Jc using the above equation. Figure 5.7 shows the Jc(H) characteristics of Y free and Y
doped samples measured at 4 and 20 K with field values in the range of 0 - 16 T. It is clear
from the figure that for higher fields, the Jc of Y doped samples is higher as compared to
that in the undoped sample for both 4 K and 20 K. At 4 T and 4 K, the Jc of the doped
sample NdY3 is 2.3 x 10° A/cm?, ~ 60% higher as compared to the undoped sample (1.4 x
10° Alcm?). At 20 K and 4 T, the Jc of NdY3 is 5.9 x 10* A/lcm?, which is enhanced by a
factor of more than two when compared to that of the undoped sample (2.8 x 10* A/cm?).
Though the high intra-grain Jc values are promising, the considerable difference with
transport Jc makes it clear that iron oxypnictide samples still face severe connectivity
issues (Wang(a) et al. 2009; Moore et al. 2008). At 20 K, a broad hump similar to fish-tail
effect (second magnetization peak) is observed in the 4 - 12 T regime in all the samples,
but it is not as pronounced as in cuprates or in Ru/K doped Bal22 (Bharathi et al. 2010;
Sharma et al. 2013). The fish-tail like feature is not prominentat 4 K, up to 16 T.
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The flux pinning force density Fp = Jc(H) x H was calculated from the magnetic Jc
data and the dependence of the pinning force on applied magnetic field is shown in Figure
5.8. As compared to the undoped sample, all the doped samples show enhanced pinning
force at both 4 K and 20 K. Fp values as high as 19.8 and 6.5 GN/m® at 4 K and 20 K
respectively are achieved, for the yttrium doped sample NdY3. The variation of normalized
pinning force (Fp/Fpmax) @s a function of applied magnetic field measured at 20 K is also
shown as an inset in Figure 5.8. It is observed that the field at which normalized Fp
becomes maximum is shifted to higher values for the doped samples. The absolute values
of Fpmax and the field at which Fp becomes maximum are much higher implying that
yttrium doping has caused considerable improvement in flux pinning. In short, besides the
fluorine substitution at oxygen site, the substitution of Nd** with a relatively smaller ion
Y3* creates lattice defects in NdFeAsOq-Fo3 and thereby improves the flux pinning
capability of the system. An overall analysis on magnetic Jc and transport Jc shows that
defects induced due to yttrium doping enhances the inherent vortex pinning and thereby
the intra-grain Jc but transport Jc solely depends on the connections across grain
boundaries which is poor in the present case. It is to be noted that weak link behavior and
low inter-grain Jc are characteristic features observed in iron pnictides similar to cuprates
(Yamamoto et al. 2011). But proper texturing of these samples can reduce the wide

difference between the observed magnetic and transport Jc.

5.2.3 Conclusions

The magnetic and transport properties of yttrium doped NdFeAsOg7Fo3
superconductor have been investigated. Yttrium doping causes an increase in T¢ of
Nd1111 system by around 4 K, with a maximum T¢ of 53.3 K for the sample with x = 0.3.
The shrinkage of lattice parameters and the consequent increase in inner chemical pressure
are the reasons for the T¢c enhancement. Also, the magnetic Jc measurements show that
there is substantial enhancement in bulk flux pinning due to the creation of lattice defects;
thereby enhancing the Jc(H) performance in the yttrium doped samples as compared to the

undoped sample.

5.3 Influence of Cerium and Gadolinium doping on the electromagnetic properties
of NdFeAsOq 7Fq3
In the previous Section 5.1, the effect of a non-4f rare earth element ‘yttrium’ on
the structural and superconducting properties of Nd1111 was investigated. Hence, in the

present study, we have chosen two 4f rare earth elements i.e. Ce and Gd for partial
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substitution of Nd in NdFeAsOg 7Fo 3. Cerium is a magnetic rare earth with 4f electrons and
variable valency (3 and 4). It is also known that cerium changes its valency upon cooling
to very low temperatures and the oxidation state in the presence of other ions also varies.
So the involvement of the valence electrons and their contribution to the total density of
states in the Ce doped system remains intricate. Since the ionic size of Ce is larger than
Nd, Ce substitution in Nd1111 is not expected to bring in a lattice contraction. However,
the addition of Ce ions to the vacancies deliberately created at Nd site will definitely
modulate the superconductivity observed in Nd1111 system. Whereas the dopant, Gd, is an
isovalent ion for Nd and the ionic size of Gd is smaller than that of Nd. Thus, with respect
to Nd, Ce is a larger ion and Gd is a smaller isovalent ion. In this study, we present a
detailed investigation of the effects of Ce and Gd doping at Nd site on the structural and

superconducting properties of NdFeAsOq ;Fq 3 superconductor.

5.3.1 Experimental

Polycrystalline samples of Nd;.xCexFeAsOo 7Fo3 (x =0, 0.1, 0.2 and 0.3), named as
NdCe0, NdCel, NdCe2 and NdCe3, and Nd;xGdyFeAsOo7Fo3 (X = 0.1, 0.15 and 0.2)
named as NdGd1, NdGd15 and NdGd2 were synthesized using the solid state method
based on the pre-processing technique already reported by our group (Anooja et al. 2012).
Stoichiometrically weighed powders of Nd, Ce, Gd, Fe, As, Fe,O3 and FeF, were mixed
and ground using an agate mortar and pestle. All the samples were weighed, mixed and
ground inside a glove box under high purity argon atmosphere. The samples were
compacted into rectangular pellets by applying pressure of 500 MPa using a hydraulic
press. These pellets were then sealed in evacuated quartz tubes and heat treated in a muffle
furnace under identical conditions. The samples followed a heat treatment procedure of
360 °C/5h + 850 °C/30h + 1000 °C/20h with intermediate grinding and re-pelletizing. The
clean, dense, rectangular pellets thus obtained were then subjected to structural and

superconducting analysis.

5.3.2 Results and discussions

Figure 5.9 (a) and (b) show the X-ray diffraction (XRD) patterns of the finely
powdered samples of NdFeAsOg 7Fo3 (Nd3) and Ce and Gd doped NdFeAsOy 7Fo 3 (NdCel,
NdCe2, NdCe3, NdGd1l, NdGd15 and NdGd2). The phase identification of all these
samples confirmed that the major phase is NdFeAsO which resembles the ZrCuSiAs type
structure of P4/nmm space group. Small amounts of impurity phases such as NdOF and
FeAs are also present in all the samples. However, phases of Ce and Gd or their derivatives

have not been detected in any of the Ce and Gd doped Nd1111 samples. Moreover, the
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superconducting volume fraction is found to be more than 90% for all the samples. Figure
5.10 (a) and (b) show the enlarged view of the XRD patterns around the main peak (102)
for Ce and Gd doped samples keeping Nd3 as a reference pattern. It is observed that the
main peak of Ce doped samples shift towards the left with respect to that of Nd3 while in
Gd doped samples the peak shifts towards the right. However, in Ce and Gd doped
samples, the shift of the peaks is almost saturated for NdCe3 and NdGd2 samples,

respectively.
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Figure 5.9: XRD patterns of (a) pure (Nd3) and Ce doped Nd1111 samples and (b) pure (Nd3) and Gd
doped Nd1111 samples
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Figure 5.10: Enlarged view of the main peak (102) in (a) Ce doped Nd1111 samples and (b) that of the
Gd doped samples
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Figure 5.11: Lattice parameter variation in (a) Ce doped and (b) Gd doped Nd1111 samples

In order to understand the effect of Ce and Gd substitution on the crystal lattice of
Nd1111 system, the lattice parameters of all the samples were calculated using the Rietveld
refined XRD data. The variation in lattice parameters with respect to the varying Ce and
Gd content is graphically represented in Figure 5.11(a) and (b), respectively. The lattice
parameters a and c¢ of the Ce doped samples are found to increase with an increase in Ce
content and the values remain almost constant for x = 0.2 and 0.3. For Gd doped samples,
the lattice parameters were found to decrease with Gd doping with no significant change
above x = 0.15. On comparing the ionic radii of Ce** (1.01 A) and Gd** (0.935 A) with that
of Nd** (0.983 A), the influence of lanthanide contraction is expected to occur only for Gd
doping since it is relatively smaller in ionic radius as compared to Nd. The observed lattice
parameter variation confirms the fact that the crystal lattice of Gd doped Nd1111 samples
experience an internal chemical pressure due to doping of smaller ions at Nd site and
undergo lattice compression. Whereas in Ce doped Nd1111 samples increase in lattice
parameter occurs due to the substitution of relatively larger ions at Nd site.

Figure 5.12 shows the SEM images of freshly fractured surfaces of undoped (Nd3),
Ce doped (NdCel and NdCe3) and Gd doped (NdGd15 and NdGd2) samples. The
morphology of samples varies from layered flaky grains with well-defined edges similar to
that observed in cuprate superconductors (Vinu et al. 2010) to fused layered structures
while using Ce and Gd as dopants, respectively. Ce and Gd doping cause minor but notable
changes in the microstructure of Nd1111. In the Ce doped sample NdCel, it is seen that the
flaky nature of the grains is sustained with enhanced grain connectivity, well-defined edges
and density in general. As the concentration of Ce doping is increased from NdCel to
NdCe3, the porosity of the sample increases and the microstructure appears as
conglomerated grains. The microstructure of Gd doped samples show densely packed

grains fused together. The grain morphology remains unaffected while varying Gd
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concentration from NdGd15 to NdGd2. The layered nature of undoped Nd1111 system

changes into a partially fused grain morphology when Gd is used as dopant.

NdGd15

Figure 5.12: SEM images of freshly fractured surfaces of undoped (Nd3), Ce doped (NdCel and
NdCe3) and Gd doped (NdGd15 and NdGd2) samples
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Figure 5.13: p-T plots of undoped (Nd3), Ce doped (NdCel, NdCe2 and NdCe3) and Gd doped
(NdGd1, NdGd15 and NdGd2) samples. Inset shows an enlarged view around the transition
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Figure 5.13 shows the temperature dependent resistivity of undoped (Nd3), Ce
doped (NdCel, NdCe2 and NdCe3) and Gd doped (NdGd1, NdGd15 and NdGd2) samples
and the inset shows an enlarged view around the transition. The undoped sample,
NdFeAsOg 7Fo.3 shows metallic behavior down to the superconducting transition with a Tc
around 48.8 K. There were several attempts to increase the T¢ of Nd1111 system following
its first report on high pressure synthesis with a T¢ of 51.9 K. The systems CeFeAsO;.xFx
and GdFeAsO;.xFx synthesized at ambient pressure exhibit Tcs of 41 K and 40.1 K,
respectively and the mixed rare earth system Ce;xGdxFeAsOg g4Fo.16 Shows a maximum T¢
of 47.5 K for x = 0.4 (Liu(a) et al. 2008; Chen(b) et al. 2008b; Cui et al. 2010). Here, it is
interesting to observe that both Ce and Gd doping in NdFeAsOg 7Fo3 enhance the Tc of the
system and the T¢ values for all the samples are included in Table 5.2. All the samples
remain metallic from room temperature down to their respective transition temperatures.
The maximum T¢ values attained due to Ce and Gd doping are 53.6 K (x = 0.1) and 55.1 K
(x = 0.15), respectively. The normal state resistivity at room temperature (psopo) and
residual resistivity ratio (RRR = p3o0/pso) are given in Table 5.2. Both pzpoand RRR values
are found to be higher for Ce doped samples compared to Nd3 whereas the values are
comparable to that of Nd3 for Gd doped samples. Generally, lanthanides such as La, Nd,
Sm and Gd exist as trivalent ions, but Ce changes its valency or oxidation state between 3
or 4, according to the compound in which it exists (Tang et al. 1999). Since the 4f
electrons in Ce are not fully localized, the charge density in the conducting block of Ce
doped Nd1111 is unpredictable. However, in the present case, the increase in T¢ of the
samples with Ce doping confirms the enhancement in charge transfer between the charge
reservoir and conducting layers favoring T¢ enhancement. It is believed that elemental Ce
doped in Nd1111 has a valency of 3 since modern purification methods yield trivalent Ce.
However, at low temperatures a larger ion doping is not expected to cause Tc
enhancement, but a change in valency can modulate the charge carrier density. Hence, it is
presumed that the mixed valency nature exhibited by Ce at high pressures/low
temperatures or change in local chemistry has helped in achieving an optimum charge
density upon reaching the doping level of x = 0.1 (Salamati et al. 2004). But the lattice
mismatch caused by Ce substitution is found to increase the normal state resistivity and the
RRR values are found to be relatively high. For Gd doping, lattice parameter reduction due
to smaller isovalent ion substitution facilitates effective charge transfer. Thus, substitution

of both smaller and larger ion at Nd site shows that lattice contraction due to smaller
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isovalent ions favors T¢ enhancement in Gd doped system while in Ce doped system the

condition is similar to the doping of aliovalent larger ions.
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Figure 5.14: Normalized y-T plots of undoped (Nd3), Ce doped (NdCel, NdCe2 and NdCe3) and Gd
doped (NdGd1, NdGd15 and NdGd2) samples
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Figure 5.14 shows the temperature dependent ac susceptibility plots of undoped
(Nd3), Ce doped (NdCel, NdCe2 and NdCe3) and Gd doped (NdGd1l, NdGd15 and
NdGd2) samples measured at 0.49 mT ac field and 208 Hz signal frequency. The T¢ values
obtained through ac susceptibility measurement are in good agreement with the resistivity
data (Table 5.2). The ac susceptibility plots represent both the real (') and imaginary (")
parts with respect to temperature. The real part ' evolves as a step like diamagnetic
transition on reaching a temperature corresponding to the T¢ of the respective sample i.e.
transition from near-perfect screening to complete penetration of external ac magnetic field
into the sample; while x"” forms a peak corresponding to this transition temperature and
gives a measure of the dissipation in the sample (Zhang(a) et al. 2010). In some cases,
instead of single step sharp transition the real part exhibits a double step or hump like
behavior at a lower temperature. The two steps are attributed to the contributions from two
types of current flowing in the sample: the intra-grain and inter-grain currents. The step
near Tc represents intra-grain current and the step at a lower temperature represents inter-
grain current. Often superconductors having electromagnetic granularity and mixed phases
exhibit such double step transitions (Zhang(a) et al. 2010; Polichetti et al. 2008). It is
observed that almost all of the doped samples in the present study show double step
transitions in ' and a peak corresponding to the lower step in y”. The inherent
electromagnetic granularity of iron pnictides and the presence of similar phases at lower
doping levels including the impurity phases are the reasons for this double stepping nature.

