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Two roads diverged in a yellow wood,
And sorry I could not travel both
And be one traveler, long I stood

And looked down one as far as I could
To where it bent in the undergrowth;

Then took the other, as just as fair,
And having perhaps the better claim,
Because it was grassy and wanted wear;
Though as for that the passing there
Had worn them really about the same,

And both that morning equally lay

In leaves no step had trodden black.
Oh, I kept the first for another day!
Yet knowing how way leads on to way;,
[ doubted if I should ever come back.

[ shall be telling this with a sigh
Somewhere ages and ages hence:
Two roads diverged in a wood, and I,
I took the one less travelled by,

And that has made all the difference.

— Robert Frost
In, The Road Not Taken
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Chapter 1

Introduction

Superconductivity is the phenomena where the resistance of a material van-
ishes at a critical temperature (T¢), and the magnetic field is expelled from
its bulk below this temperature [10]. Superconductivity was discovered by
Dutch Physicist Heike Kamerlingh Onnes in the element Mercury in 1911
[11]. The second integral component of superconductivity, the Meissner ef-
fect was discovered 23 years later in 1933 by the German physicists Walther
Meissner and Robert Ochsenfeld [10]. Since then, a large number of metals
and compounds were found to harbor a superconducting ground state [1]
among which high-T¢ cuprates, heavy fermions and the iron-based super-
conductors (FeSCs) are some of the most studied classes of superconducting
materials.

Superconducting materials can be broadly classified as conventional and
unconventional superconductors [1, 12]. Most elemental superconductors and
many complex compounds can be considered as conventional superconduc-
tors and can be successfully described by the BCS theory (named after its
inventors John Bardeen, Leon Cooper, and John Robert Schrieffer) of super-
conductivity and its extensions. In BCS theory, the pairing between electrons
is mediated by the quantized lattice vibrations, i.e., the phonons. Also, the
symmetry of the superconducting order parameter of the conventional BCS
type superconductors is of ‘s’ wave type. ‘s’ wave order parameter is spher-
ically symmetric, does not have any nodes, and the Cooper pairs carry zero
angular momentum. Conventional superconductors have low T¢’s, for exam-
ple, the maximum T observed in any conventional superconductor so far (in
MgBs) is ~ 40 K [13]. In unconventional superconductors (also called non-
BCS superconductors), the pairing between the electrons is thought to be
mediated by mechanism more exotic than lattice vibrations, e.g., spin fluc-
tuations. Also, any superconductor having a non ‘s’ wave order parameter
(p wave, d wave or sT~ wave type) is generally considered an unconventional
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Figure 1.1: Some unconventional superconductors are listed according to the
time of their discovery. Figure Courtesy: Taylor & Francis Group, reprinted
from [1].

superconductor. Heavy fermions, high-T¢ cuprates, iron-based superconduc-
tors, and organic superconductors are some of the most remarkable uncon-
ventional superconductors. The record of highest T amongst all supercon-
ductors known to date is held by a cuprate HgBay;CasCusOg,, being ~135
K at ambient pressure [14]. In Figurel.l, many classes of unconventional su-
perconductors are listed according to the time of their discovery (taken from
reference [1]). The first unconventional superconductor CeCusSiy (Te ~ 0.6
K), a heavy fermion system, was discovered by F. Steglich in 1979. A recent
addition to the list of unconventional superconductors are the iron-based
superconductors. It should be noted that the list of unconventional super-
conductors in Figure 1.1 is not comprehensive and some (e.g., topological
superconductors) have not been included.

The first iron-based superconductor; LaOFeP (To ~ 4 K) was discovered
in 2006 by Kamihara and co-workers [15]. This discovery did not get much
attention until 2008 when superconductivity at ~ 26 K in a related sys-
tem LaO;_,0,FeAs was discovered by the same group [16]. Within months,
many new superconducting compounds of the same family were discovered,
and maximum T was raised to ~ 56 K [17, 18, 19]. Simultaneously, sev-
eral related superconducting families were also discovered. In most of these
systems, FeAs layers are crucial to superconductivity similar to the High-
T¢o cuprates where CuQOy layers are the main ingredient for superconduc-
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tivity [20, 18, 2, 19]. To date, many families of iron-based superconductors
(FeSCs) have been discovered, and five of these families are summarized in
Figure 1.2 with a representative example from each family listed. Depend-
ing on the chemical composition of their parent compounds, these families
are called 11, 111, 122, 1111 and 32522 families respectively. For instance,
parent compounds BaFe,Asy, CaFeyAsy SrFepAsy EuFesAsy and their doped
variants are all collectively referred to as the 122 family. However, to dis-
tinguish them from each other, notations like Bal22 (which represent 122
family derived from BaFeyAs,), Sr122; etc., are also often used. Super-
conductivity in iron-based superconductors can be induced by substitutions
at any of three cites, i.e., doping at transition metal, rare earth, pnicto-
gen (chalcogen), and Oxygen site [18, 19]. Additionally, pressure can also
induce superconductivity in many members of iron-based superconductors
[21, 22, 23, 24, 25]. This flexibility of tuning parameters makes the FeSCs
promising candidates to study the fundamental issues in superconductivity.
There are many similarities and differences between iron-based superconduc-
tors and high-T cuprates. For instance, cuprates are Mott insulators where
the single band approximation is a good starting point to understand their
electronic properties. On the other hand, most parent compounds of FeSCs
are multiband semimetals that order anti-ferromagnetically (Spin density
wave) below a certain temperature. After doping or application of pres-
sure (or both), magnetic/structural transition temperatures decrease, and
superconductivity emerges at low temperatures. Additional doping/pressure
further suppresses the magnetic/structural transition temperatures and T¢
increases and reaches a maximum value near the spin density wave endpoint.
Doping even further leads to the suppression of superconductivity and even-
tually T reduces to zero at a certain doping/pressure level. This leads to a
dome-shaped temperature-composition phase diagram for most of the iron-
based superconducting families (see Figure 1.3, taken from reference [3]),
reminiscent of cuprates and heavy fermion systems [26, 12, 27, 28, 29, 30]. In
this thesis we have focused on the magnetotransport studies in three distinct
regions of the phase diagrams of Ba(Fe;_,Co,)sAsy and Sr(Fe;_,Co,)aAss
systems. Additionally, the physical properties of (Eu;_,Ca,)FeyAsy were also
determined using the thermodynamic and transport probes. FeSCs display
many non-Fermi liquid properties which include pronounced linear temper-
ature dependent resistivity, the presence of a linear magnetoresistance in
magnetic state and strongly temperature dependent Hall coefficient to name
a few.

The term ‘Fermi liquid’ is used to refer to the systems whose physical
properties can be adequately described within the framework of the Fermi
liquid theory proposed by physicist Lev Davidovich Landau [31]. This theory
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patch in the lower panel of Figure (b) depicts the Fe moments aligned fer-
romagnetically. Reprinted by permission from the Springer Nature: Nature
Physics, Paglione at al., [2] (©)2010.



can successfully describe, how the systems where the electronic interactions
are not negligible, behave remarkably similar to free electron metals. Landau
showed that when the interactions among the electrons are increased slowly
(adiabatic continuity), the eigenstates of the interacting system remain the
same as that of the non-interacting system, but now the eigenstates are asso-
ciated with what he called the electron (hole) quasiparticles. A quasiparticle
is the modified electron (hole) whose properties like mass are now renor-
malized as a result of electronic interactions. In certain strongly correlated
systems, the Fermi liquid description breaks down, and physical properties
can no longer be described in the context of weakly interacting quasipar-
ticles. These systems are called non-Fermi liquids, and the region of their
phase diagram where the Fermi liquid description is inadequate is called the
non-Fermi liquid region or the strange metal phase [31].

In this thesis, an effort is made to put FeSCs in perspective with cuprates
and heavy fermion systems on the basis of their magnetotransport behavior.
Scaling techniques of magnetotransport are employed, which are a powerful
tool to find similarities amongst different classes of superconductors. De-
tailed magnetotransport studies in magnetic as well as in the normal state of
these systems suggest that the FeSCs behave differently than many cuprates
and heavy fermions systems, except in a small underdoped region of the
temperature-composition phase space.

We have also discovered for the first time, a linear magnetoresistance in
the paramagnetic phase of some of these systems [32]. Linear magnetoresis-
tance (LMR) is well reported in the magnetically ordered state of parent and
underdoped compositions of many FeSCs (see section 1.1.4), but LMR in the
paramagnetic phase is striking, and it can have important implications for
the superconducting ground state in these systems. A number of possible
models are discussed to explain the LMR in the paramagnetic state of these
systems (Chapter 3 and 4). Our analysis also suggests that the Abrikosov’s
model of linear magnetoresistance which is often employed to address the
LMR in the magnetic state of FeSCs may not be applicable to these systems.

In the rest of this chapter, we give a brief account of the magnetic, crys-
tallographic, and electronic structure of FeSCs, with special emphasis on 122
family and its electron-doped variants (section 1.1.1). In the next section,
the magnetotransport scaling techniques; the Kohler and Modified Kohler’s
rule are discussed in detail. To help highlight the commonality/differences
among the high-Ts cuprates, heavy fermions and the systems in the present
study, a summary of the scaling analysis of the magnetotransport of some
heavy fermions and high-T¢ cuprate superconductors is given. The ‘pseudo-
gap’ is introduced in the next section (section 1.1.3), and a very brief account
of its existence/absence in other systems like cuprates and heavy fermions is
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Figure 1.3: Phase diagram for electron and hole doped derivatives of
BaFeyAss. Yellow and blue regions correspond to the superconducting and
magnetic ground states respectively. Dark Red regions corresponds to the
electronic nematic region where pronounced anisotropy in transport and
other properties is observed. ¢ and M represent the nematic and magnetic
order parameters and their behavior in regions (I), (IT), and (IIT) as depicted
in the boxes. The green region labeled as C; corresponds to the systems
which undergo a magnetic transition without an accompanying structural
(tetragonal) transition. Hole doped systems have rather weak anisotropies
in the tetragonal regime which is indicated by the lighter shade of red color
(left part of the figure). Reprinted by permission from the Springer Nature:
Nature Physics, Fernandes at al., [3] ©)2014.
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presented. The Dirac cone states and linear magnetoresistance along with a
brief account of Abrikosov’s model of linear magnetoresistance are discussed
in the last section (section 1.1.4).

Magnetotransport studies of Sr(Fe;_,Co,)2Ass and Ba(Fe;_,Co,)2Asy
are reported in chapters three and four respectively. Chapter five discusses
the thermodynamic and transport measurements of the (Eu;_,Ca,)FesAsy
series. In this system, Eu moments order antiferromagnetically at low tem-
peratures, in addition to the antiferromagnetic ordering of Fe moments in
the crystallographic ‘ab’ planes at higher temperatures. This series shows a
subtle coupling between the Eu and Fe sublattices. For instance, doping Ca
in (Eu;_,Ca,)FeyAs, series does not affect the ordering of Fe moments in the
crystallographic ‘ab’ plane up to a critical concentration. However, doping
further leads to the suppression of the magnetostructural transition associ-
ated with the ordering of Fe moments. In chapter six, we discuss the scope
of future work along with the conclusions drawn from the work presented in
this thesis.

1.1 Key concepts & issues

In this section, we first describe the crystallographic, electronic and magnetic
structure of FeSCs. In the following subsections, we discuss several topics:
nematic order, pseudogap, linear magnetoresistance, magnetotransport scal-
ing behavior, etc., which are the central theme in FeSCs. Doing so will also
help us interpret our experimental results in later chapters.

1.1.1 Crystallographic, magnetic & electronic struc-
ture of FeSCs

There exist several families of FeSCs, which have many similarities and dif-
ferences amongst each other. Parent compounds in most cases crystallize
in a tetragonal ThCrySiy type (space group 14/mmm) structure for the 122
family and P4/nmm for the 1111 family. Fe atoms are bonded with pnic-
togens/chalcogens in a distorted edge sharing tetrahedral coordination with
Fe atoms forming a 2D square lattice in crystallographic ‘ab’ plane. Alkaline
earth atoms (Ba, Sr, etc.) are coordinated with eight pnictogen/chalcogen
(As, Se, etc.) atoms. There is no direct chemical bonding between neighbor-
ing FeAs layers [33]. Unit cells of some representative families are depicted
in Figure 1.2. The ‘11’ family, is the simplest of all, with only one Fe-pn/ch
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rameters. Right panel: Orbital resolved electronic structure of the SrFe;As,,
demonstrating that almost all of the contribution to the density of states at
the Fermi level comes from the Fe d orbitals. Reproduced from Ref. [4]

layer per unit cell!, Whereas in all other families the FeAs layers are sand-
wiched between charge reservoir layers (LaO, Ba, etc.). Here ‘pn’ and ‘ch’
refers to the pnictogens (As, P) and the chalcogens (Se, Te) respectively. The
‘¢’ lattice parameter is roughly 4 A, 8.5 A and 13 A, in 11, 1111 and 122
families respectively [18]. This is expected since the 11 family has no spacer
or buffer layers in the unit cell, 1111 family has only one FeAs layer per
unit cell, and 122 family has two FeAs layers along with buffer layers. Not
surprisingly, the ‘a’ parameter remains roughly the same in all families since
the existence of spacer layers does not affect the crystallographic ‘ab’ plane
or FeAs layers [18]. A similar argument can be extended to other families as
well. Figure 1.4 shows the density of states for SrFesAs, system calculated by
first principle density functional calculations using the experimental lattice
parameters (taken from reference [4]). Most of the contribution to the density
of states comes from the FeAs layers, suggesting that the physical properties
are determined predominantly by FeAs layers. Also, it was shown that the
superconductivity depends on the details of the crystallographic structure.
For instance, Lee et al. [34, 5], plotted the As-Fe-As tetrahedral bond angle
for many families of FeSCs and found that the T shows a maximum when
the bond angle is close to its ideal value: 109.47°, see Figure 1.5. Later, a
correlation between the height of pnictogen atoms above the Fe square lattice
with T was discovered, see Figure 1.5. It was found that the maximum T
is observed for the systems for which the height of pnictogen atoms above the

'hereafter, we will refer to these as FeAs layers unless otherwise stated.
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Fe plane is ~1.38 A [6, 35]. Later on, a microscopic justification was given
by Kuroki et al. [36], suggesting that the higher pnictogen height leads to
stronger spin fluctuations, which can give rise to higher T¢’s in the scenario
of spin fluctuation mediated superconductivity.

At low temperatures (100—200 K), parent compounds undergo magnetic
and structural transitions which are combined in most 122 families and dis-
tinct in some families (e.g., 1111 type) [18, 19]. In most FeSCs, the magnetic
transition is closely followed by (at slightly high temperatures) the structural
transition which changes their symmetry from high-temperature tetragonal
[4/mmm space group to a distorted orthorhombic Fmmm space group at
low temperatures. After doping and/or under the application of pressure,
these transitions gets suppressed and separated. Nature of magnetostruc-
tural transitions is debated; for instance in the BaFesAs, system, there are
reports where both magnetic and structural transitions are second-order [37],
and there are reports with the magnetic transition being first-order [38, 39].
It has been emphasized that doped BaFesAs, systems show second-order
magnetic and structural transitions [40, 41, 42]. A theoretical study sug-
gested that the parent compounds of some FeSCs are near a tricritical point
[43], which would support the second order nature of magnetic/structural
transitions in doped BaFe,As, systems. Presence of a tricritical point was
confirmed in high resolution magnetic and thermodynamic measurements
[44, 39].