Apart from p-T and y-T measurements, the samples were also subjected to
calorimetric measurements so as to confirm the bulk superconductivity existing in the
samples. At lower temperatures the average thermal energy available to each particle
degree of freedom is smaller, and thermal energy storage becomes limited. Hence, as the
temperature falls towards absolute zero, so does the heat capacity of a material. The
specific heat capacity, i.e. heat capacity per unit mass, is an intensive bulk property that
analyses the low energy electronic excitations at the Fermi level thereby enabling it to
provide information on the density of states, the nature of the superconducting gap or
unconventional gap states. Specific heat capacity of a material has temperature dependent
contributions both from electrons and phonons. Thus, the temperature dependent behavior
of specific heat capacity gives an idea on the phase transitions, thermal fluctuations and
anisotropy within the sample. In the present case, Figure 5.15 shows the temperature
dependent heat capacity (Cp/T versus T) plots of Nd3, NdCel and NdGd15 at O T. It is

observed that specific heat decreases linearly for all the samples down to their respective
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superconducting transition temperatures. Small step like humps are observed near T¢ and
thereafter the specific heat values decrease rapidly. The onset T i.e. the temperatures at
which the slight increase in Cp occur are found to be around 47, 53, and 54 K for Nd3,
NdCel and NdGd15, respectively. These transitions are not as distinct as in the case of p-T
and x-T plots. Moreover, the humps in Cp are found to be smaller as compared to that
observed in the Nd1111 single crystal reported elsewhere (Welp et al. 2008). The doped
samples display a relatively higher specific heat value and their ACp near T¢ is also
relatively larger as compared to the undoped sample, Nd3. At very low temperatures i.e.
around 10 K, an upturn is observed in the specific heat which is an indicator of the

Schottky anomaly due to the paramagnetic ions present in the sample (Welp et al. 2009).

Table 5.2: Superconducting parameters of undoped, Ce and Gd doped Nd1111 samples

Sample Tc (K) P300 K RRR
Name (mQcm)
p-T x-T
Nd3 48.8 48.2 3.5 2.6
NdCel 53.6 53.4 51 6.1
NdCe2 51.4 51.5 6.6 6.4
NdCe3 50.6 50.3 5.9 6.5
NdGd1 53.3 52.9 2.8 1.9
NdGd15 55.1 55 3.3 1.8
NdGd2 54.8 54.5 4.3 2.6

In order to understand the role of charge carrier density in the enhancement of T¢ in
the doped samples NdCel and NdGd15 as compared to Nd3, Hall Effect measurements
were carried out on rectangular pieces of the samples. The voltage leads were connected
perpendicular to the current leads, across an approximate equipotential line in the center
keeping the applied field perpendicular to the plane of the sample. The Hall voltage (VR)
was estimated after measuring the transverse voltage by sweeping the magnetic field from
9 to -9 T, and thus subtracting out the resistive contribution. The variation of transverse
resistivity (pxy) with respect to the applied field measured at 100 K is given in Figure 5.16.
The transverse resistivity is found to be negative and exhibits a linear dependence on the
applied field for both undoped and doped samples. On taking the slope of the linear curves
for all the samples, we get the Hall co-efficient i.e. Ry = pxy/1ioH (Cheng et al. 2008). It is
observed that the linear curves for the doped samples NdCel and NdGd15 are closer and
their respective values of Hall co-efficient are smaller compared to that of Nd3. The Ry

values for these samples are -5.6 x 10° m%C, -4.8 x 10° m*/C and -4.6 x 10 m*/C for
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Nd3, NdCel and NdGd15, respectively. The negative Ry values indicate that the majority
charge carriers are electrons. On the basis of single band model, the carrier density can be
estimated as n, = 1/(eRy) and the approximate carrier densities calculated for Nd3, NdCel
and NdGd15 are 1.1 x 10%"/m® 1.3 x 10%/m* and 1.35 x 10%'/m®, respectively. It is clear
that the charge carrier density of the doped samples is relatively higher than the undoped
sample, Nd3 at optimum levels of x = 0.1 and 0.15 for Ce and Gd doping, respectively.
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Figure 5.16: p,, versus field plots of undoped (Nd3), Ce doped (NdCel) and Gd doped (NdGd15)

samples measured at 100 K

Figure 5.17 shows the magnetic hysteresis loops (MHLs) of undoped (Nd3), Ce
doped (NdCel) and Gd doped (NdGd15) Nd1111 samples measured at 5 and 20 K up to a
field of 6 T. The hysteresis loops are not symmetric and the width of the loops thins down
at high temperature and high field. With the increase in the applied field, the magnetic
moment of the samples remains to be negative up to a particular field and thereafter the
moment increases, approaches zero and increases further. This point of deviation from
linearity gives lower critical field Hcy of the samples. Here, the He; values are 0.12, 0.18,
and 0.2 T at 5 K for Nd3, NdGd15 and NdCel samples, respectively. It is clearly seen that
the hysteresis loops obtained for these samples are superimposition of a superconducting
hysteresis loops on top of strong paramagnetic, field dependent background due to the
presence of paramagnetic Nd** ions present in the sample (Prozorov et al. 2009; Tarantini
et al. 2008). Taking the mean value of the two branches as the paramagnetic
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magnetization, Mp = (M* + M")/2, added to the small reversible magnetization of the vortex
lattice and subtracting it from the total moment gives the background subtracted
magnetization of the samples as shown in insets of Figure 5.17 (a) and 5.17 (b). At low
fields, the widths are broader and they thin down with field penetration. However, the
width of MHLs in the doped samples (NdCel and NdGd15) is larger than that in the
undoped sample (Nd3) at both 5 and 20 K measurements. Among the doped samples, the
width of MHLs is larger for NdCel as compared to NdGd15. This gives a direct inference

that vortex pinning is higher in Ce doped samples.
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Figure 5.17: The magnetic hysteresis loops (MHLS) of undoped (Nd3), Ce doped (NdCel) and Gd
doped (NdGd15) Nd1111 samples measured at (a) 5 K and (b) 20 K up to a field of 6 T. Insets show the

paramagnetic background subtracted MHLs at respective temperatures
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Further, the magnetization width (AM) due to the critical state of pinned vortices
can be estimated as AM = M* — M". Using the extended Bean model and taking the sample

dimensions as length scales of magnetization current loops, the global critical current

density Jc can be estimated as Global ], = 20[AM /a(1 — %)] where AM is measured

in emu/cm3, ‘a’ and ‘b’ are the dimensions of the samples with a < b incm and Jc in Alcm?
(Bean C. P. 1962). The field dependent Jc of undoped (Nd3), Ce doped (NdCel) and Gd
doped (NdGd15) Nd1111 samples measured at 5 and 20 K up to a field of 6 T are given in
Figure 5.18. The Jc of all the samples increases up to Hcy and further there is an abrupt
decrease in Jc up to an applied field of 1 T. Thereafter, an almost constant Jc is observed
for all the samples up to the maximum applied field. The doped samples show
competitively better Jc(H) performance in comparison to the pristine sample Nd3. The
maximum global Jc observed for Nd3 is 1.8 x 10° A/lcm? at 5 K, while for NdCel and
NdGd15, the Jc is found to be 3.4 x 10° A/cm? at 5 K which is almost double to that of
Nd3. Both NdCel and NdGd15 trail similar Jc(H) behavior up to 2 T with NdCel
excelling NdGd15 at higher fields up to 6 T, as expected from the M-H data. At 20 K, the
sample Nd3 shows degradation in Jc at higher fields, particularly at 20 K, whereas the
doped samples still exhibit enhanced Jc with weak field dependence.

Global J, (A/cmz)

Field (T)

Figure 5.18: Jc(H) plots of undoped (Nd3), Ce doped (NdCel) and Gd doped (NdGd15) samples
measured at 5 K (closed symbols) and 20 K (open symbols) up to a field of 6 T
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Figure 5.19: p-T plots of Nd3, Gd doped (NdGd15) and Ce doped (NdCel) sample measured at fields
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Figure 5.20: H-T phase diagram of undoped (Nd3), Gd doped (NdGd15) and Ce doped (NdCel)

samples measured at fields 0-9 T
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The improvement of Jc(H) performance of a superconductor is mainly controlled
by the flux pinning centres in it. Often substitution of appropriate dopants creates lattice
defects or point pinning centres and sometimes secondary phases or precipitates act as flux
pinners (Neson et al. 2010). In the present case, both Ce and Gd substitution at Nd site
creates lattice defects which help in pinning the flux lines on the defects thereby enhancing
the current density at applied fields but at higher fields NdCel outdo NdGd15. This leads
to an inference that lattice defects created due to the substitution of Nd** with a relatively
larger ion Ce** acts as a stronger flux pinner compared to that due to Gd**. However, the
contribution of secondary phases towards flux pinning is presumed to be minimal since no
such secondary phases due to Ce or Gd substitution have been detected in XRD. In the
undoped sample Nd3 itself, the pinning of flux lines is accomplished by the defects due to
fluorine doping at oxygen site. Moreover, Jc(H) measurements and flux pinning studies on
single crystals of different RE1111 systems have already shown that spatial fluctuations of
the critical current density do exist on the macroscopic scale and the major contribution
comes from collective pinning of vortex lines by microscopic defects by the mean-free-
path fluctuation (6K) mechanism (Van der beek et al. 2010). However, substitution of
fluorine at oxygen site is also found to create local phase variations, indicating a strong
possibility for 8T¢ pinning mechanism (Shlyk et al. 2014). In the present study, apart from
fluorine substitution, the major contribution to vortex pinning is from the substitutional
defects due to rare earth doping at Nd site in Nd1111.

To obtain information about the upper critical field (Hcz) and flux pinning
properties, the temperature dependence of resistivity was measured by applying magnetic
fields ranging from 0 to 9 T as shown in Figure 5.19. The method of estimating Hc, using
four-probe resistivity measurement under varying magnetic field provides more accurate
values, advantageous over calorimetric measurements which are influenced by the strong
paramagnetism of Nd** ions at high fields (Welp et al. 2008; Jaroszynski et al. 2008b).
Similar to the layered cuprate superconductors, the iron pnictide systems are also reported
to have very high critical field and the p-T plots under magnetic field variation exhibit a
fan-shaped behavior (Hunte et al. 2008; Jia et al. 2008b). On increasing the field, onset T¢
slightly decreases, while the zero resistance temperature or offset Tc largely decreases
apparently due to the broadening of the resistivity transition. At the field of 1 T, there is a
sudden change in onset Tc. However, the rate of broadening decreases at higher fields.
Since the transition temperature does not shift much towards low temperatures, a very high

value of Hc2(0) (Hc: at zero temperature) is ensured.
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The upper critical field Hc, and irreversibility field H;, were determined from the
90% and 10% values of the normal state resistivity. In Figure 5.20, a graph is plotted with
temperatures (T) corresponding to 0.90p, (pn - resistivity taken at 56 K) along x-axis and
the respective fields (H) around y-axis. The significant upward curvature of the plots have
been already observed in polycrystalline and single crystals of Nd1111 proving it to be an
intrinsic feature of oxypnictides rather than a manifestation of the vortex lattice melting or
granularity (Jaroszynski et al. 2008b). The slope of this H-T phase diagram i.e. d(Hc)/dT
at Tc is used to estimate the Hc, on the basis of Werthammer-Helfand-Hohenberg (WHH)
theory which is -4.8 T/K, -8.8 T/K and 9.7 T/K for Nd3, NdGd15, and NdCel, respectively
(Werthammer et al. 1966). Accordingly, Hc2(0) = -0.693T¢[d(Hc,)/dT] has been calculated
as 162 T for the undoped sample, Nd3; 335 T for the Gd doped sample, NdGd15; and 360
T for the Ce doped sample NdCel. The estimated values of Hj, for Nd3, NdGd15 and
NdCel, are 34.8 T, 42.4 T and 47.5 T, respectively. Earlier studies on single crystal forms
of Nd1111 samples have shown a maximum Hc, of 304 T using WHH theory (Jia et al.
2008a). Even though the WHH and Ginzburg-Landau equations seem to be less valid for
the low temperature range, the Hc, values estimated using both equations are usually far
below the real experimental data; indicating that the real Hc, in the samples should be
higher than what is estimated from the WHH theory. Thus, it is evident that lattice defects
due to rare earth doping, especially Ce doping at Nd site, has been effective in increasing
the pinning properties and Hc, of pristine Nd1111 thereby making it an ideal candidate for
high field applications.

5.3.3 Conclusion

Polycrystalline samples of NdFeAsOq;Fp3 and the doped variants Nd;.
xCexFeAsOg7Fo3 and Ndi;xGdxFeAsOq,Fp3 were synthesized at ambient pressure to
investigate the substitutional effects of relatively larger (Ce®*") and smaller (Gd*") ions at
Nd** site on the structural and superconducting properties of NdFeAsOq7Fo3. Maximum
Tcs of 53.6 K and 55.1 K was obtained through Ce and Gd doping at x = 0.1 and x = 0.15,
respectively. At self-field and up to the field of 2 T, both Ce and Gd doped Nd1111
samples exhibit a similar Jc(H) performance with a magnitude double to that of Nd3.
However, at higher fields, the Jc(H) behavior of Ce doped Nd1111 sample is competitive
to that of the Gd doped sample. In summary, the smaller ionic size of Gd*" is found to

enhance the Tc of Nd1111 through lanthanide contraction while the lattice defects created




Rare earth doping in NdFeAsOg7Fq3 117

due to the relatively larger Ce** ion is found to enhance the Jc(H) performance at high
fields.

54 Summary

Rare earth modified Nd;xRExFeAsOq7Fo3 (RE = Y, Ce and Gd) samples were
found to exhibit enhanced magnetic and superconducting properties as compared to the
solo fluorine doped NdFeAsOg7Fo3. The transition temperatures were enhanced to a
maximum of 55.1 K with Gd doping. Yttrium and Gadolinium doping were found to
enhance Tc through lattice contraction or inner chemical pressure by virtue of their smaller
ionic size compared to Nd** ion; whereas Cerium doping also helped T¢ enhancement due
to its multivalent nature at low temperatures. Very high upper critical fields of around 360
T and superior Jc(H) performance were also exhibited by the rare earth modified samples.
The lattice defects due to substitution at Nd** site were found to create additional pinning
centres which enhanced the flux pinning capability of these samples even at higher
magnetic fields.




CHAPTER 6

STUDIES ON BINARY DOPING IN NdFeAsO SUPERCONDUCTOR
USING DIVALENT FLUORIDES

6.1 Introduction

Superconductivity in REFeAsO (RE1111, RE - Rare earth) systems could be
achieved either through hole or electron doping, isovalent substitution, application of
pressure or chemical intercalations (Kamihara et al. 2008; Wen et al. 2008; Lu et al. 2008;
Yang(a) et al. 2010). As already discussed iron pnictides especially the RE1111
compounds have four different sites for appropriate chemical substitution or doping or
creation of vacancies. Initially, the charge reservoir layer i.e. RE;O, layer was mainly
modulated, both to induce superconductivity and to enhance the existing properties, instead
of the conducting block layer i.e. Fe,As; layer which is relatively tolerant and robust as
compared to the CuO, layer in cuprates. Fluorine doping at oxygen site or creation of
oxygen vacancies was found to be essential to induce superconductivity in the RE1111
compounds (Aswathy et al. 2010; Zhao(b) et al. 2010). Substitution of trivalent rare earths
having smaller ionic radii was then found to increase the T¢c of F doped RE1111
compounds due to lanthanide contraction (Lu et al. 2008; Wei et al. 2008). Doping at RE
site with bivalent or univalent ions is also considered as another way of inducing
superconductivity by donating holes to the system (Wen et al. 2008; Rotter et al. 2008).
However, the T¢ obtained for the hole doped systems was relatively lower than the electron
doped ones.

It becomes more interesting when both holes and electrons are introduced into the
RE1111 compounds using a single source, an alkaline earth metal fluoride. Apart from the
variation in nature and density of charge carriers, the dopant ions play a major role in
modifying the electronic structure through structural modifications such as lattice
parameter variations and Fe-As-Fe bond angles which indirectly affect the FeAs layer.
NdFeAsO based superconductors are well known for their very high upper critical field
and field independent Jc(H) performance (Jia et al. 2008a; Jaroszynski et al. 2008a). But
the transport properties of binary doped NdFeAsO superconductors have not been
addressed so far. In this chapter, two different alkaline earth metal fluorides such as CaF,
and MgF, have been chosen to introduce both holes and electrons simultaneously into
NdFeAsO system. The influence of this binary doping or codoping at Nd** and O? sites
with Ca*/Ba®* and F, respectively on the structural, microstructural, transport and
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magnetic properties of Nd1111 has been investigated in detail and discussed in this
chapter.

6.2  Experimental

Polycrystalline samples with nominal compositions of NdFeAsO, NdFeAsO1xFx (X
= 0.3 and 0.4) and Nd;.xAxFeAsO;.oxF2x (A= Ca and Mg & x = 0.15, and 0.2) were
synthesized by solid state method (Anooja et al. 2012). The ingredients Nd, Fe, As, Fe;03,
FeF, and CaF,/BaF, were stoichiometrically weighed and mixed. The samples NdFeAsO,
NdFeAsOo7Fo3,  NdFeAsOggFos  NdogsCagisFeASOg7Fos,  NdogoCap2FeASOg sFo .4,
Ndo.gsMdo.15FeAsOg7Fo3 and NdogsMgo2FeASOgsFo4 are labeled as NdO, Nd3, Nd4,
NdCal5, NdCa2, NdMg15 and NdMg2, respectively. Here, Nd3 and Nd4 are the samples
doped with fluorine only using FeF, as fluorine source. While the binary doped samples
NdMg15/Cal5 and NdMg2/Ca2 have stoichiometrically similar fluorine content as in Nd3
and Nd4, respectively; the fluorine source used is CaF,/MgF,. The weighing and mixing of
starting materials were performed in a glove box filled with high purity argon gas.
Following this, the homogenous mixtures were compacted into rectangular pellets having
dimensions 5 x 5 x 15 mm?® and sealed in evacuated quartz tubes. The sealed quartz tubes
were then heat treated at 360 °C for 5 h. The pre-processed samples were ground, re-
pelletized and again sealed in evacuated quartz tubes. The samples were then heat treated

at 850 °C/30 h + 1150 °C/20 h. The furnace was then cooled with a slow ramp rate of 1

°C/min to avoid the breaking of quartz tubes.
6.3 Influence of CaF, doping in NdFeAsO superconductor

6.3.1 Structural and transport properties of CaF, doped NdFeAsO

The powder x-ray diffraction patterns of the samples are shown in Figure 6.1. The
major phase in all the samples was identified as that of NdFeAsO. The pure sample NdO
contains phases of FeAs which are present in other samples also. In all the doped samples,
apart from FeAs, NdOF phase is also present. The peaks corresponding to CaF, or its
derivatives are not present in any of the binary doped samples. Thus, it can be inferred that
the Ca®* ions have been incorporated into the system appropriately. On comparing with the
main peak (102) of pure sample NdO, the corresponding peak of the F doped samples Nd3
and Nd4 show a right-shift and that of the binary doped samples NdCal5 and NdCa2 show
a left-shift (shown in Figure 6.2 (a)). The right-shift observed in the samples Nd3 and Nd4
is an indication of c-axis contraction caused due to fluorine (or electron) doping which is

relatively more in Nd4. Whereas, the left-shift in the binary doped samples indicates that,




Binary doping in NdFeAsO 121

though both holes and electrons are doped in the system, hole doping dominates electron
doping. The most interesting feature in the XRD patterns of binary doped samples is the
relatively high intense peaks corresponding to the (00I) planes. Among the binary doped
samples, NdCa2 exhibits the maximum alignment of the (00I) plane as compared to
NdCal5. This demonstrates the feasibility of achieving preferred orientation of the

crystallites along the c-axis in NdFeAsO based iron pnictides.
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Figure 6.1: XRD patterns of the undoped (NdO0), F doped (Nd3 and Nd4) and binary doped (NdCal5
and NdCa2) samples

In order to correlate the shift in peaks observed with the structural modifications in
these samples, the lattice parameter calculations were also done (Table 6.1). The lattice
parameters a and ¢ of Nd3 and Nd4 are smaller than that observed for the parental
compound NdO. Since fluorine doping at oxygen site in RE1111 system causes lattice
shrinkage, particularly along the c-axis, the decrease in lattice parameter values can be
considered as an aftereffect of the electron doping. In the case of binary doped samples,
both the lattice parameter values are higher compared to that of NdO, Nd3 and Nd4. The
increase in lattice parameters is a reflection of the left-shift observed in the binary doped
samples due to the dominance of hole doping. However, both the a and ¢ values are found
to be higher for NdCal5 compared to NdCa2 i.e. increase in binary doping beyond an
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optimum value brings a lattice contraction especially along the c-axis. The increase in
doping content reduces the interlayer distance between the charge reservoir layer (NdO)
and conducting bn layer (FeAs) due to chemical pressure. The dominance of hole doping
seems to decrease on reaching a stoichiometry of x = 0.2. From the XRD patterns, the full-
width at half maximum (FWHM) values of (101), (102), (112), and (114) peaks of
undoped, F doped and binary doped samples are estimated and are displayed in Figure 6.2
(b). The FWHM of polycrystalline samples depends on both the crystallite size and lattice
strain. It decreases with increase in crystallite size and decrease in lattice strain. It can be
seen that the FWHM values decrease for binary doped samples compared to the

corresponding F doped samples and the undoped sample.
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Figure 6.2: (a) Enlarged view of the (102) peaks showing the shift and (003) peaks showing the large
intensity variation due to binary doping (b) FWHM of all the samples for (101), (102), (112), and (114)
peaks

The SEM images of freshly fractured surfaces of the samples are shown in Figure
6.3. It is seen that there is distinct change in the morphology and grain size of the samples
on moving from NdO to NdCa2. The grains of the pure (NdO) and F doped (Nd3 and Nd4)
samples are much smaller when compared to the binary doped samples (NdCal5 and
NdCa2). The pure sample NdO is porous in nature and its grains appear to be fused. On
fluorine doping, the grains become more sharp and clear, but the porosity still remains. The
microstructure of Nd4 is much superior to that of Nd3 both in terms of grain size and grain
connectivity. The observation is in agreement with the reported result that microstructure
improves with the increase in fluorine doping level (Aswathy et al. 2013). In binary doped
samples, a remarkable change is observed both in grain connectivity and grain size. The
preferred orientation of crystallites along c-axis as found from the XRD analysis and the

observed decrease in FWHM of the binary doped samples, especially in NdCa2, are clearly
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reflected in the corresponding SEM images. The lowering of FWHM in the binary doped
samples supports the increase in grain size in these samples. The porosity is almost absent
and the grain size has increased much in the binary doped samples. The enhanced grain
growth with preferential orientation in NdCal5 and NdCa2 could be a consequence of the
binary doping with CaF,. Calcium and calcium compounds are found to promote abnormal
grain growth (AGG) in different oxide ceramics such as Al,O; (Altay et al. 2003), a-
SIAION (Shuba et al. 2002), and Ca,CoO; (Tani et al. 2007) etc. Here, it is to be noted
that, though the grains are layered and larger in size, they are randomly oriented. So, in
order to completely exploit the merit of microstructure to enhance the critical current
density of conductors these grains need to be properly aligned using methods such as

powder-in-tube technique as done in the case of Bi-based cuprates.