Typical values of ordered moments are ~ 0.9up for BaFeyAs, [37, 45] and
~0.36up for LaOFeAs [46] respectively. Magnitude of ordered moment de-
creases after doping, for instance, Fe moment in Ba(Fe;_,Co,)2As, reduces
to 0.35(+0.1)up and 0.2(£0.1)up after 2.5% and 4.7% cobalt doping, re-
spectively [40, 47]. These ordered moments (of Fe) are considerably small
compared to its value of 2.2up in iron metal [46, 48] or the value of 3.32up
observed in ionic insulators [18].

Highly reduced values of the Fe moments raise questions about the na-
ture of magnetism in FeSCs. Magnetism certainly is not of the local moment
type which would lead to higher values of Fe moments. It has been sug-
gested that the frustration or spin fluctuations can be the reason for low
values of magnetic moments. Early on, it was suggested that the competing
nearest neighbor and next nearest neighbor interactions lead to frustration
in FeSCs which were suggested to be on the verge of becoming a Mott in-
sulator [49, 50]. Clues were taken from the room temperature resistivity
of parent compounds of FeSCs which were ~5 m{) cm for LaOFeAs poly-
crystalline samples, suggesting that FeSCs are neither very good metals nor
Mott insulators like cuprates. However, in later studies on single crystals,
lower room temperature resistivities of ~0.8 m cm were reported [18]. It
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Figure 1.6: A simplified geometry of the Fermi surface for the parent com-
pounds of FeSCs. Blue dashed circles represent the electron pockets around
(7, m) and the solid blue circle around (0, 0) represent the hole pocket of sim-
ilar size. In this idealized system, there is perfect nesting between electron
and hole pockets, i.e., translating the hole pockets by (m, 7), as represented
by the nesting wave vector QQ, one obtains a complete overlap of these Fermi
surfaces. +A and —A represent the superconducting gaps on the hole and
electron Fermi surfaces, respectively. Reprinted with permission from the
American Physical Society, Physical Review B, Chubukov et al., [7] (©)2008

is now believed that FeSCs may not be good conductors like simple metals
(e.g., copper), but may not be on the verge of Mottness either. Presently,
itinerant electrons are thought to be responsible for the Spin density wave
(SDW) type antiferromagnetic order of FeSCs, which arises as a consequence
of nesting between disconnected parts of Fermi surface [7, 2], see Figure 1.6.

1.1.2 Magnetotransport: Scaling techniques

Magnetotransport is a sensitive probe of the electronic structure and Fermi
surface of metals. It has played a pivotal role in the study of high-T+ cuprates
and heavy fermions. For instance, motivated by the universality observed in
the magnetotransport behavior of cuprates, where, the Hall angle showed
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qualitatively similar behavior in a number of cuprates led to similar stud-
ies in several heavy fermion materials and more recently in some iron-based
superconductors [51]. Magnetotransport, particularly, the scaling techniques
can serve the purpose of finding the universal features among diverse classes
of superconducting materials, providing us with important insights into the
phenomena of superconductivity. Importantly, these studies do not always
require extreme conditions, e.g., strong magnetic fields or very low temper-
atures, though having access to such extreme conditions can provide more
information about the systems under investigation. Since magnetotrans-
port is a sensitive probe of the Fermi surface; it can provide important
insights for the theoretical studies. For instance, the anomalous magne-
totransport behavior of cuprates led to the development of theories where an
anisotropic reconstruction of the Fermi surface is invoked [52, 53, 54]. Due
to this anisotropic scattering across the Fermi surface, transport coefficients
behave differently than what is expected in conventional theory. Similar the-
ories of anisotropic reconstruction of the Fermi surface were later invoked
to interpret the results of magnetotransport in heavy fermions and FeSCs
[55, 56, 57]. Magnetotransport studies have been decisive in characterizing
the nature of quantum critical points in heavy fermions. For, instance, the
evolution of Hall coefficient across the quantum critical point can distin-
guish between two types of (QCPs) that have been controversially discussed
in different heavy fermion materials [58]. In one type of QCP, where the
many body Kondo state remains intact when the QCP is approached, the
Fermi surface is supposed to evolve continuously, which in turn reflect in
the smooth variation of inverse Hall coefficient [59]. On the other hand, in
the unconventional QCP scenario where the Kondo state breaks down while
approaching the QCP; and, as a consequence, the volume of Fermi surface
changes rather abruptly [58]. The Hall coefficient was indeed experimentally
observed to change abruptly across this unconventional QCP in the heavy
fermion superconductor YbRhySis [60]. In this thesis, we have employed the
scaling techniques of the magnetotransport to investigate some 122 fami-
lies of FeSCs. We discuss these scaling techniques in detail in the following
sections.

The Kohler’s Rule

Normal state magnetotransport of metals is a powerful tool to study their
electronic structure. However, scaling techniques have proven to be an even
more powerful tool to find the commonalities between different classes of
unconventional superconductors, like cuprates, heavy Fermions and recently
iron-based superconductors. We begin by discussing the magnetotransport
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Figure 1.7: Kohler’s scaling for three compositions of Las_,Sr,CuQOy. The
suffix ‘a’ on the Y axis refers to the fact that current was applied along
the crystallographic ‘a’ axis, whereas magnetic field was along the ‘¢’ axis,
as depicted in the insets. In (a), all magnetoresistance isotherms almost
collapsed on a single curve, indicating that the Kohler’s rule is valid for z =
0.28. However, in (b) and (c), Kohler’s rule is violated for both z = 0.18 and
0.15 respectively. Reprinted with permission from the American Physical
Society, Physical Review B, Kimura et al., [8] (€)1996

scaling method most often employed in simple metals, and even in complex
materials like high-T cuprates: the Kohler’s rule [61, 62, 63]. It states
that the orbital magnetoresistance (MR) of a material can be expressed as a
function of Hr.

MR = [p(H) — p(0)]/p(0) = Ap/p(0) = F(HT)

The magnetoresistance is defined as the change in electrical resistivity after
the application of magnetic field: [p(H) — p(0)]/p(0). Here, p(H) is the
resistivity at a magnetic field H, py is the resistivity at zero magnetic field
and 7 is the transport relaxation time. In literature, the Kohler’s law is often
represented as MR oc H/p or (H/p)?. This can be seen by using the zero field
resistivity in Drude picture: py = m/ne*r, hence the above equation 1.1.2
becomes

Ap/p(0) = F(HT) = F(Hm/pone*) = G(H/po)

Here m is the effective electronic mass, e is the electronic charge and ‘G’ is
a function of material’s electronic structure and geometry [64].

Kohler’s scaling is based on certain preconditions, some of which are ap-
parent from the definition itself. First, the relaxation rate (77!) should be
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constant across the whole Fermi surface and should not change with tem-
perature (or change in the same manner across the whole Fermi surface).
Secondly, there should be only one species of charge carrier that dominate
the transport, i.e., multiple species of charge carriers with different relax-
ation rates will lead to the violation of Kohler’s scaling. Also, the change
in the electronic concentration with temperature will lead to the violation
of Kohler’s rule. In another scenario, the magnetoresistance and the zero
field resistivity may be governed by different relaxation rates, hence lead-
ing to the violation of Kohler’s rule [65]. The Kohler’s rule has been found
to be valid for a number of simple metals [62, 63], and even in the Fermi
liquid regime of the high-T¢ cuprates, and heavy fermion superconductors
[8, 51, 66]. Similarly, it was found to be obeyed in the Fermi liquid state
of some iron-pnictides as well [67, 68]. Not surprisingly, the Kohler’s rule is
often violated in the non-Fermi liquid regime of cuprates, heavy fermions and
FeSCs [65, 8, 67, 69, 70, 71, 72, 8, 66]. Figure 1.7 demonstrates the crossover
in the Kohler’s scaling behavior in a cuprate, where it is obeyed at higher
doping levels and violated at lower doping levels? [8]. A similar evolution
of magnetotransport from the under-doped to overdoped compositions was
observed in some iron-pnictides [67] and heavy fermion systems[51].

The Modified Kohler’s rule

As discussed in the previous section, the Kohler’s scaling works remarkably
well for many conventional metals, and even in some region of the phase
space of cuprates. However, it was reported to be violated in the strange
metal phase of a number of cuprates, as shown in Figure 1.7 for x = 0.18 and
0.15 in Lag_,Sr,CuOy4 [8]. A new scaling method was put forth by Harris et
al., where the magnetoresistance (Ap/p(0)) scales not as a function of Hr or
(H/p)? but by the Hall angle tanfy, i.e.,

[p(H) = p(0)]/p(0) = Ap/p(0) = F(tan®6s)

This was termed the Modified Kohler’s rule [65]. Here, tanfy = puy/paz, Py
is the Hall resistivity and p,, is the magnetoresistivity. Modified Kohler’s
scaling was then observed to be valid in a number of cuprates. Later, it was
found that this new scaling works well for many heavy fermion systems as
well [66, 72, 73, 74, 75] suggesting that the heavy fermions and cuprates bear
many similarities at least as far as the magnetotransport is concerned [66].
The violation of Kohler’s rule and the validity of Modified Kohler’s rule in

2these doping levels are where the most pronounced non-Fermi liquid behaviors are
observed.
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Figure 1.8: Violation of Kohler’s rule for CeRhlng is depicted in the upper
panel. The bottom panel depicts the validity of modified Kohler’s rule at
same pressure values as in the upper panel. These pressure values correspond
to the non-Fermi liquid regime of CeRhIns. (©)(2007) The Physical Society
of Japan.

the strange metals phase of the heavy fermion system CeRhlns is depicted
in Figure 1.8.

The modified Kohler’s rule is a corollary based on a rather radical idea
put forth by theoretical physicist P. W. Anderson [76]. He proposed that
in a Luttinger Liquid, electronic charge and spin degrees of freedom can
get decoupled, leading to two relaxation times [76]. In this scenario, the
two relaxation rates 75" and 7;,' govern the Hall angle cotfy and resistiv-
ity respectively. These relaxation times were a natural explanation for the
violation of the Kohler’s rule in cuprates. The spinon-spinon scattering re-
laxation time 7y was proposed to vary as T? which is typical of fermionic
scattering processes. Transport relaxation rate 7, was presumably thought
to be proportional to temperature i.e., 73, < T since cuprates had the linear
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temperature dependent resistivity, especially near optimal doping where the
non-Fermi liquid behaviors are pronounced. However, the idea of different
relaxation times governing the resistivity and the Hall angle is often thought
be valid as long as they have different temperature dependencies. It should
be noted that in free electron scenario, cotfy and py are supposed to have
same temperature dependence, because they are dictated by same relaxation
rate (771):

coty = p/HRy = (m/ne*r)/(H/ne) o 7! "Ry =1/ne

and

p=m/ne’t oc 7!

whereas in two relaxation rate scenario, resistivity and Hall angle 6y are
governed by different relaxation rates:

cotlp = P/ny X thl/(Tﬁth;l) X TH

An interesting ingredient of the theory is that the relaxation times appear
in products in the Hall resistivity: p,, = (Tu7,)~' [77]. This suggests that
it is the Hall angle which is of fundamental importance and not the Hall
resistivity. This assumption was further bolstered by experiments, where
despite the complex temperature dependencies of Hall coefficients in different
cuprates (and later heavy fermions), cotangent of Hall angle almost always
had T? dependence

cotby x 7y = AT?> + B

Here, A is a measure of Hall relaxation rate Tﬁl and the B depends on
impurity concentration. This T? dependent Hall angle was observed in a
large number of cuprates and was found to be quite resistant to impurity
content. In Figure 1.9, cotfy is plotted against T? for five different types of
dopants in Laj g5510.15Cu;_, A, Oy, where A = Fe, Co, Ni, Ga and Zn [9]. A
straight line is observed, attesting to the T? dependence of Hall scattering
rate (7;'). Also, it is clear that varying the doping content for all five
dopants does not affect the slope of T? plots, but merely shifts the curves by
a constant amount determined by the impurity concentration. This robust
T? behavior of the Hall angle was observed for many families of cuprates
(78, 79] and later in heavy fermions [80] and even in organic superconductors
1
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Figure 1.9: cotfy is plotted as a function of T? for five types of dopants
in Laj g5919.15Cu;_,A,Oy4, as indicated in respective insets. Reprinted with
permission from the American Physical Society, Physical Review B, Xiao et
al., [9] (©1992
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Interestingly, thermopower and Nernst effect measurements also suggested
the existence of two relaxation rates in cuprates [82, 83]. Magnetotransport
scaling techniques are not as extensively applied in FeSCs as is the case in
cuprates and heavy fermions. There are only a few reports that discuss the
scaling analysis of magnetotransport [84, 67]. In addition to the cuprates,
heavy fermions, and FeSCs, few other systems also demonstrated the evidence
for two relaxation times, for example, in three dimensional Mott insulator
Vi, O3, resistivity and cotfy were shown to have different temperature de-
pendencies [85]. Also, away from the half filling®, resistivity and Hall angle
had the same temperature dependence, which was accompanied by a temper-
ature independent Hall coefficient bearing a striking similarity to cuprates
and heavy fermions [80, 51]. Recently two dimensional electron liquids at
the interfaces of oxide heterostructures (SrTiO;/RTiO3, R= Sm and Gd)
were also reported to show ‘two lifetimes’ in transport studies [86, 87, 88].
Additionally, some ruthenates (9 layered BaRuOj3 (9R) and CaRuOj) also
depicted the existence of two relaxation rates [89, 90].

It is clear from the discussion so far that the existence of two relaxation
times seems to appear in diverse classes of materials, not just in cuprates
or heavy fermions as originally thought. No single theory can explain these
results in a unified manner, which again depicts the complexity of magneto-
transport behavior in these systems. Although, the original idea of modified
Kohler’s rule or T2 dependent Hall angle* was derived from the ‘Luttinger
liquid’ formalism of Anderson, there are a couple of alternative theories which
attempted to interpret the existence of two relaxation times in some variants
of Fermi liquid theories [77]. We will now briefly mention some of them.

In addition to the spin-charge separation theory of Anderson, theories
based on the Fermi liquid ground state where the anisotropic scattering on
the Fermi surface(s) determine the Hall and transport scattering rates were
put forth to explain the anomalous transport behavior of cuprates by David
Pines and others [91, 92, 93]. The concept of hot and cold spots was coined,
where ‘hot spot’ is the region on the Fermi surface where carrier lifetime is
unusually short, whereas, on the ‘cold spot’, the scattering rate has weaker
temperature dependence than the hot regions. Here, resistivity and Hall
resistivity are determined by the scattering rates on hot and cold spots as

3V2_y03 becomes more metallic at higher ‘y’ (~ 0.033). This highly doped region is
analogous to the overdoped regime of cuprates, heavy fermions, and some FeSCs, where
conventional Fermi liquid behaviors are recovered.

4Magnetoresistance and Hall angle are governed by the same scattering time: 7g
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follows [77]:

p ot and Pry X onld

CLlSO, FH = Fgold/rhot

It is clear that Hall relaxation rate (I'yy) is not universal and is determined
by the balance between the scattering from cold and hot spots.

In another Fermi liquid approach (or Nearly Antiferromagnetic Fermi
liquid (NAFL)), Kontani et al., have developed the theory for transport co-
efficients [94, 95, 96, 97, 54]. They include the current vertex correction
(CVC) that arises due to strong scattering of spin fluctuations, which are
ignored in relaxation time approximation (RTA). Total current is modified
by the backflow effect due to CVC’s leading to the unconventional behavior
of transport coefficients in NAFL metals [98]. The scattering due to spin
fluctuations can strongly renormalize the transport coefficients, which can
lead to the violation of Kohler’s rule as well as the apparent presence of two
relaxation rates.