Figure 6.3: SEM images of undoped (Nd0), F doped (Nd3 and Nd4) and binary doped (NdCal5 and
NdCa2) samples
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Figure 6.4: p-T plots of undoped (Nd0), F doped (Nd3 and Nd4) and binary doped (NdCal5 and
NdCa2) samples

The effect of binary doping in NdFeAsO system on the critical temperature T¢ and
other transport properties was studied through temperature dependent resistivity (p-T)
measurements and the plots are shown in Figure 6.4. All the data obtained related to
structural and superconducting properties of the samples are given in Table 6.1. The pure
sample NdO is not a superconductor and it displays a resistivity behavior as expected for a
parental compound of RE1111 system. The F doped and binary doped samples exhibit a
metallic nature above the superconducting transition region. For NdCal5, there is a kink
near the transition region depicting an underdoped condition. This is a consequence of
inadequate fluorine doping or under-doping due to volatile loss of fluorine supplied by
nominal content of CaF, for the x = 0.15 stoichiometry. The normal state resistivity of this
sample is comparatively higher, but the T¢ (32.8 K) is higher than the F doped sample,
Nd3 (30.6 K). Even though the sample NdCal5 shows signs of under-doping, the
difference in carrier concentration of both holes and electrons is the reason behind the
higher T¢ observed in NdCal5 when compared to the corresponding F doped sample Nd3.
In Nd4, the T is found to be 42.2 K which is higher due to the higher content of fluorine
compared to that of Nd3. For NdCaz2, the normal state resistivity is lower than those of
Nd3, Nd4 and NdCal5, and the Tc has increased to a maximum of 52.3 K. Thus,
simultaneous doping of 20 % calcium at Nd site and 40 % fluorine at oxygen site has
enhanced the T¢ as compared to the corresponding F doped sample. The residual-

resistivity-ratio (RRR = p3oo/pss) IS @ measure of sample purity and homogeneity. It is
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observed that RRR is lower for NdCal5 and higher for NdCa2 as compared to the F doped
samples Nd3 and Nd4. In NdCa2, the higher RRR and lower normal state resistivity (psoo)
values indicate a much better sample homogeneity than the other samples. The ATc (Tconset
— Teomset) 1S also found to be lower for NdCa2 compared to all other samples. Hence, on
considering all the parameters such as RRR, AT, and T¢, the sample NdCaz2 is found to be
superior to all other samples. Since all the samples were processed under identical
conditions, the higher T values observed in binary doped samples compared to their
corresponding F doped samples is presumed to be due to the combined effect of hole and

electron charge carriers provided by the binary dopant CaF.
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Figure 6.5: 1-V plots of F doped (Nd3 and Nd4) and binary doped (NdCal5 and NdCa2) at 12 K

The transport current versus voltage (I-V) measurements were conducted on all the
doped samples at 12 K and self-field. The I-V plots of measurements done on samples with
a cross section of about 2 x 1 mm? are shown in Figure 6.5. It is observed that the transport
Ic and corresponding Jc values are higher for the binary doped samples as compared to the
corresponding F doped samples. The added advantage of Tc enhancement and the
refinement in microstructure collectively enhance the transport Ic of NdCa2. A maximum
Ic of 24.8 A and Jc of 1240 A/cm? are achieved in this sample. This shows that adequate
binary doping can improve the microstructure of the sample and also enhance the transport

critical current density significantly higher than by solo fluorine doping.
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Table 6.1: Structural and superconducting parameters of pure (Nd0), F doped (Nd3 and Nd4) and
binary doped (NdCal5 and NdCa2) samples

Sample  Fluorine Lattice parameters (A) Tc (K) P3ooK Transport
N RRR Ie (Aom?
ame source a c oT 4T (mQcm) c (A/em?)
NdO = 3.9815 8.5818 - - 6.75 - -
Nd3 FeF, 3.9675 8.5709 30.6 30.2 2.65 2.07 505
NdCalb CaF, 3.9770 8.5864  32.8 32.5 5.78 1.60 815
Nd4 FeF, 3.9624 8.5573 422 41.8 2.96 251 875
NdCa2 CaF, 3.9717 8.5717 52.3 51.9 1.89 5.92 1240

Figure 6.6 shows the ac magnetic susceptibility of the F doped (Nd3 and Nd4) and
binary doped (NdCal5 and NdCa2) samples with varying temperature measured at ac
frequency 208 Hz and ac field 0.49 mT. The ac susceptibility curves (both real, ' and
imaginary, x") of the samples have been normalized and scaled between 0 and 1 by
dividing with y'max and y," so that the effect of binary doping can be understood clearly.
The in-phase component, ', represents the magnetization induced in the sample in-phase
with the applied field. For a superconducting sample, it should be negative as expected for
a perfect diamagnetic material. Apart from the normal step like transition, the presence of a
double stepping nature in the diamagnetic transition is an evidence of the inherent
electromagnetic granularity prevailing in iron pnictides. But, in the present case it is to be
noted that the binary doped samples do not exhibit such a double step. This may be due to
the improvement in grain connectivity and grain size which alleviates the granularity in
these samples. The microstructure and transport current measurements of these samples
also support the suppression or absence of granularity. While ' refers the in-phase
component, x" is referred as the imaginary part which is proportional to 7/2 out of phase or
quadrature component of the magnetization. This imaginary component has a positive or
nonzero value for temperatures below Tc. It shows two distinct peaks wherein the higher
temperature peak corresponds to the individual superconducting grains i.e. intra-granular
superconductivity whereas the lower temperatures peak corresponds to the inter-granular
coupling (Bonsignore et al. 2011).

The flux creep dynamics in the sample NdCa2 was studied by monitoring the ac
susceptibility at different frequencies for varying temperatures at a fixed ac field. Figure
6.7 shows the temperature dependencies of ' and " for Hac = 0.49 mT at frequencies f =

208, 333, 533, 733 and 999 Hz. The frequency dependence of ac susceptibility is observed
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distinctly. The diamagnetic onset transition temperature in real part of ac susceptibility (')
remains the same irrespective of the frequency. The inter-granular peak in the imaginary
part (") shifts towards higher temperatures with increase in frequency. The flux creep
model proposes that the shift in peaks with the increase in frequency is due to the
insufficient time for inter-granular vortices to relax and penetrate into the superconductor
during each cycle (Muller et al. 1990). For complete penetration of flux lines, the pinning
force density between the grains is to be weakened. This is possible only when the
temperature increases and hence the peak temperature, Tp, increases with increase in
frequency. The maximum of x"(T), i.e. x," is at a frequency given by the equation:

f = foexp(-U/ksT), where f; is an attempt frequency and U is the activation energy
for flux creep. In a superconductor, the activation energy or the pinning energy depends on

both temperature and applied magnetic field.
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Figure 6.6: Normalized y-T plots of F doped (Nd3 and Nd4) and binary doped (NdCal5 and NdCa?2)

samples




128 Binary doping in NdFeAsO

%r!

arb. units

20 30 40 50 60
Temperature (K)

Figure 6.7: %-T plots of binary doped sample NdCa2 at different frequencies of ac signals

0.06

0.05 |-

0.04 |-

-1
UT, (K"

0.03 | \.

0'02 M M 1 PR W S T T A A A A W R T YRR FETTArTTy N
200 400 600 800 1000

Frequency (Hz)

Figure 6.8: 1/Tp versus frequency for the binary doped sample NdCa2

Figure 6.8 shows an exponential dependence of 1/Tp versus frequency. The above
mentioned Arrhenius-like equation can be used to calculate the pinning energy or
activation energy for particular field amplitude Ha.. The dependence of peak temperature
on frequency follows the same trend of exponential decrease as observed in YBCO
superconductors (Liu et al. 2005; Salamati et al. 2004). But, in the present case, the shift in

peak temperature with respect to frequency is comparatively larger. Moreover, we can see
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that with the increase in frequency, the real part of ac susceptibility shows the double
stepping nature which is clearly observed at a frequency of 999 Hz (Figure 6.7). These
observations conclude that for the binary doped sample NdCaz2, the inherent granularity of
iron pnictides becomes pronounced only at higher frequencies of ac signal. Thus, the
coupling between the grains is relatively stronger at lower frequencies.

It is true that the enhancement in T¢ and Jc values of a superconductor definitely
makes it superior. Different techniques of chemical doping and addition can be used to
enhance the transport properties of a bulk superconductor. Both in situ and ex situ
development of iron pnictide wires were attempted soon after its discovery, but the
transport Jc reported in RE1111 wires (of the order of 10%) is even lower than that of other
iron pnictide counterparts i.e. 122 system (of the order of 10°). But there is hardly any
report on transport Jc in polycrystalline bulk samples of NdFeAsO based systems. In the
present work, the simultaneous doping of Ca** ions at Nd** site and F™ ions at O site has
increased the Tc and Jc of the binary doped samples compared to the corresponding F
doped samples. This is a result of the combined effect of both holes and electrons in
NdCa2 by binary doping. The observation of c-axis alignment and the refinement of
microstructure in the samples doped using CaF, as the fluorine source are noteworthy.
Though preferential orientation gives great scope for further improvement in transport Jc;
in the present case, the grain size enhancement caused by binary doping is the major reason

for enhanced transport Jc observed.
6.3.2 Conclusions

We could successfully synthesize polycrystalline samples of NdFeAsO based
superconductors with simultaneous doping of holes and electrons at Nd** and O site with
Ca®* and F respectively using CaF, as a binary dopant. The sample Nd;.,CaxFeAsO1.oFax
with x = 0.2 exhibited a maximum T¢ of 52.3 K and a maximum transport Jc of 1240
Alcm? at 12 K. The refinement of microstructure with highly enhanced grain size and
preferential orientation of (00I) planes achieved in the binary doped sample is mainly the
reason for enhanced transport properties. Since iron-pnictides do share the problems of
weak links and anisotropy as observed in cuprates, alignment of the preferentially oriented
grains along a single axis is expected to further improve the transport properties
significantly. Hence, the observations in the present work conclude that the orientation of
crystallites in bulk samples can be mechanically worked out to yield tapes having
preferentially aligned grains along a single axis, to achieve iron pnictide superconductors

of technological significance.
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6.4  Influence of MgF, doping in NdFeAsO system
6.4.1 Structural and transport properties of MgF, doped NdFeAsO

The x-ray diffraction (XRD) patterns of the undoped (parent) compound, the
fluorine alone doped compounds Nd3 and Nd4 and the binary doped compounds NdMg15
and NdMgz2 are shown in Figure 6.9. All the peaks of the XRD patterns are indexed and
the major phase is found to be that of NdFeAsO. Apart from the usual impurity phases
such as NdOF and FeAs, the doped samples show no other phases corresponding to Mg or

its derivatives, confirming the incorporation of Mg®* ions into the NdFeAsO1.,F, system.
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Figure 6.9: XRD patterns of the undoped (NdO0), F doped (Nd3 and Nd4) and binary doped (NdMg15
and NdMg2) samples
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An enlarged view of the main peak (102) of all the XRD peaks is shown in Figure
6.10 (a). It has already been discussed that doping with fluorine at oxygen site always leads
to shift in XRD patterns towards the higher angles. Substitution of Nd** site with a smaller
rare earth ion Gd** was also found to replicate the same. However, larger ions such as Ce®*
and Ca** caused a shift towards the lower angles as compared to the F doped samples. In
the present case, Mg?* ions are smaller than Nd** and hence the peak shift towards right
with respect to both undoped and F doped samples is reasonable. The lattice parameters of
these samples were also calculated using the XRD patterns and are included in Table 6.2.

Both the lattice parameters a and ¢ were found to decrease in the binary doped samples
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compared to that of F doped and undoped samples. The decrease in lattice parameters i.e.
contraction of lattice structure supports the creation of inner chemical pressure due to the
relatively smaller Mg?* ion doping at Nd** site. The full-width at half maximum (FWHM)
values of (101), (102), (112), and (114) peaks of undoped, F doped and binary doped
samples were also estimated and are displayed in Figure 6.10 (b). The FWHM values of
the binary doped samples were found to be lower than that of the F doped and undoped

samples similar to that observed in the CaF, doped samples.
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Figure 6.10: (a) Enlarged view of the (102) peaks showing the shift in the peaks with respect to the
undoped sample (b) FWHM of all samples for the (101), (102), (112), and (114) peaks

Table 6.2: Structural and superconducting parameters of pure (Nd0), F doped (Nd3 and Nd4) and
binary doped (NdMg15 and NdMg2) samples

Sample  Fluorine Lattice parameters (A) Te (K) Paok  grr  TransportJc
Name source a c p-T T (MmQcm) (Alem?)
NdO - 3.9815 8.5818 - - 6.75 - -

Nd3 FeF, 3.9675 8.5709 30.6 30.2 2.65 2.07 505
NdMg15 MagF, 3.9523 8.5273 447 446 9.01 2.98 850
Nd4 FeF, 3.9624 8.5573 42.2 41.8 2.96 2.51 875
NdMg2 MagF, 3.9458 8.5098 54.7 545 5.42 6.06 1150
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Figure 6.11: SEM images of F doped (Nd3 and Nd4) and binary doped (NdMg15 and NdMg2) samples

The microstructural analyses of these samples were also carried out and Figure 6.11
shows the SEM images of the fractured surfaces of the F doped samples Nd3 and Nd4
along with the corresponding binary doped samples NdMg15 and NdMg2, respectively.
The morphology of all the samples shows the characteristic flaky and layered nature of
iron pnictides. The microstructure is also homogenous and dense, in general. However,
there is notable and dramatic change in morphology of the samples upon binary doping as
compared to the corresponding F alone doped samples. In particular, both grain size and
grain connectivity are enhanced in the binary doped samples similar to the CaF, doped
samples. Moreover, the porosity in the F doped samples is also found to decrease
tremendously upon binary doping. Since crystallite size effectively contributes to the
broadening of the XRD peaks, the increased grain size observed in binary doped samples
can be well correlated with the decreased FWHM values obtained for these samples. It is to
be noted that binary doping using both MgF, and CaF;, as dopants has brought about
significant microstructural refinement. Conversely, the preferential alignment observed in
CaF, doped samples is not observed in MgF, doped samples. So the inference is that
alkaline earth metal fluorides used as fluorine source generally refine the microstructure
while preferential orientation of crystallites is mainly promoted by the characteristic nature

of calcium and calcium based compounds.
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Figure 6.12: p-T plots of F doped (Nd3 and Nd4) and binary doped (NdMg15 and NdMg2) samples

Figure 6.12 shows the temperature dependent resistivity of F doped (Nd3 and Nd4)
and corresponding binary doped (NdCal5 and NdCa2) samples. All the samples show
metallic nature with an abrupt decrease in resistivity especially below a characteristic
temperature Ts, around 150 K up to their superconducting transitions. The presence of
slope-change in the resistivity curves from 300 K up to superconducting transitions is an
indication of the inherent pseudo gap behavior of RE1111 systems. The onset T¢ values of
all the samples are given in Table 6.2. It is interesting to observe that the T¢ values of the
binary doped samples are higher than the corresponding F doped samples. A maximum T¢
of 54.7 K is obtained for the sample NdMg2, i.e. Nd;xMgxFeAsO1.oxF2x With x = 0.2
stoichiometry. Regarding the binary doped sample Ndi;xMgxFeAsO;.oF2x with x = 0.15
stoichiometry, the T¢ value is only 44.7 K, but the superconducting transition is sharp and
doesn’t show any sign of under-doping as observed in NdCal5. Apart from the modulation
in charge carrier density due to binary doping, the smaller ionic size of Mg?* has a major
role in increasing the inner chemical pressure of the system that enhances the charge
transfer between the charge reservoir layers and conducting block layers. Thus, the
structural modification due to the relatively smaller Mg®* ion and the effective contribution
of the charge carriers (both electrons and holes) together enhance the T¢ of the system.

Figure 6.13 shows transport I-V measurements of the superconducting samples
Nd3, Nd4, NdMg15 and NdMg2 at 12 K. The critical current Ic of all the samples was

estimated following the standard 1 puV/cm criterion and is given in Table 6.2. The I¢ values




134 Binary doping in NdFeAsO

of the binary doped samples are found to be substantially higher as compared to the F
doped ones. The maximum Ic of 23 A is obtained for NdMg2 which corresponds to a
transport Jc of 1150 A/cm? The improved microstructure especially the increased grain
connectivity is the main reason behind the enhanced transport Jc. The relatively high Tc

also supports the sample to maintain such a high Jc.
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Figure 6.13: 1-V plots of F doped (Nd3 and Nd4) and binary doped (NdMg15 and NdMg2) at 12 K
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Figure 6.14: Normalized y-T plots of F doped (Nd3 and Nd4) and binary doped (NdMg15 and NdMg2)

samples
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Figure 6.14 shows the temperature dependent normalized ac susceptibility curves
of Nd3, Nd4, NdMg15 and NdMg2 measured at 208 Hz and ac field 0.49 mT. As
discussed earlier, the real part of the ac susceptibility curve y' gives diamagnetic response
due to the screening currents created on the surface of the samples. The T¢ values of the
samples have been estimated on the basis of the diamagnetic transitions and the data is in
agreement with the T¢ values obtained through resistivity measurements. It is also
observed that all the samples show double stepping nature in the diamagnetic transitions.
The samples also show a peak in the imaginary part ", corresponding to the transitions in
x', indicating the amount of loss suffered by the system to shield itself from the applied

field of the ac signal.
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Figure 6.15: x-T plots of binary doped sample NdMg2 at different frequencies of ac signals

Figure 6.15 shows y-T plots of binary doped sample NdCa2 measured at different
frequencies of ac signals. In the present case, the depth of the diamagnetic transitions is
found to increase with increasing frequency. However, frequency variation has no
pronounced effect on the transition temperatures of the real part irrespective of the
superconducting system being analyzed. In the imaginary part, the peak height is found to
increase and the peak temperature (Tp) shifts to higher temperatures with respect to

increase in frequency similar to that observed in YBCO. For MgF, doped samples, the shift




136 Binary doping in NdFeAsO

in peak is relatively larger than the shift in CaF, doped samples and much larger than that
in YBCO. The extent of shift and the increase in peak height depend on the flux dynamics
of the system which is presented in the succeeding section. Moreover, the shifts in peaks of
x" with increasing ac field frequency can help in estimating the flux pinning energy in
superconductors. The frequency dependence of Tp can be attributed to the inter-granular
flux creep or magnetic relaxation in the superconductor. The shift in Tp with respect to
frequency represented as 1/Tp vs. frequency in Figure 6.16 follows an exponential curve as
observed for CaF, doped sample. However, the slope of the Arrhenius curve is directly
related to the activation energy of the system as mentioned earlier. It is clear that the effect
of inherent granularity and wet phases in this system becomes detrimental making the flux

creep easier and becomes more pronounced at higher frequencies.
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Figure 6.16: 1/T versus frequency for the binary doped sample NdMg2

6.4.2 Conclusions

It is observed that T¢c enhancement in MgF, doped system is assisted by the smaller
ionic size of Mg?" ions apart from the contribution of charge carriers as a result of binary
doping. Though the use of MgF, as fluorine source does not cause any preferential
orientation of crystallites, it does refine the microstructure of the samples remarkably both
in terms of grain size and grain connectivity which in turn favors the enhancement of
transport current. Thus, the overall analysis of structural and transport properties of MgF,
doped NdFeAsO samples conclude that MgF, helps in enhancing the T¢ and transport Jc of

the system as observed in CaF, doped samples.
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6.5  Magnetic properties of CaF, and MgF, doped NdFeAsO superconductors

In addition to the structural and transport characterizations, selected samples i.e. the
F doped sample (Nd4) and corresponding binary doped samples (NdCa2 and NdMg2)
which gave the best transport Jc were subjected to magnetic measurements such as
magnetization versus field (M-H) and resistivity versus temperature (p-T) at different
fields. These measurements have given a lot of information on the Jc behavior of the
samples under applied magnetic field and their upper critical fields.
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Figure 6.17: Magnetic hysteresis loops of Nd4, NdCa2 and NdMg2 measured at5and 20 Kup to9 T

Figure 6.17 shows the magnetic hysteresis loops (MHLs) of Nd4, NdCa2 and
NdMg2 measured at 5 and 20 K up to a field of 9 T. Here, the powder samples were
subjected to measurement and the moment obtained is normalized using the weight of the
samples in grams. The observed high magnetization of all the samples is the contribution
of the superconductor vortex pinning along with the paramagnetic moment due to Nd**
ions. At 5 K, the width of the MHLs of the binary doped samples is found to be broader
than that of the F doped sample. However, the width of all these samples becomes narrow
at a higher measurement temperature i.e. at 20 K. At higher measurement temperature the
contribution due to vortex pinning decreases. Similarly, the width also narrows down on

increasing the applied field up to 9 T since vortex pinning is also weakened on the
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application of higher magnetic fields. It is also observed that the contribution due to
paramagnetic moment seems to be higher for MgF, doped samples as compared to the
CaF, doped samples. However, Nd4 shows the highest moment since there is no
substitution at Nd** site as compared to the binary doped samples and hence all the Nd**
ions contribute to the paramagnetic counterpart of the magnetization.

The magnetic moment measured for the samples with increasing field shows that
all the samples give a negative moment or remain diamagnetic up to a certain lower critical
field, Hc, above which the moment increases. In Figure 6.18, it is observed that the CaF,
doped sample does not show a significant increase in Hey (~ 0.07 T) as compared to Nd4
(Hc1 ~ 0.05 T). However, the MgF, doped sample NdMg2 shows an Hcy of 0.16 T which
is more than three times the Hc; of Nd4. Even though the width of MHL i.e. the overall
vortex pinning is larger for NdCaz2, lower critical field is found to be higher for NdMg2.
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Figure 6.18: Enlarged view of the MHLs of Nd4, NdCa2 and NdMg2 measured at5 Kupto1 T

In order to deduce the magnetization due to superconductor vortex pinning alone,
the contribution due to paramagnetic moment (i.e. Mp = (M" + M")/2) has to be estimated
and subtracted which gives a paramagnetic background subtracted data as shown in Figure
6.19. The MHLs in this figure show broader widths for binary doped samples, especially
for NdCa2. At 5 K and fields up to 2 T, the binary doped samples show broader
magnetization loop width as compared to Nd4 wherein NdCa2 excels NdMg2. However, at
higher fields above 2 T, there is a gradual decrease in the width of NdCa2 while the width
remains almost constant for NdMg2. Since width of MHLs determines the vortex pinning

capability of the system being studied, it can be inferred that the vortex pinning is
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enhanced by CaF, doping over the entire field of study. But, upon increasing magnetic
field, there is a higher rate of reduction in magnetization of NdCa2 compared to that of
NdMg2 especially at 20 K. Thus, pinning ability of NdCa2 is seen to be coming down at
higher fields and high measurement temperatures while NdMg2 maintains a lower but

nearly constant magnetization at higher fields and measurement temperatures.
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Figure 6.19: The paramagnetic background subtracted MHLs of Nd4, NdCa2 and NdMg2 at 5 & 20 K

Using the Bean critical state model, the intra-grain critical current density (Jc) or

the Jc within the grains was calculated asLocal /. = (%), where AM (= M* — M) is the

width of the MHLs (Figure 6.19) and (d) is the average grain size (estimated from SEM
images). The local Jc with respect to applied field was then plotted as shown in Figure
6.20. As expected from the M-H data in Figure 6.19, the local Jc of the binary doped
samples are higher than the F doped sample up to 9 T. At 5 K, the maximum self-field
local Jc (~ 2.6 x 10° A/cm?) is obtained for NdCa2 as compared to the F doped sample (5.9
x 10* Alem?). It may be noted from the previous chapter that the Ce and Gd doped
NdFeAsQOg 7Fo3 samples showed a constant Jc(H) performance above 2 T. Whereas, here
at 5 K, both NdCa2 and NdMg2 show a gradually decreasing Jc above 2 T. At 20 K,
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though NdCa2 excels NdMg2 in terms of Jc, a constant Jc(H) performance is exhibited by
NdMg2 whereas the F doped sample Nd4 undergoes sudden drop in Jc at higher fields.

Local J, (A/em’)

Field (T)
Figure 6.20: Local Jc of Nd4, NdCa2 and NdMg2 estimated using MHLs measured at 5 and 20 K

The Jc(H) performance of the binary doped samples confirms that the lattice
defects due to binary doping with CaF, and MgF, do create pinning centres which help in
enhancing the in-field Jc of Nd4. But the pinning capability of NdCa2 and NdMg2
gradually decreases at higher fields and thus the in-field Jc is found to decrease at 5 K. At
20 K, NdCa2 follows similar behavior as observed at 5 K while the Jc(H) variation of
NdMg2 shows an initiation of peak effect above 4 T. However, there is an abrupt
degradation in the Jc(H) performance of the F doped sample Nd4 at 20 K and high fields,
wherein the binary doped samples sustain a much enhanced in-field Jc. It is clear from the
XRD that both F doped samples and binary doped samples contain the same kind of
impurity phases which act as current blockers thereby inhibiting transport current. Besides,
the Jc(H) performance of Nd4 indicates that these impurity phases also give limited
support to in-field Jc in the form of flux pinners. Hence, the enhanced Jc(H) in binary
doped samples is solely due to the combined effect of lattice defects created by the
simultaneous substitution of Mg*/Ca?* ions at Nd** site and O* at F site. Though

substitutional lattice defects due to Mg?*/Ca®" ions at Nd** site in binary doped samples act
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as better pinning centres compared to the solo substitution of fluorine in Nd4, these defects

are not fully effective to maintain constant Jc(H) at higher fields especially in NdCaz2.
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Figure 6.21: p-T plots of Nd4, NdCa2 and NdMg2 samples measured at fields 0-9 T
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Figure 6.22: H-T phase diagram of Nd4, NdCa2 and NdMg2 samples measured at fields 0-9 T
Figure 6.21 shows the field dependent p-T plots of Nd4, NdCa2 and NdMg2

samples measured at fields 0-9 T. It is observed that superconducting transition at 0 T is
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steeper, while on applying field there is a systematic broadening in the transition region.
The rate of increase in broadening with respect to applied field determines the field
withstanding capability of the superconductor, i.e. the upper critical field of the system can
be estimated. An overall analysis of the p-T plots conclude that the broadening of
transitions is maximum for Nd4, whereas it is minimized upon binary doping. This
indicates the possibility of achievement of higher upper critical field, Hc, for the binary
doped samples than the F doped one. Accordingly, the Hc, values were estimated using the
WHH theory as detailed in the previous chapter. According to WHH theory, Hc2(0) = -
0.693Tc[d(Hco)/dT], the slope d(Hcp)/dT was estimated from the H-T phase diagram
plotted using the 90% and 10% values of the normal state resistivity (p, - normal state
resistivity value just above the transition). Figure 6.22 gives the H-T plots in which the
slopes of the curves corresponding to 90% p, values of the samples give their respective
Hc, values and that of 10% p, values give the Hi, values. The slopes of Hc, curves
obtained for Nd4, NdCa2 and NdMg2 are -4.9, -8.5 and -7.9 T/K that corresponds to Hc;
values of 144, 310 and 300 T, respectively. Similarly, the slopes of Hj., curves were
obtained as -1.2, - 1.6 and -1.5 T/K giving H;. values of 36, 57.9 and 57.5 T, respectively.
Such higher values of Hc, and Hirr again confirm the flux pinning ability of substitutional
defects created by Mg?*/Ca®* ions at Nd** site.