1.1.3 Pseudogap

There are two prevailing definitions of the pseudogap in literature. In one
scenario, it is the gap associated with the formation of the phase incoherent
Cooper pairs that form above the superconducting transition. In this case, it
is believed that the pseudogap is a precursor to the superconducting ground
state [99, 100, 101]. In another scenario, it is a partial gap in the electronic
structure, much above the superconducting transition and even in systems
that do not show superconductivity [102], leading to a decreased density of
states. Some studies suggested that pseudogap is a distinct energy scale that
competes with superconductivity [103, 104]. This complication persists due
to the reports of contradictory results from different experimental techniques
[102]. The microscopic origin of pseudogap may be debatable, but its exis-
tence in many FeSCs just like it is for high-T¢ cuprates has been strongly
agreed upon. Signatures of the pseudogap has been observed in many FeSCs
by various probes: resistivity [105, 106, 107], Hall angle [105, 108], opti-
cal transport [109, 110], NMR [111], NQR [112], thermopower [113], mag-
netic susceptibility [114], Photoemission [115, 116, 117] and thermal trans-
port [118]. However, like cuprates, its emergence and termination (points
in the phase diagram) vary between different families and techniques adding
to the confusion. For instance, in Ba(Fe;_,Co,)2Ass, pseudogap transition
temperature determined from the interplane transport and NMR measure-
ments suggest that the pseudogap temperature T* decreases from parent
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compound to overdoped compositions. On the contrary, for the hole-doped
Ba;_, K, FesAsy, T* determined from the same techniques remains almost
constant with doping.

Of particular interest here are the Hall angle studies of the pseudo-
gap. Hall angle is sensitive to the electronic structure and mass renor-
malization effects among others. Historically, deviations from the T? de-
pendent Hall angle were used to infer the possibility of the pseudogap in
cuprates [119, 120, 121, 122, 78, 123, 124]. Although the Hall angle stud-
ies of FeSCs have been limited to date, few reports of such analysis exists.
In NaFe; ,Co,As, deviations from the power law resistivity and Hall angle
matched very well, and T* determined from this deviation was referred to
as the pseudogap temperature [105]. Similar deviations were reported for
SmFeAsO;_,F, [106]. We have also observed the signatures of the pseudo-
gap in the Hall angle above magnetic/structural transitions in an underdoped
composition of Ba(Fe;_,Co,)2Asy [108], which will be discussed in Chapter
4.

1.1.4 Quantum linear magnetoresistance & Dirac states

In the antiferromagnetic spin density wave state of FeSCs, an anomalous pos-
itive linear magnetoresistance (LMR) is observed [125, 126, 127, 128, 129, 24,
130, 131, 132, 133, 134, 69, 135, 136]. This LMR is pronounced at low tem-
peratures and is strongest in undoped specimens i.e., parent compounds. It is
believed that this LMR originates from the Dirac cone states [133, 113, 126,
128], which were theoretically predicted [137, 138, 139] and experimentally
observed using a number of probes such as ARPES [140] and quantum oscilla-
tions [141, 142, 143, 144, 145, 146] among others [147, 132, 148, 149, 150, 151].
Dirac cones in FeSCs are formed (in pairs) due to the d band folding within
the nodal spin density wave state [139, 132]. Dirac states have been observed
in a number of FeSCs, like BaFeyAsy [140], SrFesAsy [141], LaFeAsO [125],
PrFeAsO [128], etc. Though the existence of Dirac cone states in FeSCs is
well established, the manifestations of their existence for the superconducting
ground state are not clear (not studied). In an isolated (probably the only
study) study, it was suggested that the high mobility Dirac carriers might act
as a strong Josephson link between superconducting islands providing pro-
tection against the phase fluctuation effects, and consequently bring about a
robust high-T ¢ superconducting ground state [131]. Often, in literature, the
origin of this LMR has also been explained, using the Quantum linear mag-
netoresistance (QLM) model of Abrikosov [135, 152, 136]. It should be noted
that in addition to FeSCs, Abrikosov’s QLM model has been applied to many
other materials like silver chalcogenides [153], CaCg [154] and graphene [155].
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In 1969, Abrikosov developed the theory of galvanomagnetic phenomena in
metals [156] where he calculated the magnetoresistance in quantum limit:
the condition in which all carriers occupy the lowest Landau band (see 1.1).
Theory predicted a linear magnetoresistance in quantum limit. The original
formulae in that study were [157]:

pze = N;H/n?e, Pzy = H/ne

the above equations are valid if the following conditions called the ‘Extreme
Quantum Limit (EQL)’ are met:

n < (eHR)*? T < eHh/m* (1.1)

Here, H is applied magnetic field, n is the carrier concentration, e is the elec-
tronic charge and p,, is the resistivity at magnetic field H. Clearly, high mag-
netic field, low effective carrier masses and low temperatures are the favorable
conditions for Extreme Quantum Limit. Abrikosov, later, using his theory,
explained the LMR observed in different classes of materials [158, 159, 160).
He suggested to call it the quantum linear magnetoresistance. In his own
words: “In order to distinguish this phenomenon from other kinds of unusual
magnetoresistance phenomena (they all lead to negative magnetoresistance!)
I suggest that it be called quantum magnetoresistance.” [157]. Although
the Quantum limit conditions are the same, the LMR observed in different
systems takes different forms depending on the electronic and material struc-
ture. We will give examples below, where Abrikosov personally gave some
ideas as to how the quantum limit conditions can be fulfilled in these cases
and his model can be applied.

Some off-stoichiometric silver chalcogenides (e. g. AgoisSe and Agy5Te)
were shown to exhibit LMR from magnetic fields as low as 10 Oe up to many
Tesla’s [161, 153], without any sign of saturation. Since these systems are
inhomogeneous semiconductors, Abrikosov proposed that due to the phase
segregation, regions of very low and high carrier densities are formed; hence
the ‘Extreme Quantum Limit’ conditions can be satisfied within the regions
of low carrier concentration.

Another class of materials, called rare-earth di-antimonides (RShy, R =
Ce-Sm) were also shown to exhibit the nonsaturating linear magnetoresis-
tance [162]. To explain the fulfillment of Extreme Quantum Limit condi-
tions, Abrikosov compared these materials® with graphite [163]. Graphite is
a semimetal with many properties similar to the di-antimonides, e.g., strong

5Band structure of rare-earth di-antimonides was not known at that time.
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anisotropy between in and out of plane properties. He suggested that two-
dimensional materials, in certain parts of the band structure, will have a
linear dispersion, at least close to the transition. These linearly dispersing
bands will give rise to low carrier density and low effective carrier masses,
hence EQL conditions may be fulfilled [160]. This situation is very close to
what is observed in FeSCs. We will now discuss the quantum magnetoresis-
tance model for FeSCs and then see how the band structure of FeSCs can
support LMR in view of the Abrikosov’s model.

For FeSCs, parent compounds of which are semi-metals, the LMR takes
the following form[158]:

pee(H) = H/f(n)N;ne (1.2)
MR for the uncompensated (doped) FeSCs would take the form[158]:
pz:c(H) = f(n)NzH/(ne - nh)2€ (13)

Here, f(n) is some function, whose value is close to unity [158], n.—n; is
the effective carrier concentration and N; the concentration of scattering
centers. LMR is apparent from the above mentioned formulae, however, see
the difference how concentration of scattering centers (N;) appear in two
formulas. Let us now return to the question of how the presence of Dirac
cone states can support the LMR in the context of Abrikosov’s QLM model.

LMR can be observed in the parabolic (E o< K?) as well as the linearly
dispersing bands (E « K), as long as the QLM conditions (equation (1.1))
of the Abrikosov’s model are fulfilled. However, as we shall shortly see, it
is possible to fulfill QLM conditions even under the typical laboratory con-
ditions under which LMR is typically reported in FeSCs [157, 132]. The
quantum limit conditions are reached when all the carriers occupy the lowest
Landau level. This condition for a linear band occurs when the energy level
splitting between the first and zeroth Landau levels becomes greater than
the thermal energy: Eii-Eg = £ Vpv2ehH > KgT. Energy level splitting
for a parabolic band is: Ex;-Eq = eHA/m* > KT, where H is the magnetic
field, m* is effective electronic mass. It is evident that in the linearly dis-
persive bands, the QLM conditions can be fulfilled at lower fields compared
to parabolic bands, because in the former case splitting is proportional to
the square root of the magnetic field, whereas, in the later, it is proportional
to the magnetic field. Clearly, QLM conditions are more accessible in Dirac
systems. Since these Dirac pockets are reported to be small and have a very
low carrier density of the order 1073 per Fe [142], it also favors the QLM
condition (see equation (1.1)), which is probably why the linear magnetore-
sistance is widely believed to be arising due to the existence of Dirac cone
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states, which is supported by the fact that LMR is pronounced in the mag-
netic state, where Fermi surface reconstruction results in the formation of
small Dirac pockets [143, 140, 164, 146, 165].

In summary, we briefly introduced the iron-based superconductors. Also,
some key concepts and issues in iron-based superconductors are highlighted.
The structure of this thesis has been outlined in this chapter. In the following
chapters, the work carried out in this thesis is presented.
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Chapter 2

Single crystal growth,
Characterization & Techniques

2.1 Introduction

Single crystals are vital to study the intrinsic physical properties of materi-
als. Certain physical phenomena are almost always masked by the presence of
even small amounts of impurities and imperfections, which are more common
in polycrystalline specimens than single crystalline ones. For example, the
presence of variously oriented grains masks the intrinsic anisotropic prop-
erties of crystalline materials. Similarly, the presence of grain boundaries
introduces undesirable effects in the transport measurements.

A number of crystal growth techniques exist; however, the melting be-
havior of material largely dictates the choice of growth technique. Some
systems can be grown by melting the material and letting it cool slowly; this
is called the melt growth. In some cases, where a substance decomposes into
other phases upon heating, other techniques, like, vapor transport can be
employed. In solution growth methods, the desired material is dissolved in a
solvent (also called flux) to the extent of supersaturation. Upon slow cooling,
the single crystals of the desired material are precipitated out of the solution.
High-temperature solution growth requires dissolving the targeted material
in a solvent at high temperatures; however, at temperatures lower than the
melting point. It is suitable for the growth of both congruent as well as non-
congruently melting materials. Growing single crystals at temperatures lower
than their melting temperature lead to a lesser density of defects. However,
choice of an appropriate solvent (or flux) is vital in this case. If the solvent
used is a component of the material under consideration then it is called the
self-flux method. For example, if BaFeyAss is grown using FeAs as a solvent,
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then it is called a self-flux method. But a solvent which is not a component
of the material to be grown is also frequently used. An example of this is the
growth of BaFeyAsy using Sn as a solvent [166]. Another variant of solution
growth is the hydrothermal technique. In a hydrothermal growth, extreme
conditions like high temperatures and pressures are often employed. This
method is particularly suitable for materials which are difficult to grow using
other techniques, or are unstable at ambient conditions, and/or have a high
vapor pressure. High pressure synthesis technique, using FeAs as a solvent
has been employed to grow sub-millimeter size single crystals of ReFeAsO;_,
(Re: rare earth metal) [167, 168] and SmFeAsO;_,F, [169].

All single crystals studied in this thesis were grown using the high-tempera
-ture solution growth technique using FeAs self-flux. In this method, FeAs,
which is taken in excess, acts as a solvent. In literature, other fluxes like Sn
(170, 171], NaCl/KCl [172, 173], NaAs [174] and Pb [175] were also used to
grow iron-based superconductors (See [176] for a summary). However, these
solvents not only tend to wet the surface of the grown crystals [177], but, even
replace Fe [170] or Ba [171] in the crystal structure. Also, the magnetostruc-
tural transitions are reported to be highly suppressed in the non-self-flux
grown single crystals [166, 45]. In essence, often (not always) the single crys-
tals grown using a self-flux are relatively purer than the crystals grown using
other solvents [177]. We had tried several combinations of starting materials
to grow the single crystals of Ba(Fe;_,Co,)2Asy. Two of them were most
successful, and both of them are described in this chapter. However, be-
fore describing the single crystal growth methods, the synthesis of precursor
materials used in different methods of crystal growth is explained.

2.2 Synthesis of FeAs, Fe;As and CojAs

All three of these precursors were synthesized in a very similar manner. The
purpose was not to make poly or single crystalline phases of these precursors
but to react As with Fe or Co, to avoid the high vapor pressure of elemental
Arsenic during the crystal growth which can rupture the quartz ampoule.
Arsenic is known for its toxicity and high vapor pressure even below its
sublimation point. Thus taking unreacted Arsenic can pose a severe security
risk to the environment as well as lab members. Starting materials were as
follows: Fe powder (99.94+%, Alfa Aesar) or granules (99.98%, Alfa Aesar),
As lumps (Alfa Aesar 99.9999%) and Co powder (99.8% Alfa Aesar). Fe (or
Co) and As lumps were ground and mixed using an agate mortar and pestle
inside an Argon filled Glovebox. This powder was then transferred to an
alumina crucible which was housed in a quartz ampoule. This ampoule was

42



Figure 2.1: Upper left panel depicts the interior of an eight-port Argon filled
Glove Box from MBRAUN, Germany. The entire process of weighing, mixing
and grinding was carried out in this Glove Box. Upper right panel shows
the evacuation process using a rotary pump dedicated for ampoule sealing
work. The lower left panel depicts the sealing of a quartz ampoule using an
acetylene-oxygen torch. In the lower right panel, a sealed ampoule is shown.

then closed using airtight (vacuum compatible) cock and brought outside
for evacuation. After evacuation (1073-1075 Torr, the partial pressure of
Argon)!, ampoule was sealed using Oy-Acetylene flame. This entire process of
storage, mixing, grinding, and sealing is summarized in Figure 2.1. Typically,
the ampoule was heated to 450-550°C for 6 hours and kept there for 12 hours.
This was done to make sure that some Arsenic is already reacted before the
temperature is further increased in the next step of the reaction where it was
subsequently heated to 700-750°C within 3-4 hours and kept there for 12-24
hours. After that, the furnace was quickly cooled down to room temperature
at 300°C/h. The result of the reaction was a solidified ingot which was not
very difficult to grind. The temperature profile used for the reaction was
very similar for FeAs, Fe,As and CoyAs. Binary phase diagram of Fe-As and
Co-As is shown in Figure 2.2 and 2.3 respectively. These diagrams provide
essential information about the melting behavior of these systems, which is
crucial to not only synthesize these precursors but even in the synthesis of
single crystals of many iron-pnictide systems including the Ba(Fe;_,Co,)2Ass

lto obtain pressures of ~ 107° Torr, a different vacuum pump: HiCube 80 Classic,
PFEIFFER, Germany was employed.
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Figure 2.2: Binary As-Fe phase diagram (Copyright (©)1996 ASM Interna-
tional [ASM (1996)])

system whose growth we will discuss in this chapter.