6.6 Hall Effect measurement

Hall Effect measurement performed on a system having both holes and electrons as
charge carriers can help in distinguishing the dominance of the type of carriers present in
the system. In the present chapter, we have synthesized alkaline earth metal doped iron
oxypnictides using binary dopants such as CaF, and MgF,. The composition Nd.
«AxFeAsO1.oxFox (Where A = Ca and Mg) itself gives a clear indication that the electrons
imparted by fluorine doping are larger in number compared to holes created due to alkaline
earth metal doping. However, a confirmation on the majority charge carriers through Hall
measurement is desirable. Hence, the Hall voltage of selected samples i.e. the samples
NdCa2 and NdMg2 were measured keeping the current flow and applied magnetic field
mutually perpendicular. The transverse voltage is measured by sweeping the magnetic field
from -9 to 9 T and Hall voltage is estimated by eliminating the longitudinal resistive
contribution as discussed in Chapter 5. Figure 6.23 shows the field dependent transverse
resistivity of the samples NdCa2 and NdMg2 measured from -9 to 9 T at 100 K. It is
observed that samples exhibit negative resistivity with linear dependence on applied field.

The slopes of the linear curves i.e. the Hall co-efficient (Ry) for NdCa2 and NdMg2 are
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found to be -6.7 x 10° m%C and -5.9 x 10 m*/C, respectively. The negative sign of the
Hall co-efficient makes it clear that the dominant charge carriers are electrons. Though the
values of Ry are very close, NdMg2 is having a relatively smaller Ry as compared to that
of NdCa2. Thus, the estimated charge carrier density (n = 1/eRy) is higher for NdMg2
(1.05 x 10%" /m?) than NdCa2 (0.93 x 10°” /m®). The smaller ionic size of Mg contracts the
lattice which favors effective charge transfer and this can be accounted for the difference in
carrier densities. The key observation is that though holes and electrons are induced
deliberately through binary doping, electrons are the majority or dominant carriers in both
CaF, and MgF, doped samples.
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Figure 6.23: Transverse resistivity of NdCa2 and NdMg2 samples measured at 100 K

6.7  Summary and conclusions

Polycrystalline samples of F doped NdFeAsO: NdFeAsO;.xFx (x = 0.3 and 0.4) and
corresponding binary doped NdFeAsO: Nd;xAxFeAsO1.xFox (A = Ca, Mg; x = 0.15 and
0.2) were prepared using CaF, and MgF, as the binary dopant sources. Binary doping
helped in providing a combined effect of introducing both holes and electrons into the
system. Rather than the nature and density of charge carriers introduced, the use of the
alkaline earth metal fluorides (CaF, and MgF,;) as a fluorine source refined the
microstructure of the system tremendously in terms of grain size and grain connectivity
along with the improvement in density and homogeneity. The preferential orientation of

grains in CaF, doped samples was another interesting observation that needs to be further
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tailored in future for application point of view. Moreover, enhanced superconducting and
magnetic properties were observed for the binary doped systems as compared to the solo F
doped sample. Maximum Tcs of 52.3 and 54.7 K were observed for the binary doped
samples NdCa2 and NdMg2, respectively. These samples also gave high transport Jc
values of 1240 and 1150 A/cm? (at 12 K), respectively. The in-field Jc behavior derived
through magnetization measurements and very high critical fields estimated using
magneto-transport measurements also concluded that lattice defects due to binary doping

acted as effective flux pinning centres.




CHAPTER 7

DEVELOPMENT OF NdFeAsO;.,F, BASED CONDUCTORS IN WIRE
AND TAPE FORMS

7.1 Introduction

Superconducting wire is the central and inevitable component for a wide variety of
applications such as ac and dc power cables, power transformers, superconducting
magnetic energy storage devices, fault current limiters, wind turbine generators etc. The
low temperature superconductor Nb-Ti is still ruling the superconducting world, especially
as superconducting magnets, because of its steady performance and easy fabrication both
in mono and multifilamentary forms. However, the low values of T¢ and Hc, make liquid
Helium cooling mandatory and limit its application to lower fields. The limits on T¢, Jc
and Hc, affect the maximum current and the maximum magnetic field that a
superconductor can sustain which determine its value for practical applications. In view of
the relatively high T and Hc; of iron based superconductors, persistent efforts towards the
synthesis of phase pure REFeAsO;.xFx (RE - rare earth) compounds capable of carrying
high Jc are ongoing. The volatile nature of fluorine, toxicity and volatility of arsenic and
high oxygen affinity of rare earths are the major hurdles. The gravity of these problems
intensifies while considering the translation of these compounds into conductors suitable
for practical applications. In order to evaluate the proficiency of iron based wires, the
process of wire development needs to be optimized at the outset. Different wire
development techniques such as coating method, diffusion, continuous tube filling and
forming (CTFF) and powder-in-tube (PIT) exist for superconductors (Komori et al. 2002;
Cunningham et al. 2001; Tomsic et al. 2007; Suo et al. 2001). Among these techniques,
PIT technique following both in situ and ex situ methods is found to be more popular and
efficient in achieving good quality wires. The in situ PIT method is preferred since it helps
in achieving good inter-granular connectivity and makes doping of impurity elements
easier to implement artificial pinning centres. On following ex situ method, the main issue
lies with the volatility of arsenic and fluorine during the synthesis of the precursor powder
which demands supplement of these elements in the form of binders (Fujioka et al. 2011a).
However, for the successful fabrication of wires, a few critical issues are to be addressed.
Firstly, superconductors that are hard and brittle in the bulk form require stabilization using

a normal metal cladding intended for electrical, thermal and mechanical protection (Ma(a)
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et al. 2011). After choosing the appropriate sheath metal, other processing conditions such

as fabrication procedure, processing temperature and duration should be optimized to yield

the best superconducting properties.

7.2

Take a suitable
metal tube

(OD/ID:6/4mm)

and seal one end
\ with Cu stud

Fill pre-processed
powder and then
seal the other
\ end with Cu stud

Preparation of mono-filamentary NdFeAsOg¢Fo.4 Wires

Groove roll the
composite into a
wire of OD ~

1.4
\ mm

Heat treatment
at desired
temperature
N\

Figure 7.1: A schematic representation of the wire development procedure

The development of mono-filamentary wires has already been briefly discussed in

Chapter 3. A schematic representation of the wire development procedure followed in the

present work is given in Figure 7.1. Before initiating the wire making procedure, the

precursor powder is prepared i.e. ingredients necessary for NdFeAsOggFo4 IS Weighed

stoichiometrically and mixed inside a glove box having inert atmosphere. The homogenous

mixture is then pelletized and vacuum sealed in quartz tube. The sealed tube is then heat

treated at 360 °C for 5 h i.e. at the pre-processing temperature followed for the bulk sample

preparation. The pre-processed pellet is again ground and homogenized to be used as the

precursor for wire making. Then, a sheath metal tube of OD/ID (6/4 mm) is cut into an

approximate length of 3 cm. One of the open ends of the tube is sealed effectively using a

Cu stud. The precursor powder is then filled and compacted well in the tube. After sealing
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the other end with another Cu stud, the composite is groove rolled until it reaches an outer
diameter of 1.4 mm. The rolled long length wire is then cut into short pieces. The ends of
the short pieces of wires are then end capped using Fe as shown in figure. The short pieces

of these wires are then subjected to final heat treatment in inert atmospheres.

7.3  Optimization of sheath material and processing temperature for
NdFeAsOgsFo4 Wires

7.3.1 Introduction

In the previous section, the procedure for wire development makes it clear that for
in situ PIT method the precursor powder can be realized into a wire only with the support
of an appropriate metal cladding or sheath metal. Moreover, the sheath metal used for
superconducting wires should be beyond an ordinary protective jacket. It should meet
certain pre-requisites such as chemical compatibility with the superconductor, enough
ductility to be drawn into thin wires and strength to withstand mechanical workability. In
the present work, a set of five selected metals were used as sheath material for
NdFeAsOgsFo4 in order to check the chemical compatibility and influence of these sheath
metals on its superconducting properties. Initially, NdFeAsOqgFo4 Wires were prepared
using five different sheath metals such as Ag, Cu, Fe, Ni and SS hereafter referred as Ag,
Cu, Fe, Ni and SS, respectively. Then, each metal sheathed wire was cut into three pieces
of equal lengths. These short length wires were end capped and heat treated at different

processing temperatures such as 850, 900 and 950 °C, respectively.
7.3.2 Results and discussion

Samples for the x-ray diffraction (XRD) analysis were retrieved from the wires by
mechanically peeling off the sheath metal and powdering the reacted core. The patterns
were taken using a zero background holder. Figure 7.2 shows the XRD patterns of all the
wire samples with different sheaths processed at 850 °C for 40 h. The major phase in all
the samples is indexed to be that of NdFeAsO and all the superconducting cores contain
impurity phases such as FeAs and NdOF. However, it is clearly seen that except the Ag
sheathed sample all the other metal sheathed samples contain impurity phases due to the
sheath, that have been indexed. It is also observed that the amount of impurity phases is
larger in Ni and SS sheathed samples. Thus, the XRD analyses of samples indicate that
NdFeAsOg sFo4 is more chemically compatible to Ag sheath at elevated temperatures as
compared to other sheaths.
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Figure 7.2: XRD patterns of different metal (Ag, Cu, Fe, Ni & SS) sheathed NdFeAsO¢Fq4 samples

Figure 7.3: Optical images of the cross sectional area of (a) Ag, (b) Cu, (c) Fe, (d) Ni & (e) SS sheathed
NdFeAsOg¢Fq.4 Wires
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The optical images of the cross section of all the metal sheathed wires were also
taken using an optical microscope (Leica EZ4 HD) and are shown in Figure 7.3. There is
notable change in the superconducting core of the wires with respect to the outer sheath
used. In Ag sheathed sample (Figure 7.3 (a)), the core is dense, black and homogeneous;
while the density and homogeneity of the core are relatively poor for rest of the samples
(Figure 7.3 (b)-(e)). Though significant interfacial reaction is not observed in the core-
sheath boundary, the Ni and SS sheathed samples seem to have noticeable degradation of

the core with respect to density and composition.
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Figure 7.4: EDX of the superconducting core of (a) Ag, (b) Cu, (c) Fe, (d) Ni & (e) SS sheathed
NdFeAsOg ¢Fq.4 Wires
The superconducting core of the metal sheathed samples were subjected to EDX
analysis to check the influence of the sheath metals on the composition of the core. The
elemental analysis confirms the presence of Nd, Fe, As, O, F and the metal corresponding
to the sheath. In the Ag and Fe sheathed samples (Figure 7.4 (a) and (c)), the content of Ag
and Fe is found to be relatively low whereas rest of the samples show higher metal content
corresponding to the sheath. The core of Ag sheathed wire shows little diffusion of Ag.

Regarding the Fe sheathed wires, the diffusion of Fe is not expected to have adverse effects
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on the superconductivity since Fe is an ingredient of the core itself. However; in Cu, Ni
and SS sheathed wires the metal diffusion is relatively high. In SS sheathed samples, the
presence of 8-10 wt% of Ni and 18-20 wt% Cr in SS can influence the superconducting
properties of the SS sheathed wires. The presence of Ni and SS is well observed in the

EDX spectrum which confirms the diffusion from SS into the core.