2.3 Synthesis of BaAs,: (z = 1, 3.2)

BaAs was synthesized using the vapor transport method similar to the one
used by Aswartham et al., [178]. High purity As (Alfa Aesar, 99.9999%,
lumps) and Ba(99+%, Alfa Aesar, metal basis, rod) were utilized in all the
reactions of barium and arsenic. Since the reaction of arsenic and alkaline
earth metals (Ba, Sr etc.) is extremely exothermic and explosive, they could
not be reacted directly. A special ampoule was designed for this purpose.
In this ampoule, the Ba pieces were kept in a thick-walled and long alumina
crucible? (which was housed in a thick quartz ampoule) and arsenic was kept
in the space between alumina crucible and the quartz ampoule, as shown
schematically in Figure 2.4. The ampoule was sealed at 1072 - 10~° Torr
partial pressure of Argon. In this specially designed ampoule, As and Ba
pieces are physically separated to avoid direct contact. The reaction was
carried out in a slow and controlled manner. The ampoule was heated to
500-590°C in 10-12 hours and the setup was kept at this temperature for 12
hours. Even though the Arsenic sublimes at 615°C, it has considerable vapor

2Length, diameter and thickness = 6 cm, 3.6 cm and 2.5 mm respectively.
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Figure 2.3: Binary Co-As phase diagram. (Copyright (©)1996 ASM Interna-
tional [ASM (1996)])

pressure even at lower temperatures (for instance, 1 kPa at 433°C [179]). At
these temperatures, Arsenic vaporizes and is adsorbed on the surface of Ba
pieces, this ensures that vapor pressure of Arsenic remains low enough. It
is essential since large amounts of heat and internal pressure may lead to
explosion of the quartz ampoule (which can happen if temperature is raised
rapidly to its sublimation point: 615°C). The temperature was then increased
to 650-700°C at 10°C/hour and kept there for another 2-4 days. The furnace
was cooled down to room temperature at 150-200°C/hour. Barium metal
which is quite malleable and sticky turns brittle and easy to grind after the
reaction. We observed that if bigger pieces of Ba are taken in the reaction,
their interior remains unreacted even if all the Arsenic used in the reaction
is exhausted. It suggests that As reacts on the surface of Ba granules and
once a layer of BaAs, is formed, it prevents further diffusion of As into the
Ba granules. Waiting at 650-700°C for longer time periods leads to less (or
no) unreacted Barium. BaAsz, was synthesized using the same method as
described above, but with a different temperature profile. It is because the
amount of As used to synthesize BaAss, is larger compared to what is used
to synthesize BaAs. Hence, the highest temperature used in the synthesis
of BaAss, was much lower than that was used in the synthesis of BaAs.
The ampoule was heated to 370°C in 6 hours, and this temperature was
maintained for 1.5-2 days. In the next step, the temperature was increased
to 520°C in 30 hours. This temperature was maintained for 2.5-3 days. The
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Figure 2.4: In (a), Schematic of the ampoule used to synthesize the BaAs,
(z =1, 3.2) is shown. In (b), a typical temperature profile used during the
synthesis of BaAs, is shown.

furnace was then cooled down to room temperature in 3-4 hours. Other
compositions of BaAs, (x other than 3.2 or 1) were also prepared during the
process of optimization of crystal growth parameters. It is interesting to note
that although only a few stable phases of Ba and As (BazAsy4, BaAsg, BagAsy
and BasAs; and BagAs [180]) are known to exist, (binary phase diagram of
Ba-As, Ba-Co is not known [180]), however, strong affinity of As to react
with Ba makes it easy to prepare the mixture (not a compound) of virtually
any composition of BaAs, (1 < x < 5.5 in our experiments).

2.4 Single crystal growth of Ba(Fe;_,Co,)2Ass:
Method one

In this method, starting precursors were: BaAs, FeAs and Fe;As. An addi-
tional precursor CopAs was also used when Co substituted BaFe,_,Co,As,
was made. Many times instead of making CoyAs, Co and As powders were
simply added to the mixture of the rest of the precursors. The composition
of the entire mixture was BaFezs ,Co,Aszo(here z is the desired compo-
sition). All the precursors were grounded thoroughly and mixed using an
Agate mortar and pestle inside an Argon filled glove box, which utilizes a
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highly purified Ar gas (99.999% purity from INOX, India) and maintains Os
and moisture levels below 0.1 parts per million at all times. This mixture
was then transferred to an alumina crucible and was gently pressed using
a glass rod to avoid the loss of finely ground powder during the evacuation
process. It is should be noted that Alumina crucible was already housed
in an especially designed quartz tube. The ampoule was sealed using an
O,-Acetylene torch at 1073-10"°torr partial pressure of Argon. In a typical
crystal growth experiment, the mixture was heated to 700°C in 7-10 hours
and held at this temperature for 6-10 hours. After that, the temperature
was raised to ~1180°C in 5 hours and this temperature was maintained for
24 hours. Waiting for 24 hours at 1180°C ensures the homogenization of the
melt. After that, slow cooling of the melt (1-2°C/h) is initiated until the tem-
perature reaches ~1000°C. Crystal growth takes place in this temperature
window (1180-1000°C). Growth was kept at this temperature for another 1-3
hours, and then a rapid cooling (~300°C/h) was initiated to cool the furnace
to room temperature. The chemical equation summarizing the single crystal
growth is as follows:

BaAs+ (1 — x)FegAs + xCoyAs + 1.2(FeAs) — BaFezo 9,C09,As39
— Ba(Fe;_,Coy)aAsy + leftover

The end result was a solidified ingot. Crystals were extracted mechanically
using a razor blade. Some representative images of grown crystals are shown
in Figure 2.5.

2.5 Single crystal growth of Ba(Fe; ,Co,)2Ass:
Method two

In this method, BaAs;, was used as precursor instead of BaAs. Other pre-
cursors like FeAs and FesAs were not needed. Fe and/or Co powders were
simply added to BaAsss and ground together. Rest of the process is very
similar to method one i.e., temperature profile, sealing procedure, the vac-
uum level in the ampoule, etc. were kept same. The chemical equation that
summarizes the reaction is:

dwell 24 h at 1180°C

BaAsz s+ (3.2 —2x)Fe + 2xCo BaFeso_9,C09,A839

end result: homogeneous melt

Ba(Fey_,Co,)2Asy + leftover

slow cooling starts here

crystals begin to form

Because of its simplicity, we had used method 2 more than method 1. An-
other advantage of method 2 is that Arsenic only needs to be reacted with
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Figure 2.5: Some representative images of grown crystals are shown here.
Panel (a) shows a cleaved ingot (3.8% Co) along the length of the crucible,
implying that the diameter of the crucible limits the size of grown crystals.
Panel (b) depicts the flux-free crystals extracted from the same ingot and cut
in rectangular geometry. (c) depicts some extracted single crystals from the
growth of an optimally doped composition (7.4% Co). Panel (d) shows the
single crystals of BaFeyAsy obtained from a different growth. In this growth
the size of the grown crystals was not large, but the yield was better.
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Ba (which seems to have a strong affinity for Arsenic), so chances of having
unreacted Arsenic in crystal growth experiments are lesser, which makes the
growth a little more predictable and safer if rest of the growth parameters
are already optimized. It should be noted that the properties of crystals syn-
thesized by both methods are identical. Single crystals of most 122 families
grow along the crystallographic ab plane, have plate like morphology, and
tend to exfoliate easily. Also, the crystals of Ba(Fe;_,Co,)oAsy are brittle
and break easily.

2.5.1 Some important steps taken while preparing quartz
ampoules for synthesis work

Almost always, quartz ampoules were sonicated using an organic liquid like
Acetone or Ethyl Alcohol to remove any impurities that may be present on
the surface of alumina crucible and quartz ampoules.

These washed ampoules were preheated (up to 900°C) overnight to re-
move moisture that may be adsorbed on the walls of alumina crucible and/or
quartz ampoules. Sometimes the ampoules were also evacuated (while being
preheated) using a vacuum pump. The pressure of the ampoule was moni-
tored using a pressure gauge. It was found that pressure increases when the
temperature reaches approximately 300°C. It suggests that adsorbed mois-
ture gets desorbed at this temperature. Keeping the ampoule at higher
temperatures (800-900°C) overnight ensures that all the adsorbed moisture
(and possibly other impurities too) is desorbed and sucked out through the
evacuation process. We observe that preheating the quartz ampoule too fast
often leads to the blackening of alumina crucible inside it. This is so because
the leftover organic liquid (Acetone or Ethyl Alcohol) used in the sonication
process, burns when heated quickly and leaves Carbon as a residue. Such
impurities can get added to the crystals and should be avoided. Keeping the
ampoules at 70-80 °C for half an hour before heating to higher temperatures
solves this problem entirely. However, an additional method for preheating
was also used. In this method, the quartz ampoule was heated at 900°C in
a tube furnace (from Nabertherm). It was then pulled out to the open end
of the furnace and kept there for some time to allow it to cool down to a
temperature close to 100°C. At this point, it was closed using a cork and
transferred immediately to the antechamber of the Glove Box, which was
quickly evacuated and refilled with high purity Argon gas.
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2.6 Characterization & Techniques

Many experimental techniques were employed to characterize single crystals
before they could be used in detailed magnetotransport measurements. Typ-
ically, the EDAX analysis, Powder X-Ray and Laue diffraction were carried
out first. Subsequently, the transport, magnetization (7 T MPMS, Quantum
Design, cryo-free), and thermodynamic measurements (9 T PPMS, Quan-
tum Design, cryo-free) were carried out. In addition to this polarized light
microscope was extensively used to screen single crystals before selecting for
magnetotransport, specific heat, and magnetization measurements.

2.6.1 X-Ray & Laue diffraction
X-Ray Diffraction

The X-ray diffraction on the powdered single crystals was carried out using
a Bruker D8 advance X-Ray diffractometer using the Cu K, radiation. The
purpose was to check the phase purity of the crystals and to determine the
lattice parameters and their consistency with the literature. Several crystals
pieces extracted from the as grown ingot were ground using Agate mortar
and pestle. The diffraction pattern of a representative parent compound is
shown in the left panel of Figure 2.6. The diffraction pattern was analyzed
by the Leibel method using the FULLPROF suite [181]. All the peaks can
be very well fitted by the tetragonal I4/mmm space group consistent with
literature [182, 183, 184]. The single crystal specimens were mounted with
their ab-plane as the diffraction plane in Bragg-Brentano geometry. In this
case, only the (0 0 21) reflections were observed as can be seen in the right
panel of Figure 2.6. Lattice parameters for three representative compositions
of the series are shown in Figure 2.7. As is evident, most prominent change
is observed in the ‘¢’ parameter which gets suppressed quickly by cobalt
doping. The lattice parameter ‘a’ remains almost unchanged, as reported in
these systems [183, 184, 182].

Laue Diffraction

Laue diffraction on the single crystals was regularly carried out using a
diffractometer from Photonic Science. It utilizes a Tungsten white source
(0.35 A-25 A). Typically, in the Laue method, a single crystal specimen is
illuminated with white X-rays, and backscattered radiation is collected by a
detector. Primarily, Laue pattern is used to align the single crystals, which
is essential for the determination of intrinsic anisotropic properties of single
crystals. Laue pattern can also indicate the symmetry of a single crystal.
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Figure 2.6: Left panel shows the XRD pattern analysis. Yops and Yo rep-
resent experimental data and simulated pattern. Yops-Y oo is the difference
between the experimental data and the simulated pattern. Small vertical
bars (Olive color) represent the positions of the expected Bragg reflections.
Most peaks are labeled: for clarity, few peaks which are very small and/or are
very close to the neighboring peaks are not labeled. The right panel depicts
the X-Ray diffraction pattern of a single crystal, which was mounted with its
crystallographic ab plane as the plane of diffraction in the Bragg-Brentano
geometry.
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Figure 2.7: Lattice parameters a (black) and ¢ (blue) are plotted on
the left and right axes respectively. 1z represent the doping level in
Ba(Fe;_,Co,)2As,.

Figure 2.8: Laue diffraction pattern for an underdoped specimen (z = 0.038)
of Ba(Fe;_,Co,)oAsy series.
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For example, if a specimen is mounted in such a way that only the (1 1 1)
planes are facing the white light, Laue spots will have threefold symmetry.
Also, as mentioned previously, iron-based superconductors have a plate like
morphology, i.e., their crystallographic ¢ axis is perpendicular to the crystals.
So, a crystal mounted in such a way that white X-ray radiation falls on its ab
plane perpendicularly; a fourfould symmetric Laue pattern will be observed
which arises from the diffraction from a set of parallel (0, 0, 21) planes (see
Figure 2.6, right panel.).

Laue diffractograms can also provide information about the quality of
a single crystal. For instance, good quality crystals are known to produce
sharp spots, whereas Laue spots from the deformed samples are elongated.
Figure 2.8 shows Laue diffraction pattern for a representative specimen of
underdoped composition (z = 0.038) of Ba(Fe;_,Co,)sAsy series. Sharp
spots suggest that this is a good quality specimen.

2.7 Energy Dispersive X-Ray Spectroscopy
(EDX)

Each batch of crystals growth was characterized using the EDX technique
(Energy Dispersive X-Ray Spectroscopy) to determine the actual composition
of grown crystals and to analyze the surface morphology. When a sample
is bombarded with high energy electrons; it can knock out electrons from
the inner shells of the atoms. This can lead to a cascade of transitions, and
in the process, X-Ray photons are emitted from the sample. Since the X-
rays emitted from an element are characteristic of it, measuring the energy
and intensity of the emitted X-Rays allows for the determination of elements
present in the sample. EDX can be used to investigate the incorporation of
flux and other possible contaminants on the surface of crystals. Sometimes,
other secondary phases which might show a different color contrast than the
sample can also be detected. Determining the composition of these secondary
phases can not only provide valuable information about them but can also
help in eliminating these phases in future crystal growth experiments.
Crystals were mounted on a double-sided conducting carbon tape before
loading onto a metallic sample holder. Few drops of Acetone or Isopropanol
are enough to set carbon tape loose; hence it is a good choice to be used as a
conductive adhesive (BaFey_,Co,As, single crystals are easily cleaved along
ab plane; hence mechanical pulling is not recommended). The samples were
then inserted into the sample chamber of the Scanning Electron Microscope.
After several purging and refilling (using an inert gas) cycles, samples are
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Figure 2.9: Upper Panel: SEM image of a single crystal Ba(Fe;_,Co,)2Ass
with z = 0.074. Relevant parameters are listed at the bottom of Image.
Lower panel: representative EDX spectra, indicating that no foreign phases
are present in the sample.

brought to the focus, ready to be bombarded by the electron beam. We typ-
ically used one minute integration time (the time for which sample surface is
exposed to the electron beam) at each spot on the sample surface, and the
used voltages were in the range 20-25 KV. Data was collected on 8-20 data
points on the surface of each sample and composition was determined by
taking the average of these data points. The upper panel of Figure 2.9 shows
a representative SEM image of a portion of an optimally doped (z = 0.074)
Ba(Fe;_,Co,)2Asy single crystal. It is clear that the crystal surface is free
from any foreign impurities or flux. The lower panel shows representative
EDX spectra taken at one point (out of 10-20 data points) on the surface.
No signs of impurities or other elements (i.e., other than Ba, Fe, Co and As)
could be detected. Figure 2.10 shows the variation of cobalt concentration (as
determined from EDX) plotted against nominal cobalt concentration. The
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Figure 2.10: Co concentration in Ba(Fe;_,Co,)2Ass as determined from
EDX is plotted on Y axis whereas nominal composition is on X axis. Data
on both axes is plotted in atomic%.

plot is a straight line with slope ~ 0.5. Error bar for each composition is the
standard deviation of the data taken at 8-20 different points of the crystal.
Note that the several samples of very similar compositions from different
batches of underdoped (= 3.8% Co) and optimally doped (=~ 7.4% Co) com-
positions are shown in Figure 2.10, which is the reason for some overlapping
data points. This indicates that samples are very homogeneous. In rest of
the manuscript, we will use (and refer to) only the actual compositions of
these crystals determined by EDX, and not the nominal ones.

2.8 Magnetization

Magnetic measurements were carried out using a +7 Tesla Quantum Design
Magnetic Property Measurement System (MPMS XL) using the Reciprocat-
ing Sample Option (RSO) [185, 186]. MPMS employs an rf-SQUID, which
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forms a closed loop with the so-called pickup coils. Pickup coils are a group
of 4 coils, with inner two coils in close proximity. This is done to cancel
external magnetic field fluctuations. These pickup coils are located at the
center of a superconducting solenoid, which is the source of the magnetic
field needed for magnetic measurements. Sample motion through the pickup
coils leads to the change in flux associated with them and this flux change
leads to a current. The SQUID output is this current converted into voltage,
which is used to compute magnetic moment of the sample. To avoid mag-
netic field fluctuations due to environmental noise, the SQUID is encased in
a superconducting material (Niobium). SQUID is a very sensitive tool for
detecting magnetic fields. It has a sensitivity of &~ 5x107% emu (sensitivity
decreses to &~ 6 x107% emu for magnetic fields above 2.5 T [187]) in the
RSO option when sample is centered at the center of pickup coils [185]. In
this case, sample oscillates around the center of pickup coils (using the servo
motor).

Magnetic measurements are vital not only for the characterization of sam-
ples, but also to track the improvement in the crystal growth conditions as
well. In all magnetic measurements, the magnetic field was applied along
the crystallographic ab plane (unless otherwise stated). Figure 2.11 shows
the magnetic measurements carried out on three different samples of parent
compound, i.e., BaFeyAsy from three different growth experiments. Parent
compound undergoes a combined magnetic/structural transition at ~ 134 K
[37], which is evident by the drop in susceptibility (see Figure 2.11(a)) at
134 K. Inset of Figure 2.11(a) shows the derivative of susceptibility for all
three samples, which again shows that only one anomaly at 134 K is present,
suggesting that magnetic and structural transitions coincide. Figure 2.11(b)
depicts, M-H isotherms at 300 K for all three specimens shown in Figure
2.11(a). Linear isotherms suggest that there are no ferromagnetic impurity
phases present whose ordering temperatures are around 300 K; otherwise,
we would see a small hysteresis loop in M-H isotherms. The anomaly at ~
50 K for the sample BFBS110D is due to the oxygen contamination of the
sample chamber. When parent compound is doped with electrons (by replac-
ing Fe with Co), magnetostructural transitions, which were concomitant in
the parent compound, gets suppressed and separated, and superconductivity
emerges out of the magnetically ordered ground state [18, 188, 189]. Further
doping leads to complete suppression of magnetic/structural transitions at
around x ~ 0.07, at which point the maximum superconducting transition
temperature is observed in this series (BaFe;_,Co,Asy) at ~ 25 K.

Figure 2.12 shows magnetic measurements on several samples from the
same batch of underdoped composition (3.8%Co). Figure 2.12(a) shows y
vs. T from 2-300 K for two different samples of the same composition from
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Figure 2.11: Magnetic susceptibility as a function of temperature for three
representative single crystalline specimens of parent compound BaFesAss is
shown in the left panel of Figure 2.11. The derivative of magnetic suscepti-
bility for respective specimens is shown in the inset. The right panel shows
M-H isotherms from 0-5 Tesla and 5-0 Tesla magnetic field cycle. The mag-
netic field was applied along the crystallographic ab plane. All three samples
of BaFeyAsy in Figure 2.11 are from different batches of crystal growths.
BFBS109B etc. are the names of samples.

the same batch. The inset shows the derivatives of susceptibility for only
one sample: BFBS115D. Two obvious anomalies in the derivative can be
identified with structural (Ts) and magnetic transitions (Tg). It should be
noted that the anomalies identified by the derivatives of resistivity and sus-
ceptibility are in agreement with neutron diffraction experiments carried out
on similar compositions [47, 40]. The right panel of Figure 2.12 shows su-
perconducting transition temperatures for three different samples (including
the two samples shown in Figure 2.12(a)). It is clear from Figure 2.12(b)
that superconducting transition temperatures are in agreement in all three
samples. Also, the value of volume susceptibility reaches ~ —1 for all speci-
mens, which indicates highly homogenous samples with 100% superconduct-
ing volume fraction. Our results are similar to the literature reports for
similar compositions [44, 188, 189, 178]. In the optimally doped systems,
magnetostructural transitions are fully suppressed, and superconductivity is
strongest [18]. Figure 2.13 shows ZFC & FC plots at 20 Oe magnetic field.
The superconducting transition occurs at around 20.5 K. Volume susceptibil-
ity (x») is a dimensionless quantity in Gaussian units (see [18] for discussion).
When multiplied by 47, one gets the superconducting volume fraction. For a
superconductor, superconducting volume fraction should be —1 when Meiss-
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Figure 2.12: In (a), zero field cooled (ZFC) magnetic susceptibility x is plot-
ted as a function of temperature for two samples of underdoped composition
(3.8% Co). Inset of (a) depicts the first temperature derivative of yx, which
clearly shows two anomalies designated as Tj; and Tg corresponding to mag-
netic and structural transition temperatures respectively. In (b) Field cooled
(FC) as well as zero field cooled (ZFC) volume susceptibility (multiplied by
47) for three samples of the underdoped composition is plotted as a func-
tion of temperature. 47y, gives a direct estimate of superconducting volume
fraction. The magnetic field was applied along the crystallographic ab plane

in both (a) and (b)
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Figure 2.13: Volume susceptibility in Zero Field Cooled (ZFC) and Field
Cooled (FC) sweeps for a single crystal specimen BFBS111A of an optimally
doped system (z = 0.074). These measurements were carried out in 20 Oe
magnetic field, as depicted in the inset. The magnetic field was applied along
the crystallographic ab plane.
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ner screening is complete. However, as we can see from Figure 2.13 that the
superconducting volume fraction is more than —1. It can be due to the de-
magnetization effects. Volume fraction in excess of —1 are often reported in
literature [188, 190, 191, 192, 193]. It is usually found that optimally doped
systems have 47y, > —1 more so than underdoped systems. It is because
superconductivity is much strong in optimally doped systems; which com-
bined with demagnetization effects can lead to apparently larger Meissner
fractions.

2.9 Electrical Transport

Transport measurements were routinely carried out to characterize sam-
ples. A 49 Tesla Quantum Design Physical Property Measurement Sys-
tem (PPMS, model 6000) was used for this purpose. Measurements were
either carried using DC resistivity option in standard four-probe geometry
(I = 5 mA) or the ACT transport option (I = 5 mA, f = 17 Hz) in five
probe geometry. DC option allows for the simultaneous measurements of
three samples in four probe configuration, where a precision current source
is used to supply the excitation current in 5 nA - 5 mA range, with an out-
put voltage sensitivity of 20 nV. In the ACT option, where two samples can
be measured simultaneously, an AC current in 10 A - 2 A with frequency
range 1 Hz - 1 kHz can be applied, and it has a voltage sensitivity of 1 nV
(at 1 kHz). Five probe method allows for the simultaneous measurement of
magnetoresistance as well as Hall resistivity (p,,) which are the symmetric
and asymmetric components of the signal: p,, = [p(+H) + p(—H)]/2 and
Py = [p(+H) — p(—H)]/2. Here +H and -H represent the magnetic field
applied parallel or antiparallel to the crystallographic ¢ axis. All magneto-
transport measurements were carried out in the transverse geometry, where
H L I, and || c. Contacts on the sample surface were made using a gold wire
(25u diameter) and silver epoxy. Contact resistance varied between <12 to
2 Q. Contacts were cured for 5 minutes at ~ 90°C in an oven or 10-30 min.
in a dry box filled with silica gel.

We often carried out resistivity measurement on multiple samples before
choosing the right sample for further comprehensive magnetotransport mea-
surements. We observed that the sample quality can vary slightly even
amongst the specimens of the same composition from the same batch. It
can be due to various reasons. For instance, some samples can have more
micro cracks (which are introduced during extraction, cutting and shaping
these crystals for transport measurements [194]) than others. Also, some
crystals might have little more surface oxidation as compared to the crystals
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Figure 2.14: In (a), resistivity for five samples of parent compound BaFe;As,
from 3 different batches is shown. In (b), normalized resistivity (p/p(300 K)
is plotted for all five samples. In (c) magnetoresistance for all five samples
is shown in the low temperature magnetic state. In (d), first derivative of
normalized resistivity (Figure 2.14(b)) is plotted. Vertical lines are drawn at
respective magnetostructural transition temperatures.

from other batches (possibly, due to some leakage during the sealing process).
However, in the later more advanced stages of crystal growth experiments, we
were able to achieve consistency in the crystal yield as well as their physical
properties. Figure 2.14 shows zero field resistivity of five samples of parent
compound BaFeyAss from three different batches. It is clear from Figure
2.14(a) that absolute values of resistivity have considerable spread amongst
different samples. However, as we can see from 2.14(b), most of this spread
is eliminated by plotting the normalized resistivity (p/p(300K). Normalizing
the resistivity removes the uncertainty arising from the geometrical struc-
ture factor which may come from a number of reasons. One reason would
be from the uncertainty in determinations of sample dimensions as well as
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voltage probe contact area with the sample surface, which can affect the ac-
curate determination of probe spacing. Additionally, the micro cracks, which
can get created in these systems during the cutting and extraction process
can also contribute to the geometrical structural factor; this effect has been
discussed in the literature [194]. In the Inset of Figure 2.14(b), residual re-
sistivity ratios (RRR) are depicted. Here, RRR is the ratio of resistivity at
2 K and 300 K (p(300K)/p(2K)).

RRR is a good measure of sample quality for simple metals. Though it
is not true about complex multiband systems such as iron-based supercon-
ductors; it can still serve the purpose of comparing the quality of different
samples from the same iron pnictide system. In Figure 2.14(c) magnetore-
sistance of all five samples is plotted in the antiferromagnetic state (2-135
K). Interestingly, highest magnetoresistance is not observed for the samples
with the highest RRR ratio (see inset of Figure 2.14(b)). However, there
is still some correlation between RRR values and magnetoresistance at low
temperatures. For example, samples with lowest RRR values (Sample 1 and
5) indeed have the lowest magnetoresistance. It indicates that one should
at least carry out transport as well as magnetic measurements on these sys-
tems before carrying out any detailed investigation of fundamental issues.
In Figure 2.14(d) first derivative of resistivity is plotted near magnetostruc-
tural transition (Tjg~134 K) for all five samples. The disorder seems to
have a less pronounced effect on magnetostructural transition as compared
to magnetoresistance. However, the sample with low RRR values (2.25 and
2.68) do have a low magnetostructural transition temperature (Tj);s ~133
K), whereas the samples with higher RRR values (2.94, 2.82 and 2.74 )
have higher Tj;s (=134 K). Transport measurements for underdoped and
optimally doped compositions are summarized in Figure 2.15. Normalized
resistivity (p/p(300K)) of two representative samples for underdoped com-
position is shown in Figure 2.15(a) and for three representative samples of
the optimally doped composition is depicted in Figure 2.15(b). Normalized
resistivity plots for multiple samples (of both compositions, independently)
collapsed on top of each other, similar to what was seen for the parent com-
pound. Magnetic and structural transitions can be identified in the deriva-
tive of resistivity (see inset of (a)) for the underdoped composition, just like
they could be identified in the derivative of susceptibility (see inset of Figure
2.12(a)). Magnetic transition (7js) occurs at ~71.5 K whereas structural
transition (Ts) is estimated at ~84 K. The superconducting transition is de-
fined at the onset of resistivity drop. It is taken at the intersection of two
straight lines drawn on the data in the normal state just above the transition
and the data during the superconducting transition. T¢ is &~ 11 K for both
samples of the underdoped composition. T¢ is &~ 22 K for all three samples
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Figure 2.15: In (a), the normalized resistivity of two samples for the un-
derdoped composition (3.8% Co) is plotted. In the upper inset, the first
derivative of normalized resistivity is plotted. Arrows mark the structural
(Ts) and magnetic (7)) transitions. The lower inset depicts the estimation
of superconducting transition temperature (T¢) which is marked by the ar-
row. In (b), normalized resistivity for three samples of the optimally doped
composition is plotted. The inset depicts the expanded view of the super-
conducting region.

of the optimally doped composition (7.4% Co) which is shown in the inset of
Figure 2.15(b). Extremely similar results for multiple samples of the same
composition amongst different techniques (Magnetic and transport so far)
again confirm the high quality of our crystals.

2.10 Heat Capacity

Thermodynamic measurements were carried out using a 9 Tesla, Quantum
Design PPMS [195]. QD PPMS uses a relaxation technique to determine
the heat capacity. Samples of mass between 1-200 mg can be used. It is
recommended to use samples with a flat surface, to reduce the thermal path
of the heat through the sample. To avoid any thermal leaks due to residual
gas, a high vacuum is created in the sample chamber by using a charcoal
cryopump (located above the sample puck). This results in pressures lower
than 107° Torr. To determine the heat capacity of the sample, first, the
heat capacity of the addendum is determined. The Addendum in our case is
sample platform and high vacuum Apiezon N grease. Puck frame acts as a
heat sink (see Figure 2.16). Eight thin conducting wires provide a thermal
link between the sink and sample platform and also provides support to the
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Figure 2.16: Heat capacity puck is shown in the left part of the figure. An
exploded view of the puck is shown in the right portion of the figure. Im-
age Source: User’s manual, Heat Capacity option, Quantum Design PPMS

(USA).
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Figure 2.17: Heat flow diagram of a conventional relaxation calorimeter.

sample platform as well as the power to the thin film heater located at the
platform [195]. Heat flow diagram of a conventional relaxation calorimeter
is shown in Figure 2.17 (after [196]). C, and C, refers to the specific heat
of the sample and platform respectively whereas T, and T, represent the
respective temperatures. When the temperature of the platform is increased
from Ty to T in small steps of AT, and if the power to the heater is turned
off, its decay can be fitted by the equation of the form:

T(t) = Ty + ATe ™) (2.1)

Where 13 = C,/K;, and K is the thermal conductance between heat sink
and the sample platform. When the sample has a very good thermal contact
with the platform and sink, such that Ky > K; (where K5 is the sample-
platform interface thermal conductance) then equation 2.1 still hold except,
7 = (C,+C,)/K;. However, if the thermal contact between sample and
platform is not very good, i.e., the condition Ky > K, is not satisfied then
the temperature decay equation takes the form:

T(t) = Ty + AU 4 p=t/m) (2.2)

Here two time constants are given by: 3 = C,/K; and 7 = C,/Ks. This is
called the two-tau method. QD PPMS software fits the above equation us-
ing the procedure given by [197]. Applicability of the method can be judged
by a coupling parameter defined (and reported at each measurement) by
100x Ky /(K;4+Kz). Sample Coupling should be close to 100 for a good mea-
surement. Figure 2.18 shows the specific heat data for two compositions:
Ba(Feg.975C0.025)2Ase and Ba(Feg g25Cog g75)2Ase. These samples are named
SN163 (2.25% Co) and BFBS11D (7.5% Co). Underdoped sample (2.25%
Co) does not show superconductivity (left panel of Fgure 2.18), which is
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Figure 2.18: Left panel shows the specific heat for the underdoped non-
superconducting sample. The inset depicts the magnetic and structural
anomalies. In the right panel, specific heat for the optimally doped sam-
ple is shown. The Inset highlights the superconducting anomaly.

known to appear at around 3% in this series [18, 19]. The inset shows the
C,/T as a function of temperature. Two distinct anomalies associated with
the magnetic (Tj,) and structural (Tg) transitions can be identified, just like
what was seen in the resistivity and magnetization measurements of under-
doped specimens in previous sections. Tg and T); are ~106 K and =~101
K respectively. The right panel of Figure 2.18 depicts C, as a function of
temperature for the sample BFBS110D. This sample does not show any sig-
natures of magnetic/structural transitions, which is expected at this doping
level [198, 188, 199]. The superconducting anomaly at a~ 20.5 K can be
observed in the inset where C,/T is plotted as a function of temperature.
It should be noted that the anomalies associated with the superconducting
transition are rather feeble in this series of iron pnictides [198, 200].

2.11 Conclusions

In this chapter, we have described several experimental techniques used in
this thesis to grow, characterize, and study 122 family of FeSCs in single-
crystalline form. All examples were focused on the Ba(Fe;_,Co,)2As; series.
The high quality of the grown crystals is apparent in transport, EDX, Laue,
magnetic and thermodynamic measurements. We have emphasized upon
points which we think are useful for reproducibility. The steps involved in
the single crystal growth experiments are explained in detail.