Sheath-core  Mappingof  Mapping Mapping Mapping Mapping Mapping
interface th metal of Nd ] of As of O of F

(a)

Figure 7.5: SEM images of the core sheath interface and mapping of the compositional elements near
the boundary region of (a) Ag, (b) Cu, (c) Fe, (d) Ni & (e) SS sheathed NdFeAsOg¢Fo4 Wires
Figure 7.5 shows the SEM images taken near the sheath-core boundary and the
mapping of the constituent elements based on the EDX taken in that region. The coloured
dot mapping on a black background is a convenient technique to represent the spatial
distributions and local enrichments of the individual elements. Here, the coloured dots
denote the presence of the element being mapped and the black background indicates its

absence. According to the prerequisites for a metal to be considered as an appropriate
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sheath for a superconductor, the chemical compatibility especially its inertness to the
constituent elements is very essential. Hence, in the present analysis, it is preferred that the
sheath metal distribution should be restricted in the sheath area and the NdFeAsOg¢Fo.4
phase or specifically the elements must be distributed only in the core area. The diffusion
of either of them into the other area is undesirable. In the case of Ag sheathed sample
(Figure 7.5 (a)), mapping of the sheath metal i.e. shows a clear distribution of Ag along the
sheath area and there is only a little presence of Ag within the core. Though Ag is a low
melting metal, its diffusion into the core is minimal and similar is the case with metallic
elements such as Nd and Fe. However, the distribution of the metalloid As, and non-metals
such as O and F are found to be more even at both core and sheath area. This may be due
to the volatile nature of As and F, the formation of an oxide on the metal area, and even
due to smudging of the compound on the sheath area caused while polishing the cross
section for the analysis. In the Cu and Fe sheathed samples (Figure 7.5 (b) and (c)), the
distribution of the respective metal is denser in the sheath area while it is rarer in the core
area. In Fe sheathed sample, the Fe distribution in the core is not solely due to the
interdiffusion of the sheath into the core. Fe is present as an ingredient of the compound
within the core and the chances of forming FeAs on the sheath are also significantly high.
In, Ni and SS sheathed samples (Figure 7.5 (d) and (e)), there is no clear variation in the
spatial distribution of the metal that distinguishes the core from the sheath. For SS
sheathed samples, both Ni and Cr distribution has been mapped based on their presence in
the EDX spectrum. The mapping of the constituent elements and sheath metals on the
sheath-core boundary thus confirms interdifussion of the metals which is relatively high in
Ni and SS sheathed samples. Ag, Cu and Fe sheathed samples are found to be relatively
better, with Ag sheath being the best in terms of sheath metal diffusion into the core. The
effect of the sheath diffusion into the core on the transport properties can be analysed only
through superconducting characterizations.

In order to evaluate the influence of these sheath metals on the superconducting
properties of NdFeAsOysFo4 Wires, the resistivity and transport 1-V measurements were
also done. The temperature dependent resistivity plots of the metal (Ag, Cu, Fe, Ni and SS)
sheathed NdFeAsOq ¢Fo.4 Wires processed at three different temperatures 850, 900 and 950
°C are shown in Figure 7.6 (a), 7.6 (b) and 7.6 (c), respectively. It is observed that the
emergence of superconductivity is observed only in Fe and Ag sheathed samples whereas
all the other samples are found to be nonsuperconducting and show metallic behavior

down to the lowest measurement temperature. The Fe sheathed sample processed at 850 °C
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does not show perfect superconductivity i.e. zero resistance, instead it shows a tendency of
superconducting transition. While Fe sheathed samples processed at 900 °C and 950 °C are
superconducting with a Tc around 33 K, Ag sheathed NdFeAsOqgFo.4 Wires processed at
850 °C and 900 °C show an onset T¢ of 57 K and 55 K, respectively which are higher than
the Tc obtained for the corresponding bulk samples. On increasing the processing
temperature of the Ag sheathed sample to 950 °C, a double step transition is observed in

the p-T plot, which is unfavourable for the ampacity of the conductor.
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Figure 7.6: R-T plots of Ag, Cu, Fe, Ni and SS sheathed NdFeAsO, ¢F 4 wires processed at (a) 850 (b)
900 and (c) 950 °C

The Ag and Fe sheathed superconducting wires were then subjected to 1-V
measurements at 12 K and the results are shown in Figure 7.7. The critical current I¢ of the
samples were determined on the basis of the standard 1 pV/cm criterion. The critical
currents, Ics of 25, 28 and 13 A were measured in Ag sheathed samples processed at 850,
900 and 950 °C, respectively. This corresponds to a critical current densities Jcs (Jc = Ic/A
where A is the cross sectional area of the superconducting core) of 3250, 3640 and 1690
Alcm?, respectively. The Tc and Jc values obtained for the wire samples are higher than

the bulk samples having the same stoichiometry. However, the Ic values (~ 2 A) and the
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corresonding Jc values (260 A/cm?) obtained for the Fe sheathed wires processed at both
900 and 950 °C are much lower as compared to the Ag sheathed samples. The influence of
Fe sheath metal on the phase formation i.e. the formation of the secondary phase FeAs (as
observed in XRD) is presumed to be the major reason for the decrease in superconducting
volume fraction, thereby affecting the Tc. Moreover, FeAs acts as a current blocking wet
phase which results in the substantial decrease of Ic. Whereas Ag sheath remains
chemically inert to NdFeAsOgsFo4 and supports relatively high Jc as compared to Fe
sheathed wires. Nevertheless, higher processing temperature makes Ag sheath more
permeable causing heavy volatile loss of fluorine and secondary phase formation. Thus,

both Tc and I¢ values are found to depreciate, at a processing temperature of 950 °C.
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Figure 7.7: 1-V plots of Ag and Fe sheathed NdFeAsO,¢F, 4 Wires processed at 850, 900 and 950 °C
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Figure 7.8: M-H plots of Ag sheathed NdFeAsOq¢Fq 4 measured at different temperatures
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Figure 7.9: Jc-H plots of Ag sheathed NdFeAsO,¢Fq4 measured at different temperatures

The magnetic measurements of Ag sheathed NdFeAsOggsFo4 Sample with
maximum transport Jc were also conducted at different measurement temperatures 5, 10,
20, 25, 30 and 35 K. The paramagnetic background subtracted M-H curves are given in
Figure 7.8. The width of the hysteresis loops is larger at lower temperatures and
systematically narrows down with increase in measurement temperature. This decrease in
loop width signifies the decrease in bulk vortex pinning with increasing temperature.
Moreover, the loop width is broader at self-field and has a sharp decrease on increasing the
field. Above 4 T, the magnetic moment remains almost constant up to 9 T. The critical
current density derived from the M-H loop using Bean’s Critical state model is also shown
in Figure 7.9. The global Jc estimated for the sample shows a sudden decrease on
increasing the field, however, the Jc(H) behavior is almost constant above 4 T for the
measurements up to 20 K. At higher measurement temperatures, the Jc shows severe
degradation with respect to field. The maximum magnetic Jc obtained for Ag sheathed
NdFeAsOgFo4 Wire at 5 K is around 7000 A/cm?. This magnetic Jc is much higher than
that observed in bulk NdFeAsOpsFo4 at 5 K (Chapter 4). The metal sheath has helped in
reducing the volatile loss of fluorine and arsenic and has also improved the density. But,
there is still a difference between magnetic Jc and transport Jc which is mainly due to the
electromagnetic granularity or weak links at grain boundaries created by wet phases such

as FeAs and impurity phases such as NdOF.
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7.3.3 Conclusions

The influence of reactivity of selected sheath metals such as Ag, Cu, Fe, Ni and SS
on both the structural and superconducting properties of NdFeAsOy gFo.4 Was investigated.
Fe and Ag metals were found to be chemically compatible sheath materials for
NdFeAsOg ¢Fo .4 Wires supporting the occurrence of superconductivity. However, Ag sheath
stands superior in terms of chemical inertness and mechanical workability which helps in
exhibiting the maximum T¢ and supports the maximum possible Jc as compared to other

sheath metals.
7.4  Effect of metal addition on the transport properties of NdFeAsOgsFo.4 tapes
7.4.1 Introduction

The achievement of high transport critical current density is of immense
significance in view of conductors for practical applications. But, iron pnictides including
the RE1111 systems are found to be inferior in terms of transport Jc when compared to the
Jc derived using magnetization measurements. The ostensible reasons for this substantial
difference between the transport and magnetic Jc is the formation of impurity phases such
as FeAs, REAs and REOF which create current blocking networks, the inherent
electromagnetic granularity and weak link behavior which again reduces the inter-grain
coupling at the grain boundaries. The XRD results, magnetization measurements and the
double step transition in ac susceptibility plots (presented in the previous chapters)
evidence the same. Also, the volatile loss of fluorine decreases the inherent Tc of the
system which also indirectly limits the transport Jc. The highest transport Jc reported for
RE1111 system without any binder or chemical addition is 1.3 x 10° A/cm? at 4.2 K
(Wang(d) et al. 2010). Though iron pnictides have very high upper critical fields, the lower
transport Jc is a constraint in their development as practically viable conductors.

The possible ways to circumvent the issues inhibiting transport Jc include the
addition of excess ingredients that are prone to volatile loss or the addition of selective
chemical dopants that prevent the volatile loss and simultaneously form phases favorable
in enhancing the current networking between the superconducting grains. From the age of
high T¢ superconductivity, there exists a practice of using metal additives having relatively
low melting point and high conductivity, for instance, metals such as Ag, Pb, and Cu
depending upon their reactivity with the superconducting compound and compatibility
with the sheath in case of conductors such as wires and tapes (Gao et al. 1992; Neson et al.

2011). In the previous Section 7.3, it was observed that both Fe and Ag are suitable
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candidates as sheath metals. But, Fe sheathed wires were found to have relatively low Tc
and transport Jc. In this context, we made an attempt to incorporate certain metal additives
such as Mg, Sn and Pb, which may enhance the transport properties of Fe sheathed
NdFeAsOgsFo4 in tape geometry. But the preliminary studies showed that Mg and Pb
addition destroyed the superconductivity in NdFeAsOg¢Fo4, While Sn addition showed
encouraging results. Hence, the present section discusses only the effect of Sn addition on

the transport properties of Fe sheathed NdFeAsOg sFo 4 tapes.
7.4.2 Preparation procedure of Sn added Fe sheathed NdFeAsOy sFo 4 tapes

The preparation of Sn added Fe sheathed mono-filamentary wires basically follow
the same scheme as detailed in Section 7.2. Then, the required amount of Sn powder was
weighed according to the wt% of Sn. The NdFeAsOq sFo.4 powder processed at 360 °C was
then ground and homogenously mixed along with the Sn filings. This precursor powder
was then filled in Fe tubes (OD/ID: 6/4 mm). The tubes were then groove rolled in to wires
having an outer diameter of 1.4 mm following which the wires were flat rolled with an
average thickness of 0.7 mm. For Sn added Fe sheathed NdFeAsOq¢Fo.4 Samples, 10, 20,
and 30 wt% of Sn were added to the pre-processed NdFeAsOqsFo.4 and labeled as Nd4Sn1,
Nd4Sn2 and Nd4Sn3, respectively. As a reference, Fe sheathed NdFeAsOy gFo.4 Without Sn
was also prepared identically and labeled as Nd4. The short length pieces of these tape
samples were end capped and heat treated at 900 °C for 40 h under inert atmosphere. The
samples were then subjected to transport measurements such as p-T and I-V. The Sn added
NdFeAsOq sFo4 sample, retrieved by peeling of the sheath metal, was subjected to XRD

analysis.
7.4.3 Structural and transport properties of Sn added NdFeAsOy gFo 4/Fe tapes

Figure 7.10 shows the temperature dependent resistivity of pure and Sn added
NdFeAsOg sFo.4 tapes and the inset shows the enlarged view around Tc. All the samples
show metallic behavior down to their respective transition temperatures. The normal state
resistivity of Sn added tapes are found to be relatively lower than that of the pure sample.
However, the 30 wt% Sn added sample shows an increase in normal state resistivity, still
lower than the pure sample. The relatively low electrical resistivity of Sn is presumed to be
the reason for the decrease in normal state resistivity of the tapes. It is also observed that
the pure sample Nd4 shows a T¢ of 42.2 K; while the Sn added samples Nd4Snl and
Nd4Sn2 have transitions at 49.3 and 52.5 K, respectively. On 30 wt% addition of Sn, the

Tc was found to drop and the sample did not reach zero resistance. The transition width is
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also found to increase on increasing Sn addition above 10 wt%. The maximum T¢
observed in Sn added tape (52.5 K) is comparable to the T¢ (52 K) obtained for the bulk
sample with the same stoichiometry (Chapter 4). Though Sn addition is not causing a
remarkable T¢ enhancement, it is definitely assisting the system in maintaining a relatively
high T¢ by controlling the volatile loss of fluorine. Nevertheless, besides T¢ enhancement,
the influence of Sn incorporation on the transport current is of higher concern.
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Figure 7.10: R-T plots of Fe sheathed NdFeAsO,¢Fo 4 tapes with varying Sn addition