66



Chapter 3

Magnetotransport studies of
Sr(Fe;_Coy)oAsy

In this chapter, we report on the extensive magnetotransport studies of the
Sr(Fe;_,Co,)2Asy series. Three compositions that correspond to three dis-
tinct regions in the phase diagram of these materials are studied, i.e., the
parent compound, an underdoped composition (x = 0.06) and an optimally
doped composition (x = 0.12). We carried out the scaling analysis of the
magnetotransport in this series, which is surprisingly non-existent to date.
Based on the scaling analysis of the magnetotransport, we have tried to put
these systems in perspective with high-T < cuprates and some heavy fermions.

3.1 Introduction

Sr(Fe;_,Co,)2Asy is one the most studied families of iron-based supercon-
ductors, primarily due to the availability of relatively large single crystals;
however, magnetotransport studies, particularly the scaling analysis of the
magnetotransport is still lacking. Although large single crystals of these sys-
tems have been grown by a number of groups; to date, no study either on
the parent compound or its electron-doped variants has reported the scal-
ing of magnetotransport in these systems. This series (like many other
FeSCs) display many non-Fermi liquid like properties, including, a quasi-
linear resistivity, and a temperature dependent Hall coefficient among others
[201, 202, 84, 203]. The Sr(Fe;_(Coy)2Ass system has some unique properties
unlike some of the other 122 members. For instance, the magnetic and struc-
tural transitions remain concomitant and do not split even upon doping or af-
ter the application of pressure [204, 192, 205], which is in contrast to its close
cousins Ba(Fe;_,Co,)2Asy and Eu(Fe;_,Co,)2Asy [188, 189, 41, 206, 207].
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Figure 3.1: Main panel depicts the normalized (p/pso0r) zero field in plane
resistivity for Sr(Fe;_,Co,)2Ass (z = 0, 0.06 and 0.12) from 2-300 K. Upper
inset shows the resistivity near superconducting transition. Onset of super-
conducting transition for the z = 0.12 and 0.06 is observed at 16 K and
11 K respectively. The lower inset depicts the first temperature derivative
of normalized resistivity for the underdoped composition z = 0.06. Magne-
tostructural transition occurs at ~ 91 K.
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On the contrary, the electron doped Sr(Fe;_,Ni,)oAsy system (similar to
Ba(Fe;_,Ni;)2Asy system [191]) does show the separation of magnetic and
structural transitions [42, 208]. This is surprising, since the Co and Ni both
dope electrons, and are nearest neighbors in the periodic table. Although, it
is not clear why does the magnetic and structural transitions separate after
doping, it has been suggested that Ni doping at Fe site reduces the ¢ axis
exchange coupling in Ba(Fe;_,Ni,)sAsy system, which induces the quasi-2D
spin fluctuations in the system [42]. Consequently, it was suggested that tran-
sition from 3D spin waves to quasi-2D spin excitations are important for the
separation of magnetic and structural transitions [42]. Interestingly, isovalent
substitution at Fe site (e.g., replacing Fe with Ru), also does not lead to the
separation of magnetic and structural transitions [67, 209]. This is in con-
trast to the isovalent substitution at As site (e.g., replacing As with P), where
the separation of magnetic/structural transition is observed [84, 68, 210, 211].
Hole-doped systems (e.g., Ba;_,K,FesAsy) also do not show any separation of
magnetic/structural transition [212, 213]. Any theory attempting to explain
these behaviors should coherently explain as to why the magnetic/structural
transitions get separated after doping in some of the FeSCs while remain
concomitant in others.

We report the magnetotransport measurements in electron-doped Sr(Fe;_y
Coy)2Ass (x =0, 0.06 and 0.12) with emphasis on its scaling analysis. Magne-
totransport scaling techniques have been extensively used in high-Tc cuprates
and heavy fermion systems. The Kohler and Modified Kohler’s rule are
some of the most widely used scaling methods of the magnetotransport. As
mentioned in chapter one, the Kohler’s rule states that the orbital magne-
toresistance of a system can be expressed as a function of H/p(0), i.e.,
[Pz (H) = pu2(0)]/pac(0) = F(H/pxx(0)), where pgo(H) is the resistivity at
magnetic field H, p,,(0) is the zero-field resistivity and H is the applied
magnetic field [61, 63, 62]. However, Kohler’s rule is only valid when cer-
tain preconditions are fulfilled [64]. For example, there should be only one
species of charge carriers that dominate the transport, relaxation rate should
not vary for different points on the Fermi surface, etc. Kohler’s rule is valid
for a number of conventional metals and even some region of the phase di-
agram of high-Tc cuprates [8], heavy fermions [66], and iron-based super-
conductors [67]. To account for the anomalous transport properties of high
Tc cuprates (including the violation of Kohler’s rule in the strange metal
phase of cuprates), the existence of two different relaxation rates was pro-
posed. This led to the reformulation of Kohler’s rule in terms of Hall angle
i.e., [pee(H) — p2z(0)]/p2z(0) = F(tanfy) [65]. This is referred to as the
modified Kohler’s rule. This modified Kohler’s rule has been found to be
valid in a number of high-Tc cuprates, FeSCs and heavy fermions systems
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[51, 66, 72, 75, 84, 67, 214, 129]. We observed that both the Kohler and the
modified Kohler’s scaling are violated for the parent (x = 0) and optimally
doped system (x = 0.12). Interestingly, the Hall angle displays quadratic
temperature dependence in the optimally doped composition. Also, for the
first time, we observed a linear magnetoresistance in the optimally doped
system (x = 0.12). Unfortunately, despite several trials in a number of un-
derdoped samples (x = 0.06), we were unable to get any measurable signal
for the magnetoresistance in this system, even in the magnetic regime. We
suspect that extremely low magnetoresistance may be an intrinsic behavior
of the underdoped composition of Sr(Fe;_,Co,)sAss, which is probably the
reason that despite the tremendous amount of work that has been done in
this system using other techniques, no study reported its magnetoresistance
so far.

3.2 Results and discussion

Transport properties of all three compositions of Sr(Fe;_,Co,)2As, studied
in this chapter are summarized in Figure 3.1. Additional details about the
characterization and single crystal growth can be found in our work [215].
The parent compound (SrFe;As,) undergoes a combined magnetic/structural
transition around ~ 190 K, which is evidenced by a sharp drop in the resis-
tivity. The magnetostructural transition is suppressed to ~ 91 K by electron
(Cobalt) doping, and superconductivity is observed at ~ 11 K for this un-
derdoped composition (x = 0.06). At optimal doping, the magnetostructural
transition is completely suppressed and superconductivity is observed at ~ 16
K. These observations are consistent with literature [215, 192, 205]. We would
like to point out that the superconducting members of the Sr(Fe;_,Co,)aAss
series studied in this chapter display bulk superconductivity, where ~ 100
% superconducting volume fractions are observed, for details, see our work
[215].

3.2.1 Parent compound SrFe;As,

Magnetoresistance (MR) for the parent compound is shown in Figure 3.2(a).
At low temperatures, within the magnetic state (below ~ 190 K), a linear
magnetoresistance is observed. However, MR is non-linear at low fields, and
this non-linearity shifts to higher fields for higher temperatures within the
magnetic state. As the temperature is increased, the MR decreases rapidly
and vanishes near the magnetostructural transition and is negligible in the
paramagnetic regime (see Figure 3.2(b)). This linear magnetoresistance in
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Figure 3.2: In (a), the magnetoresistance as a function the applied magnetic
field is shown. In (b) the magnetoresistance at 8 T magnetic field is shown
as a function of the temperature.
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Figure 3.3: The Hall resistivity for the parent compound encompassing the
magnetic as well as the paramagnetic region is shown in (a). In (b), the Hall
coefficient (Ry = pyy/H) calculated at 7 T magnetic is shown.
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the magnetic state is well reported [125, 127, 128, 24, 130, 131, 132, 133,
134, 69, 135, 136] and is often reported to arise as a consequence of Dirac
cone states [133, 113, 126, 128]. Dirac states have been observed in the
magnetic regime of several FeSCs families [140, 137, 138, 139, 141, 143, 145,
146]. In Figure 3.3(a), the Hall resistivity p,, for the parent compound is
shown from 25-260 K, which spans the magnetic as well as the paramagnetic
regime. The Hall resistivity is non-linear at low fields for temperatures within
the magnetically ordered state, however, this non-linearity is absent in the
paramagnetic regime similar to many other FeSCs [130, 126]. Microscopic
origin of this nonlinear p,, remains unclear, however the multiband character
of FeSCs has been suggested as a possible reason for this non-linearity [130].
It was also suggested that this non-linear Hall resistivity might also arise as
a consequence of Dirac states, which is also supported by a rapid decrease in
non-linearity in Hall resistivity and reduced linear MR in doped compositions
[126]. Figure 3.3(b), the Hall coefficient (Ry = p,,/H) calculated using 7
T magnetic field is shown. Hall coefficient remains almost constant in the
paramagnetic regime, however, its magnitude increases rapidly below the
magnetostructural transition. This increase in |Rpy| is consistent with a spin
density wave reconstructed (partially gapped) Fermi surface [144, 139, 216].

In Figure 3.4, we present the scaling of magnetoresistance for SrFe;Ass.
Figure 3.4(a) and (b) depicts the Kohler and modified Kohler’s plots respec-
tively. Evidently, the magnetoresistance isotherms do not collapse on to a
single curve (in both (a) and (b)), indicating that both scalings are violated
in the temperature range shown (25-260 K). Since the reconstruction of the
Fermi-surface at the magnetic transition is reported to produce high mobil-
ity Dirac carriers [141] (in addition to already existing normal carriers), this
coexistence of two (at least [130]) different type of carriers can be a possible
reason for the violation of Kohler’s rule. Another possible reason for the
violation of Kohler’s rule can be the temperature dependence of carrier con-
centration. Strongly temperature dependent Hall coefficient (as can be seen
in Figure 3.3(b)) would support such a scenario. Indeed, the temperature
variation of carrier concentration in some FeSCs has been inferred from pho-
toemission experiments [217]. In order to explain the violation of Kohler’s
rule in cuprates, the existence of two relaxation rates was proposed, where
transport relaxation rate 7,,' governs the resistivity and the magnetoresis-
tance and Hall angle are governed by the so-called Hall scattering rate 75"
[76, 65, 77]. Since the modified Kohler’s scaling is invalid for the parent
compound (see Figure 3.4(b)), this scenario does not seem to be applicable
here.
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Figure 3.4: The Kohler’s scaling of magnetoresistance is depicted in (a). In
(b), the modified Kohler’s scaling is shown. In the inset of (b), expanded
view of the some (110 K, 125 K, 150 K, and 175 K) high-temperature data
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3.2.2 Underdoped composition (z = 0.06)

A comprehensive data set for the Hall resistivity spanning the superconduct-
ing, magnetic and paramagnetic region for the underdoped (6%Co) composi-
tion is shown in Figure 3.5(a). p,, is nearly linear in the entire temperature
range shown in Figure 3.5(a). This is in contrast to the magnetic state of
the parent compound (see Figure 3.3(a)) where the non-linear Hall resistivity
is observed at low temperatures and magnetic fields. Figure 3.5(b) depicts
the Hall coefficient from 2-260 K. Similar to the parent compound, a sharp
increase in the magnitude of the Hall coefficient is observed at the onset of
magnetostructural transition at ~ 91 K. The low-temperature upturn (Fig-
ure 3.5(b)) around 11 K correspond to the onset of superconductivity. Also,
the magnitude of the Hall coefficient at low temperatures is considerably
smaller than the parent compound (see Figure 3.3(b)), which is consistent
with the fact that doping electrons will lead to the reduction in the Hall
coefficient. Reduction in the Hall coefficient after doping does not support
some of the previous theoretical proposals where it was suggested that the
transition metals doped at the iron site do not dope carriers but rather their
charge remains localized at the dopant site [218]. Interestingly, the Hall
coefficient in the paramagnetic region has now acquired a temperature de-
pendence which is stronger than what is observed in the paramagnetic regime
of the parent compound (see Figure 3.3(b)) indicating pronounced non-Fermi
liquid behavior in this system.

3.2.3 The optimally doped system (xz = 0.12)

The Hall resistivity for the Sr(FepggCog12)2Asy system is shown in Figure
3.6(a). pay is linear in magnetic field in the entire temperature range pre-
sented in Figure 3.6(a). In the Figure 3.6(b), the Hall coefficient at a 7 T
magnetic field is shown. Interestingly, Ry is constant up to 40 K, after which
it acquires a strong temperature dependence. Interestingly, temperature de-
pendence of Ry is stronger than what was observed in the paramagnetic
regime of the SrFeyAsy (Figure 3.3(b)) and underdoped composition (Figure
3.5(b)). This suggests that non-Fermi liquid behavior is more pronounced in
the optimally doped composition. In this context, it should be noted that
it is this region of the phase diagram of other strongly correlated electron
systems, like high-T~ cuprates, heavy fermions and many other iron-based
superconductors, where the most pronounced non-Fermi liquid behaviors are
observed.

In Figure 3.7, we present the scaling of the magnetotransport for the
optimally doped Sr(FeggsCoq 12)2Asy system. In (a), the Kohler’s scaling is
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shown, where the magnetoresistance plots at different temperatures do not
collapse onto a single curve, indicating its violation similar to the parent
compound (Figure 3.4(a)). Out of a number of factors that could result in
the violation of the Kohler’s rule, like the variation of carrier concentration
with temperature, multiple carriers contributing to the transport, anisotropic
reconstruction of the Fermi surface, etc., it is difficult to pinpoint the exact
mechanism for its violation. A number of these aforementioned factors (that
can lead to the violation of Kohler’s rule) add to the complexity of the prob-
lem.

Interestingly, the modified Kohler’s scaling is also violated as can be seen
in Figure 3.7(b). The modified Kohler’s rule is based on the idea that the
magnetoresistance and Hall angle are governed by the Hall scattering rate
75", not the transport relaxation rate 7,,* that appears in the Kohler’s rule.
Numerous theoretical approaches were put forth to explain the validity of
modified Kohler’s rule and separation of relaxation rates in high-Tc cuprates
and several heavy fermion systems. In one approach, the separation of re-
laxation rates arises as a consequence of the anisotropic reconstruction of
the Fermi surface in terms of the so-called ‘hot” and ‘cold’ regions on the
Fermi surface [53, 219, 94, 220, 52, 92, 221]. Charge carriers scatter rather
strongly on the ‘hot’ spots (due to the scattering from antiferromagnetic
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(AF) spin fluctuations), which determine the resistivity. On the other hand,
the ‘cold’ regions determine the Hall resistivity (pzy ~ 72,,). The existence
of the ‘hot” and ‘cold’ regions in FeSCs has been invoked in theoretical as
well as in experimental studies [55, 67, 56, 222, 57, 223, 224]. In another
approach, Hiroshi Kontani and co-workers have derived many non-Fermi lig-
uid behaviors (including the modified Kohler’s rule) on a model based on
the Fermi liquid ground state. They argue that if the current vertex cor-
rections (which are ignored in the relaxation time approximation) in the
presence of antiferromagnetic (AF) spin fluctuations are taken into account,
then most anomalous transport properties can be derived without assum-
ing a non-Fermi liquid ground state in strongly correlated electron systems
like high-Tc cuprates [97]. Vertex correction refers to the induced current
by quasiparticle excitations in a Fermi liquid. In this approach, transport
coefficients are renormalized due to the temperature dependence of AF spin
fluctuation correlation length, e.g., Ry ~ &35 [98, 225]. In Kontani’s ap-
proach, violation of the Kohler’s rule and validity of modified Kohler’s rule is
a natural consequence of the temperature dependence of AF spin fluctuation
correlation length.

The complexity associated with the microscopic origin of the violation of
the modified Kohler’s rule is further increased by the Hall angle measure-
ments. In Figure 3.8, cot(fy) as a function of the temperature is shown.
cot(fy) display a quadratic temperature dependence. Deviation from the T?
behaviors is observed below 40 K, which we suspect arises due to the super-
conducting fluctuations. It should be noted that the quadratic temperature
dependence of cot(fy) along with a non-quadratic temperature dependence
of resistivity (see Figure 3.1) suggests a separation of relaxation rates. Also,
since magnetoresistance and cot(fy) are governed by the same scattering
time 7y in the relaxation rate separation picture, modified Kohler’s scaling
should have been valid (which is not the case, see Figure 3.7(b)). Violation
of modified Kohler’s rule in the presence of T? dependent Hall angle suggests
that these two quantities are not governed by the same scattering mecha-
nism. We would like to point out that similar observations where modified
Kohler’s rule was violated in the presence of T? dependent Hall angle were
reported early on in high-To cuprates [226, 227, 228, 229], and it was sug-
gested that the modified Kohler’s rule may not be universally applicable to
all high-T¢ cuprates [226, 227, 229]. These observations, however, did not
attract much attention. Our observations suggest, for the first time that
the modified Kohler’s rule may not be universally applicable to iron-based
superconductors as well.
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Figure 3.9: Magnetoresistance as a function of the applied magnetic field at
three representative temperatures is shown.
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Linear magnetoresistance

A striking observation is that of a positive linear magnetoresistance (LMR)
in the optimally doped Sr(FeggsCoq.12)2Ass system; see Figure 3.9. LMR is
reported in the antiferromagnetic state of several FeSCs [125, 127, 128, 24,
130, 131, 132, 133, 134, 69, 135, 136], where it is attributed to the presence of
linearly dispersing (E ~ K) Dirac cone states, which is often interpreted using
the quantum linear magnetoresistance model of the Abrikosov [157, 158, 159].
In Abrikosov’s model, LMR is predicted in the ‘quantum limit” when all car-
riers occupy the lowest Landau band [157]. Quantum limit conditions are: n
< (eH/ch)*? and T < eHh/m*, here, H is the applied magnetic field, n is
carrier density, m* is the effective electron mass. Since Dirac pockets in the
SDW state are reported to be small and have very low carrier concentration
[142], QLM conditions can be fulfilled even at the typical laboratory magnetic
fields (~ 9 T) under which linear magnetoresistance is often reported. How-
ever, as Sr(FepgsCop 12)2Asy does not show any long-range magnetic order,
hence linear magnetoresistance, in this case, is even more intriguing since
Dirac cone states are reported to be a feature of the magnetically ordered
state. Interestingly, linear magnetoresistance in the paramagnetic phase of
Feyt,TepsSep.q4 was also observed [69]. It should be noted that Fe; ., Teg ¢Seq.4
is an optimally doped system and does not have any long-range magnetic or-
der [230]. Interestingly, violation of the Kohler as well as modified Kohler’s
scaling for Feyy,TegsSeqs was also reported in this study [69], indicating
striking similarity between Fe;,,TeysSegs and Sr(FegssCop.12)2Ass.

It is evident that the phenomenological approaches where the linear mag-
netoresistance arises from the Dirac states do not seem to be valid for the
Sr(Feg gsCop.12)2Ass, since Dirac states are unlikely to be present in the ab-
sence of any long-range magnetic order. In a recent theoretical work, a linear
magnetoresistance due to scattering from the hot-spots was predicted in the
paramagnetic regime of the iron-based superconductors [222]. In this work,
the conventional magnetotransport (e.g., MR ~ H?) is limited to low mag-
netic fields, and a linear magnetoresistance is predicted at higher fields. This
linear magnetoresistance arises as a consequence of the linear growth of the
Fermi surface area affected by the scattering from hot spots after the ap-
plication of a magnetic field. This model, however, also predict the Hall
conductivity to be quadratic in the same magnetic field range in which a
linear MR is predicted, which is contradictory to what is seen in optimally
doped Sr(FegssCop.12)2A82 (see Figure 3.6(a)) and other FeSCs [201], where
Hall resistivity shows a nearly linear in magnetic field dependence. In con-
clusion, a satisfactory theory of the normal state magnetotransport for the
multiband iron-based superconductors is lacking, which may be partly due to
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the fact that there have not been many experimental studies in this regime
which are needed to elucidate the nature of FeSCs in this regime.

3.3 Conclusions

In conclusion, we report detailed magnetotransport studies of three repre-
sentative compositions of Sr(Fe;_,Co,)2Ass series. We observed that both
the Kohler and modified Kohler’s scaling are violated for the parent and
optimally electron-doped system. Violation of modified Kohler’s rule and
quadratic temperature dependence of the Hall angle suggests that the mod-
ified Kohler’s rule may not be universally applicable to all iron-based su-
perconductors. Interestingly, we observed for the first time, a linear mag-
netoresistance in the Sr(FepggCog12)2Asy system, which does not harbor a
magnetic ground state.
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Chapter 4

Magnetotransport in
Ba(Fe;_,Co;)9Asy series

Besides the high-T ¢ cuprates, iron-based superconductors are the only known
high-T+ superconducting materials class. These fascinating materials have
several striking similarities and differences with other, more extensively stud-
ied strongly correlated electron materials like heavy fermions and high-T¢
cuprates. For instance, a single band (Cu d,2_,2 band) description is ade-
quate to describe the normal state transport properties of high-T+ cuprates,
whereas for the FeSCs a multiband model is essential to describe the physics
since all five Fe 3d bands cross the Fermi level [231]. Also, as opposed to the
parent compounds of cuprates, where strong onsite coulomb repulsion (U)
leads to an antiferromagnetic Mott insulating state, parent compounds of
FeSCs are more itinerant like (somewhat similar to the heavy fermions) hav-
ing a spin density wave ground state [2, 18]. Similar to cuprates and heavy
fermion systems, transport properties of FeSCs show pronounced non-Fermi
liquid behaviors, including, quasi-linear resistivity [144], and strongly tem-
perature dependent Hall coefficient, etc. Despite apparent differences in the
physical properties of their parent compounds (like the itinerant nature of
heavy fermions and FeSCs in contrast to Mott insulating state of cuprates),
a number of similarities have been pointed out, especially in their magne-
totransport behavior. Also, FeSCs are layered materials, where the FeAs
layers dominate the physical properties, similar to high-T¢ cuprates, where
the physical properties, to a large extent, are determined by the CuQO, layers.

It has been suggested that the spin fluctuations play a key role in the
physics of high-T¢ cuprates and heavy fermions, and might even be respon-
sible for the unconventional behaviors seen in their phase diagram. Inter-
estingly, spin fluctuations have also been proposed to be a key factor for
the physics of iron-based superconductors including their role in mediating
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the superconducting pairing interaction among electrons [232, 36]. Based
on the scaling techniques of the magnetotransport, it has been shown that
the magnetotransport behaviors of high-Ts cuprates and heavy fermions
bear striking similarities, which are thought to be governed by spin fluc-
tuations [225, 66, 72, 74]. Along the similar lines, we have taken up the
scaling approach towards the magnetotransport in the iron-based supercon-
ductors. As is the case in other areas of physics and condensed matter,
scaling relationships are a powerful tool to identify similarities among var-
ious materials classes. For instance, a large number of materials can be
divided into different universality classes based on the values of their critical
exponents. One of the most widely used scaling methods of the magneto-
transport in simple metals is the Kohler’s rule [64, 61, 62, 63]. It states
that the magnetoresistance of a system can be expressed as a function of
H/po, ie., [p(H) — p(0)]/p(0) = F[H/po|, where, H is the applied magnetic
field, p(H) is the resistivity at magnetic field H and p(0) is zero field re-
sistivity. The Kohler’s rule has been shown to be valid in the Fermi liquid
regime of cuprates [8], heavy fermions [66] and even in some FeSCs [67].
A new scaling technique of the magnetotransport for high-T¢ cuprates was
put forth by Harris et al., that worked well even in the strange metal phase
of high-T cuprates, where the Kohlers scaling is violated [65]. They pro-
posed that the magnetoresistance can be scaled not by H/pgy, but by Hall
angle tanfy, i.e., [p(H) — p(0)]/p(0) = F[tanfg]. Modified Kohlers rule is a
natural consequence of the apparent lifetime separation of charge carriers in
cuprates, where the resistivity is governed by the so-called transport relax-
ation rate (7;,'), and the magnetoresistance by the Hall scattering rate (7;;')
93, 53, 92, 221].

In this chapter, we have investigated three distinctly different composi-
tions of Ba(Fe;_,Co,)2Asy (z = 0, 0.038, and 0.074, see Figure 4.1) series
to investigate upon the validity of these scaling techniques. We observed
that the Kohler’s scaling is violated for the parent compound as well as the
underdoped composition. On the other hand, the modified Kohler’s scaling
is violated for the parent compound but is well obeyed by the underdoped
composition. Also, a pseudogap like feature is observed in the Hall angle
measurements in the high-temperature paramagnetic region of the under-
doped composition, supportive evidence for which has also been reported
in similar compositions in the interplane transport [233] as well as NMR
[111] studies. The validity of modified Kohler’s scaling and the presence of
the pseudogap phase in this particular composition (z = 0.038) indicates its
relative similarity to high-T¢ cuprates.
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Figure 4.1:  The normalized resistivity for three compositions of

Ba(Fe;_,Co,)2As2 (z =, 0, 0.038, 0.074) series is shown in (a). The up-
per inset depicts the data near superconducting region for the z = 0.038 and
x = 0.074. Lower inset depicts the temperature derivative of the normalized
resistivity near the magnetic and structural transitions for the z = 0.038. In
(b), T-z phase diagram derived from the transport measurements is shown.
Arrows denote the compositions studied in this chapter. Dotted line rep-
resents the overdoped region not studied in this chapter. Labels Tg, Ty,
and T¢ represent the structural, magnetic and superconducting transition
temperatures respectively. ]7



Chapter 4. Magnetotransport in Ba(Fe;_,Co, ), Asy series

4.1 Results and discussion

Normalized resistivity for three compositions of Ba(Fe;_,Co,)sAss, i.e., the
parent compound BaFesAs,, the underdoped composition Ba(Feg g62C00.038)2
-As;y and the optimally doped composition Ba(Feq go6C0g.074)2Ass is shown in
the main panel of Figure 4.1(a). The parent compound undergoes a com-
bined magnetostructural transition at ~ 134 K, as indicated by the drop in
the resistivity. By Co doping (z = 0.038), the magnetostructural transition
gets suppressed and separated, i.e., two separate anomalies associated with
the high temperature structural (Tg ~ 71 K) and low temperature magnetic
transitions (Tp; ~ 84 K) are now visible in the temperature derivative of
normalized resistivity (lower inset of Figure 4.1(a)). Additionally, this un-
derdoped composition undergoes a superconducting transition at ~ 11 K,
as depicted in the upper inset of (a). The optimally doped composition
= 0.074 undergo a superconducting transition at ~ 24 K (upper inset of
(a)) and do not show signatures of magnetic or structural transitions in the
derivative (not shown), as expected at this doping level. In Figure 4.1(b),
the phase diagram constructed for Ba(Fe;_,Co,)2Ass (z =, 0, 0.024, 0.038,
0.074) based on the transport measurements is shown. Arrows represent
the compositions studied using the magnetotransport technique in this chap-
ter. The dotted line in the dome-shaped region represents the region of
phase diagram where the conventional behaviors are recovered gradually at
higher doping levels (the compositions corresponding to the dotted region
are not studied in this thesis). It should be noted that Ba(Fe;_,Co,)2As, is
a well-studied series, and magnetic, structural and superconducting transi-
tion temperatures depicted in Figure 4.1(a) matches well with the existing
literature [188, 40, 47, 234]. Details about the magnetic characterization of
Ba(Fe;_,Co,)2Ass can be found in Chapter 2, Section 2.9. Both the under-
doped and the optimally doped compositions display bulk superconductivity
where the superconducting volume fraction of ~100% is observed.

4.1.1 The parent compound: BaFe;As,

The magnetoresistance for the parent compound is shown in Figure 4.2(a).
Magnetoresistance decreases rapidly as the temperature is increased and van-
ish near the magnetostructural transition (T ~ 134 K). The magnetoresis-
tance is linear, and this linearity is pronounced at low temperatures and high
magnetic fields, which coexist with a non-linear contribution at low magnetic
fields. This linear magnetoresistance, which is also observed in the magneti-
cally ordered state of many other FeSCs, is often reported to originate from
the Dirac cone states [133, 113, 126, 128]. In Figure 4.2(b), the Hall resistiv-
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4.1. Results and discussion

ity from 5-250 K, covering the magnetic as well as the paramagnetic regime
is shown.

Pzy 1s nonlinear at low fields within the magnetically ordered state, how-
ever, this non-linearity is pronounced at low temperatures. Hall resistivity
is linear in the high-temperature paramagnetic phase and is weakly temper-
ature dependent. Although the microscopic origin of this non-linear Hall
resistivity in the magnetically ordered state of FeSCs is an unsettled issue,
the presence of Dirac states has been proposed to be a possible reason for this
[188]. This proposal is based on the observation that the non-linearity in Hall
resistivity is suppressed just as the linear magnetoresistance is suppressed at
higher temperatures within the magnetically ordered state, suggesting a com-
mon microscopic origin. In Figure 4.3, the Hall coefficient Ry as a function
of the temperature is shown for the parent compound. As is evident, Ry
remains almost constant in the paramagnetic regime, however, a sharp in-
crease in |Rpy| is seen below the magnetostructural transition at ~ 134 K.
Magnitude of the Hall coefficient increases by a factor of ~ 54 between 5
K and 250 K. The increase in the Hall coefficient below the magnetostruc-
tural transition occurs due to the partial gapping of the spin density wave
reconstructed Fermi surface, which leads to the reduced carrier concentration
(144, 139, 216].

In Figure 4.4, we present the scaling of magnetoresistance for the parent
compound. Figure 4.4(a) depicts the Kohler’s scaling, where the magnetore-
sistance is plotted as a function of H/p,,(0). Clearly, the magnetoresistance
isotherms do not collapse on a single curve, indicating a violation of Kohler’s
scaling for BaFeyAss. As we have discussed in chapter one and three, the
Kohler’s scaling relies on a uniform scattering of a single species of charge
carriers across the whole Fermi surface. Also, the temperature independent
carrier concentration is a prerequisite for its validity [64]. Since, FeSCs are
known to be multiband systems, where multiple bands cross the Fermi level
and contribute to the charge transport, the violation of Kohler’s rule is not
surprising. Also, a strongly temperature dependent Hall coefficient (see Fig-
ure 4.3) suggests that the carrier concentration is changing with temperature,
which is unfavorable for Kohler’s scaling. Strong temperature dependence of
charge carriers has also been reported in some angle-resolved photoemission
experiments [217]. In Figure 4.4(b), the modified Kohler’s scaling is shown,
where magnetoresistance isotherms do not collapse on a single curve, indi-
cating its violation. As discussed in chapter one and three, modified Kohler’s
rule relies on the anisotropic scattering on the Fermi surface, giving rise to
two separate relaxation rates namely the Hall (7;') and transport scattering
(7;,) rates which govern the magnetoresistance and resistivity respectively.
Violation of modified Kohler’s scaling suggests that this scenario is not valid
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Figure 4.2: The magnetoresistance isotherms for the parent compound as a
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Figure 4.3: The Hall coefficient Ry calculated using a magnetic field of 5 T
is shown for the parent compound BaFe;As,.

for BaFeyAs,.