The transport I-V measurements of Sn added Fe sheathed tape samples were carried
out at 12 K and the I-V characteristics are shown in Figure 7.11. Since the sample with 30
wt% Sn addition did not give a zero resistance, its I-V measurement was not taken. The I-
V characteristics of the rest of the samples taken in self-field shows that the Sn added
samples (both 10 and 20 wt%) transport higher critical currents as compared to the pure
sample. In the pure tape sample (Nd4), the Ic obtained is 4 A which is higher than that of
the same sample in the wire form, ~ 2 A (given in Figure 7.6, Section 7.3.1). The
corresponding Jc is found to be 660 A/cm?. The increase in transport Jc may be due to the
flat rolling undergone during tape fabrication which improves the density of the sample.
Moreover, the flat rolling enables the misoriented grains to align along the rolling
direction. Upon Sn addition, the critical currents and corresponding Jc are found to
increase significantly. The transport Ic values for 20 and 30 wt% Sn added samples are
found to be 8 and 11.8 A, respectively. The corresponding transport Jc (Jc = Ic/A, where

‘A’ is the cross sectional area of the superconducting core of the tape) values of the pure
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and Sn added samples are found to be 1330 and 1960 A/cm?, respectively. The formation
of liquid phase such as FeSn, helps in reducing current blocking wet phases such as FeAs,
thereby facilitating better grain-to-grain connectivity. Though the maximum transport Jc
achieved is not high as compared to the Ag sheathed wire samples, the relative increase in

Jc due to Sn addition using an inexpensive sheath metal Fe is promising.
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Figure 7.11: 1-V plots of Fe sheathed NdFeAsO,¢Fg 4 tapes with varying Sn addition

Figure 7.12: Optical image of the cross sectional area of the 20 wt% Sn added NdFeAsO,sF 4 tape

Figure 7.12 shows the optical image of the cross sectional area of Sn added
NdFeAsOgsFo4 tape, i.e. Nd4Sn2 which exhibited the highest T¢ and transport Jc. The
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core-sheath boundary is very distinct. The presence of fused metal (Sn) can be observed as
shiny patches within the core and at boundary regions. The black dense area represents
NdFeAsOg ¢Fo4 matrix. Figure 7.13 shows the XRD pattern of the superconducting core
retrieved from the tape sample (Nd4Sn2 i.e. 20 wt% Sn added sample) taken on a zero
background holder. The major phase belongs to that of NdFeAsO. The secondary phases
such as NdAs, FeSn, and NdOF can be observed. The presence of Fe is also very

prominently observed; due to the Fe sheath used for tape fabrication.
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Figure 7.13: XRD pattern of the 20 wt% Sn added NdFeAsOg¢Fo 4 tape
7.4.4 Conclusions

Fe sheathed NdFeAsOgsFo.4 tapes were developed successfully with varying wt%
(10, 20 and 30) of Sn addition. 20 wt% of Sn addition exhibited the maximum T¢ and
transport Jc. The addition of Sn is found to decrease the weak links between grain
boundaries and has helped in preventing excessive fluorine loss, thus improving the

transport properties.

7.5  Summary

As an initial step towards conductor development, a detailed study on sheath
reactivity with NdFeAsOgsFo4 Was carried out using selected sheath metals such as Ag,
Cu, Fe, Ni and SS at different processing temperatures. Fe and Ag were identified as

possible candidates as sheath metals supporting the superconductivity in NdFeAsOg gFo.4.
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Ag sheath exhibited commendable chemical compatibility and the best superconducting
properties at a processing temperature of 900 °C. After fixing the sheath and processing
temperature, an effort towards improving the transport properties of NdFeAsOg ¢Fo 4 in tape
geometry, through selective metal addition was also done. Addition of 20 wt% Sn in Fe
sheathed NdFeAsOg ¢Fo 4 tape displayed the maximum transport Jc. Sn addition was found
to form a liquid phase FeSn, which could help in preventing excessive volatile loss of
fluorine and channelizing current flow at grain boundaries. However, systematic and
persistent investigations are essential to make Nd1111 based conductors fit for practical

applications.




CHAPTER 8

SUMMARY AND CONCLUSIONS

8.1 Summary

The thesis mainly focuses on the synthesis of the NdFeAsO;.xF« based iron pnictides
at ambient conditions and the studies on their structural, transport and magnetic properties.
Nd1111 based compounds were reported to exhibit better properties on being synthesized
at an applied pressure of about 6 GPa and temperatures around 1300 °C. Hence, the main
objective of the thesis was to prepare good quality NdFeAsO;4Fx at relatively low
processing temperature and ambient pressure. Further, to enhance the inherent transport
and magnetic properties which are embodied by critical factors such as Tc¢, Jc and Hcs
through the incorporation of appropriate dopants. The realization of NdFeAsO;.«Fx based
wires and tapes suitable for practical applications was also assumed as a significant
objective due to the inferior status of conductor development.

The volatile loss of fluorine and the apparent difference between the real and
nominal content of fluorine is reported to affect the transport properties of Nd1111. Hence,
optimizing the fluorine content has become the prime initiative. The first chapter deals
with the influence of fluorine variation on the structural and superconducting properties
NdFeAsO;.xFx with x = 0, 0.1, 0.2, 0.3 and 0.4. The Nd1111 compounds of varying
fluorine concentration were synthesized using a pre-processing technique developed by our
group and subjected to structural, transport and magnetic characterizations.

After identifying the stoichiometry which yielded the maximum T¢ (here x = 0.3),
chemical doping at rare earth site was attempted using selected isovalent rare earth dopants
such as Yttrium (Y), Cerium (Ce) and Gadolinium (Gd) with an aim to further enhance Tc,
Jc and Hc,. Thus, the compound NdFeAsOy 7Fo 3 was doped at rare earth site and the doped
variants Nd; xRExFeAsOy 7Fo3 (Where RE =Y, Ce and Gd) were characterized to analyze
the effect of single site doping on the structural and superconducting properties.

Besides isovalent doping, simultaneous doping at two sites i.e. binary doping at Nd
and O sites with a single source was also tried. For this, alkaline earth metal fluorides such
as CaF, and MgF, were considered so as to incorporate Ca?*/Mg?* ions and F ions at Nd**
and O sites, respectively. Since the alkaline earth metal ion has a difference in valency as
compared to Nd** ions, binary doping changes the charge carrier concentration along with
the creation of defects. Thus, the influence of binary doping on the structural and magneto-
transport properties of Nd; xAxFeAsO;.o4F2x (X = 0.15 and 0.2) was investigated.
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On an application point of view, an effort towards conductor development was also
made. As an initial step towards wire fabrication, a sheath reactivity study was done to
identify a metal sheath suitable for NdFeAsO;.«xFx based compounds in terms of chemical
compatibility, mechanical workability and influence on transport properties. The metals
such as Ag, Fe, Cu, Ni and SS were tried and their influence on NdFeAsOgq¢Fo4 Was
studied. Among these, Ag and Fe were found to be promising and hence these were chosen
as outer sheath for further studies on NdFeAsOg gFo.4 based conductors. In order to enhance
the transport Jc, selected low melting metal additives such as Mg, Pb and Sn were chosen.
Among which Sn addition was found to be favorable and thus Fe sheathed NdFeAsOy sFo 4
tapes with varying wt% of Sn addition were fabricated. Both the wire and tape samples

were characterized by transport and magnetic measurements.
8.2 Conclusions

@ Polycrystalline samples of NdFeAsO1xFy (Nd1111) with x = 0, 0.1, 0.2, 0.3, and
0.4 were synthesized using a pre-processing technique at ambient pressure. The
transport and magnetic properties observed for each stoichiometry showed
remarkable correlation with their corresponding structural and microstructural

aspects.

® A maximum transition temperature (T¢) of 52.0 K and a transport Jc of 1050
Alcm? at 12 K were observed for x = 0.3 and 0.4, respectively. Moreover, the
superconducting properties exhibited in this material, processed at a relatively
low temperature of 1000 °C, are competitive as compared to the existing reports

wherein high pressures/temperatures are inevitable.

@ Selected rare earths such as Yttrium (non 4f element) and 4f elements such as
Cerium and Gadolinium having ionic radii in the order Ce > Nd > Gd were
doped at Nd®* site in Nd;«RExFeAsOq7Fq3 in order to enhance the critical

parameters such as Tc, Jc and Hco.

@ The transition temperatures of the yttrium doped samples were found to increase
monotonically with increase in Y and attained a maximum of 53.3 K for 30%
yttrium doping i.e. x = 0.3. Yttrium doping is found to decrease the lattice
parameters of the system; causing an inner chemical pressure and thereby

accomplishing a T¢ enhancement.
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@ The substitution of relatively smaller yttrium ion at Nd site also created lattice
defects which act as effective pinning centers thereby enhancing the Jc(H)

performance of the system.

@ The influence of 4f rare earth doping at Nd site in NdFeAsOg7Fq3
superconductor was also investigated wherein Ce and Gd have ionic radii in the
order Ce > Nd > Gd. It was observed that Ce doping enhances the T¢ of Nd.
«RExFeAsQOq 7Fo 3 to @ maximum of 53.6 K at x = 0.1 while Gd doping attains a
Tc of 55.1 K at x = 0.15.

@ The relatively small ionic size of Gd and yttrium cause lattice shrinkage helping
in effective charge transfer between the charge reservoir and conducting layers,
whereas the multivalent nature of Ce is found to enhance the charge density;
both of which result in T¢c enhancement.

@ The lattice defects due to Y, Ce and Gd doping at Nd site, irrespective of their
ionic size, assisted in effective pinning of the flux lines thereby exhibiting an
enhanced Jc(H) performance especially at high fields. Very high upper critical
fields of 335 and 360 T were also estimated for Gd and Ce doped samples,

respectively.

@ Polycrystalline samples of Nd;AFeAsO1.oF2 (A = Ca & Mg) superconductors
were also synthesized by simultaneous doping of holes and electrons at Nd** and
O% sites with Ca?*/Mg?" and F", respectively, using CaF, and MgF, as binary

dopants.

@ Alkaline earth metal fluorides used as binary dopants not only introduced a
change in charge carrier concentration but also refined the microstructure of
the system tremendously in terms of grain size and grain connectivity along with
the improvement in density and homogeneity. The preferential orientation of
grains in CaF, doped samples was another interesting observation that needs to

be further tailored in future for application point of view.

® Enhanced superconducting and magnetic properties were also observed for the
binary doped systems as compared to the solo F doped sample. Maximum Tcs of
52.3 and 54.7 K were observed for the binary doped samples NdCa2 and
NdMg2, respectively. These samples also gave high transport Jc values of 1240
and 1150 A/cm? (at 12 K), respectively.




164 Summary and conclusions

@ The Jc(H) behavior derived through magnetization measurements and very high
critical fields (~ 300 T) estimated using magneto-transport measurements also
concluded that lattice defects due to binary doping acted as effective flux

pinning centres.

@ For the development of NdFeAsOsFo4 based wires, the sheath reactivity and
temperature optimization studies were conducted. Five different sheath metals
such as Ag, Fe, Cu, Ni and SS were chosen and the metal sheathed wires were
processed at 850, 900 and 950 °C. Fe and Ag sheathed wires were found to
support superconductivity in NdFeAsOq gFo.4 wires, while Cu, Ni and SS showed
no signs of superconductivity. However, Ag sheathed wires processed at 900 °C
were better in terms of superconducting properties such as T¢ (57 K) and
transport Jc (3640 Alcm? at 12 K).

@ Fe sheathed NdFeAsOqFo4 tapes with Sn addition of varying wt% (10, 20 and
30) were fabricated. 20 wt% addition of Sn was found to exhibit a maximum T¢
of 52.5 K and a transport Jc of 1960 A/cm’at 12 K. The formation of liquid
phase such as FeSn, could minimize the weak links between grains thereby

yielding an improved transport Jc compared to Fe sheathed tapes without Sn.

8.3 Future directions

In the present work, NdFeAsO1.xFx based iron pnictides were synthesized at ambient
pressures and the optimum fluorine contents for maximum T¢ and Jc were identified.
Thereafter, the critical properties especially T¢, magnetic Jc and Hc, were enhanced by
rare earth site doping. Binary doping using alkaline earth metal fluorides was found to
achieve remarkable increase in transport Jc through microstructural refinement. Moreover,
wires and tapes were developed using NdFeAsOosFo4 at a relatively low temperature of
900 °C and the transport Jc was also improved using Sn addition.

But there are a number of issues which need to be addressed and a few are suggested

below:

9" The problems such as electromagnetic granularity and weak link nature of Nd1111
are intrinsic; however, the inevitable impurity phases such as NdOF and FeAs which
act as current blockers between grains need to be minimized by developing novel

synthesis techniques.
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@~ Appropriate chemical dopants are to be identified for further enhancement of all the

critical properties such as T, Jc and Hc; in the bulk forms of Nd1111.

@~ CaF, was identified as a promising dopant in terms of microstructural refinement;

hence the translation of CaF, doped NdFeAsOg ¢Fo 4 into tapes needs to be optimized.

@~ A relatively cheap outer sheath suitable for NdFeAsOggFo4 Wires is to be explored

which exhibits transport Jc even better compared to that achieved using Ag sheath.

@~ Focused efforts are to be made for enhancing the superconducting properties of wires
by finding more appropriate metal additives and innovative conductor development

techniques.
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