4.1.2 The underdoped composition = 0.038

The magnetoresistance and Hall resistivity for the underdoped composition
Ba(Feg.962C00.038)2Ass are depicted in Figure 4.5(a) and (b) respectively. The
magnetoresistance is substantially reduced by cobalt doping, i.e., MR is ~
5% at 19 K for this underdoped composition, whereas the MR is ~ 20% at
5 K for the parent compound (see Figure 4.2(a)). The magnetoresistance
is linear at high magnetic fields and low temperatures; however, the non-
linear contribution which exists at low fields, increases to higher fields at
higher temperatures. Similar to the parent compound, the Hall resistivity is
non-linear in the magnetic state (below 71 K), however, this non-linearity is
relatively weak. It is possible to understand the suppressed linear magnetore-
sistance and non-linearity in Hall resistivity in this underdoped composition
if we examine the quantum limit conditions of Abrikosov’s model [160]. As
we mentioned earlier, the linear magnetoresistance in the magnetic state of
FeSCs (and possibly the nonlinear Hall resistivity) is often thought to emerge
from the Dirac cone states [188]. Its origin is often interpreted using the
quantum linear magnetoresistance model of Abrikosov, where a linear mag-
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Figure 4.5: The magnetoresistance for the underdoped composition is shown
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Figure 4.6: The Hall coefficient for the underdoped composition (z = 0.038)
calculated using a magnetic field of 5 T is shown in Figure 4.6.

netoresistance is predicted in the quantum limit [156, 158, 159, 160]. The
quantum limit conditions are: n < (eH/ch)*? and T < eHA/m*, where n is
the density of charge carriers, and m* is the effective carrier mass. Clearly,
a low carrier density is a favorable condition for the linear magnetoresis-
tance. Since the cobalt doping at Fe cites introduces extra electrons, thereby
a reduced linear magnetoresistance (and Hall resistivity) is observed in this
underdoped composition. The increase in carrier concertation is also sup-
ported by the Hall coefficient measurements, as can be seen in Figure 4.6.

The Hall coefficient (|Ry|) is substantially reduced (see Figure 4.6) by
Co doping (compare with Figure 4.3), suggesting that Co doping leads to
an increase in carrier concertation. Interestingly, the Hall coefficient has
acquired a relatively stronger temperature dependence in the paramagnetic
state, as opposed to the paramagnetic regime of the parent compound (see
Figure 4.3) where, Ry is almost constant. Similar temperature dependent
Hall coefficient in the paramagnetic regime of the underdoped composition
of Sr(Fe;_,Co,)2Asy was also observed (Chapter 3, Figure 3.5(b)), indicating
that the unconventional behaviors in the underdoped (and optimally doped,
as we will see in next section) compositions is a common feature of the 122
iron-pnictide superconducting families.
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In Figure 4.7, we present the results of scaling analysis of the magne-
toresistance for the underdoped composition Ba(Feggs2Co0q.035)2As2. The
Kohler’s scaling of magnetoresistance is shown in Figure 4.7(a), where a
clear violation of this scaling is observed. As mentioned earlier, multiband
nature of FeSCs and strongly temperature dependent carrier concertation,
which is also supported by the Hall coefficient measurements (see Figure 4.6)
are all unfavorable conditions for the Kohler’s rule [235], hence its violation in
these systems is expected. In Figure 4.7(b), the modified Kohler’s scaling of
magnetoresistance is shown. As is evident, all magnetoresistance isotherms
collapse onto a single curve, indicating that the modified Kohler’s scaling is
obeyed. This is the first report of the scaling analysis of magnetoresistance
in any underdoped superconducting composition of Ba(Fe;_,Co,)2Ass series.
Originally, the modified Kohler’s scaling in cuprates is thought to be valid as
a consequence of the anisotropic reconstructions of the Fermi Surface due to
the 2D-antiferromagnetic spin fluctuations, in terms of the so-called ‘hot” and
‘cold’ spots [93, 53, 92, 221]. Such anisotropic reconstruction gives rise to two
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relaxation rates 7, and 74, where the resistivity and magnetoresistance are
governed by 7, and 7y respectively. The hot (cold) spots are the regions of
the Fermi surface where the charge carriers scatter rather strongly (weakly)
due to the scattering from antiferromagnetic spin fluctuations [77]. It should
be noted that in addition to high-T cuprates, the modified Kohler’s scaling
has been found to be valid in a number of heavy fermions as well [66, 72, 75].
Spin fluctuations have not only been proposed (and observed) to exist in the
phase diagram of FeSCs but are also thought to be the pairing glue for the
unconventional superconductivity in these systems [236, 42, 36, 232]. These
observations (validity of modified Kohler’s scaling) indicates that the mag-
netotransport in the underdoped region of Ba(Fe;_,Co,)2As, series bears
similarities to high-T¢ cuprates and some heavy fermions. Interestingly, in a
related underdoped Ba(Fe; 96Nig 04)2Asy system (T¢ ~ 15 K), neutron scat-
tering experiments have suggested that the effect of Ni doping is essentially
to reduce the dimensionality of the BaFe;As,y system giving rise to quasi-2D
spin fluctuations [42]. This might also be the case with the composition in
the present study, and the reason for the apparent similarity of the magne-
totransport of this system to some high-T¢ cuprates and heavy fermions.

In figure 4.8, we present the Hall angle measurements for the underdoped
system at several values of the magnetic field. In addition to an anomaly
associated with the magnetic transition at ~ 74 K, an additional anomaly
(indicated by T*) is observed at ~ 150 K. This anomaly bears striking re-
semblance to the broad crossover seen in the interplane transport measure-
ments for a very similar composition, which was ascribed to the presence
of a pseudogap in this system [233]. Signatures of the pseudogap in simi-
lar compositions were also seen in Angle-resolved Photoemission (ARPES)
[237] and Nuclear Magnetic Resonance (NMR) experiments [111]. It should
be noted that the Hall angle is sensitive to the changes in electronic scat-
tering and effective masses of charge carriers and has been extensively used
to infer upon the presence of pseudogap in the phase diagram of high- T
cuprates [121, 119, 120, 122, 78, 123, 124]. Although the Hall angle studies
of iron-based superconductors have been limited, a few reports exist where
the deviations from the power law behavior of Hall angle have been used to
indicate the onset of a pseudogap phase [105, 106]. Presence of the pseu-
dogap phase and the validity of modified Kohler’s scaling suggests striking
similarities between the underdoped regime of iron-based superconductors
and high-Ts curates.
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Figure 4.9: The Hall resistivity for the optimally doped composition z =
0.074 measured at several temperatures is shown in (a). In (b), the Hall
coefficient calculated as a slope of the linear fit to the Hall resistivity is
shown.
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4.1.3 The optimally doped system: = = 0.074

In Figure 4.9(a), a comprehensive Hall resistivity data set for the optimally
doped composition is shown. The Hall resistivity is linear in the magnetic
field, in the entire temperature range shown in Figure 4.9(a). A similar H-
linear Hall resistivity is also observed for the optimally doped composition
of the Sr(Fe;_,Co,)2As;y series (see Figure 3.6(a), chapter3). Interestingly,
the Hall coefficient as shown in Figure 4.9, has a pronounced temperature
dependence, which is stronger than what is observed in the paramagnetic
regime of the parent compound BaFesAs, (Figure 4.3) and the underdoped
composition Ba(Feqg52C0g.038)2As2 (Figure 4.6). This indicates an increas-
ingly pronounced non-Fermi liquid behavior in the optimally doped com-
position, similar to that observed in the optimally doped composition of
the Sr(Fe;_,Co,)2As, series (Figure 3.6(b), Chapter 3) and some literature
reports [201]. Another interesting observation is that, though the Hall co-
efficient has a strong temperature dependence above ~ 70 K, it is almost
constant below this temperature. Interestingly, a similar behavior was also
observed for the optimally doped composition of the Sr(Fe;_,Co,)sAss se-
ries (Figure 3.6(b), Chapter 3), where the Hall coefficient is approximately
constant below ~ 45 K. We suspect, this may be due to the presence of super-
conducting fluctuations, which somehow does not seem to affect the Hall re-
sistivity. This proposal is supported by the following observations. The T¢ in
the optimally doped Sr(Fe;_,Co,)sAs, system is 15 K [192, 215, 205], which
is ~ 10 K lesser than the optimally doped composition of Ba(Fe;_,Co,)sAss
where the To is ~ 25 K [188, 178, 198|. Since, superconducting tran-
sition temperature is higher for the optimally doped composition of the
Ba(Fe;_,Co,)2Asy series (by ~ 10 K), it is likely that the superconducting
fluctuations (which apparently, does not affect Ry ) also persist up to higher
temperatures (up to ~ 75 K) as compared the optimally doped composition
of the Sr(Fe;_,Co,)oAsy series (~ 45 K). Unfortunately, the magnetoresis-
tance in this optimally doped composition is very small, which did not allow
us to carry out the scaling analysis of magnetotransport in this composition.

4.2 Conclusions

In conclusion, we reported the detailed magnetotransport studies of three dis-
tinctly different compositions of the Ba(Fe;_,Co,)2As, series. We observed
that both the Kohler as well as the modified Kohler’s scaling does not work
for the parent compound. On the other hand, though the Kohler’s scaling
is violated for the underdoped composition as well, modified Kohler’s scal-
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ing works extremely well in this system. In the Hall angle measurements,
an anomaly associated with the pseudogap like phase is observed in the un-
derdoped composition, suggesting its relative similarity to the underdoped
high-T'¢ cuprates.
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Chapter 5

Thermodynamic and transport
studies of Ca;_, Eu,FeyAso
series

5.1 Introduction

Parent compounds RFe;Asy (R = Ba, Sr etc.) of the 122 family of iron-
based superconductors have been extensively studied in the past. These
systems develop a superconducting ground state at low temperatures not
only by charge doping but even by isovalent substitution and under pressure
(238, 239, 240, 241, 242, 243, 244, 245, 206, 246, 247, 248, 249]. This flex-
ibility provides a fertile ground to study the interplay of superconductivity
and magnetism in the presence of substitutional disorder. However; the solid
solutions of the type R;_,R’,FesAsy (e.g., Ca;_,Fu,FesAsy) have been much
less studied. Interestingly, these systems do not undergo a superconducting
transition by chemical doping unlike the rich superconducting phase diagram
shown by the doped RFe;As, systems; however, the reports of superconduc-
tivity under pressure exist [250, 251, 252, 253]. So far there has only been a
few studies where the R;_,R’,Fes As, type solid solutions like Ba;_,Sr,FesAs,
[250, 254, 255], Sr;_,Ca,FesAsy [250, 254, 255], Ba;_,Eu,FesAsy [256] and
Eu;_,Ca,FesAsy [257] have been studied. Here we report detailed thermo-
dynamic and transport properties of the Ca;_,Fu,FesAsy (z = 0, 0.31, 0.48,
0.75, 0.9, 1) series in a much wider temperature-composition phase space.
There exists a solitary report where the magnetic properties of three com-
positions of Sn flux grown members of Ca;_,Eu,FeysAsy were studied [257].
Here we report detailed physical properties of six members of Ca;_,Eu,FesAsy
series grown by superior FeAs self-flux method. Here we present the trans-
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series

Table 5.1: Nominal and actual composition = of the Eu for the samples
investigated here.

Nominal composition | Actual composition
r=1 1
z =0.8 0.9
x = 0.6 0.75
x = 0.40 0.48
r=0.2 0.31
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Figure 5.1: Variation of lattice parameters ‘a’ and ‘c’,

for all the Eu;_,Ca,FeysAsy samples.

and their ratio c¢/a

port and thermodynamic characterization of these systems. The lattice pa-
rameters variation as a function of z is shown in Figure 5.1; and table 5.1
summarizes the nominal (z) and actual or EDX concentration of Eu for var-
ious samples investigated here. In the rest of this chapter, we will use the
EDX composition to designate these samples.

We have found that at higher doping levels (z > 0.75), the combined mag-
netostructural transition at Ty associated with Fe moments remains almost
constant. However, it decreases gradually below this critical concentration
z. = 0.75. On the other hand, antiferromagnetic ordering temperature Ty
of Eu moments decreases from ~ 18 K rather smoothly with x and van-
ishes at z.. These observations suggest a subtle coupling between Eu and Fe
magnetic sublattices.
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Figure 5.2: (a)-(f) depicts the in-plane resistivity of Ca;_,Eu,FesAsy sam-
ples. Inset in Figure 5.2(f) depicts d(p/p(300K)/dT at low temperatures for
all six compositions with same color coding as used in the main panels.
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5.2 Results and discussion

In Figure 5.2(a)-(f), we present the normalized resistivity p(7")/p(300K) for
all six compositions of Ca;_,Eu,FesAs, series where the doping level for
each composition is indicated in the inset of the corresponding subfigure.
As is evident, the resistivity decreases with temperature indicating a metal-
lic behavior in all compositions. Sharp anomaly in the temperature range
~ 190-160 K (highlighted by an arrow and denoted by Ty in (a)), which
is seen for all compositions, correspond to the magnetic/structural transi-
tion. An additional anomaly associated with the ordering of Eu moments
245, 241, 258, 259] at low temperatures below ~ 20 K is also seen in (a),
(b) and (c) (highlighted by an arrow and denoted by Ty in (a)). It should
be noted that at the anomaly associated with the ordering of Eu?" mag-
netic moments (4f7 configuration, S = 7/2 [259, 260]) is not visible at low
Eu concentration (below ~ z < 0.75 ). This is highlighted in the inset of
Figure 5.2(f), where the first temperature derivative of the normalized resis-
tivity (d(p/p(300K))/dT) is plotted in the low temperature region, where no
anomaly is visible for £ = 0.48 (Olive color).

In Figure 5.3, we present the specific heat (Cp) data for Ca;_,Eu,FeyAs,
(z = 0, 0.31, 0.48, 0.75, 0.9, 1) series. The pronounced anomaly at high
temperatures (~160-190 K) corresponds to the magnetic/structural transi-
tion. An additional anomaly at low temperatures is also apparent for the
compositions x > 0.75. These observations are consistent with transport
measurements presented in Figure 5.2. In the inset, low-temperature data is
shown to depict the ordering temperature of Eu?* moments more clearly. It
is evident that there is no clear anomaly at low temperatures for x < 0.75.
However, excess specific heat is apparent in compositions z = 0.48 and 0.31,
which is not present in z = 0, i.e., CaFeyAs,, indicating its magnetic origin
related to the short-range ordering of the Eu?" moments.

To illustrate the evolution of magnetic/structural transition at Ty; and
the antiferromagnetic ordering of Eu?" moments at low temperatures, a phase
diagram is constructed from the transport as well as thermodynamic mea-
surements, which is shown in Figure 5.4.

Ty is almost constant for z > 0.75 and decreases gradually below z. from
~184 K at z = 1 (EuFeyAs,) to ~ 163 K at 2 = 0 (CaFegAsy). Interestingly,
Ty decreases from 19.1 K to being undetectable at compositions below z..
The vertical line in Figure 5.4, indicates the critical composition z. below
which a gradual decrease in Ty is observed and at which point Ty becomes
unobservable in our experiments. Interestingly, the measurements on some
annealed crystals also indicated a similar evolution of T and T, as reported
in our work [261]. These observations are also in agreement with some mag-
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Figure 5.3: Specific heat for all six members of the Ca;_,Eu,FesAsy (z = 0,
0.31, 0.48, 0.75, 0.9, 1) series is shown as a function of temperature (T). The
inset depicts low temperature anomaly associated with the Eu?>* moments.
Identical color coding is used to represent the data in the main panel and
the inset.
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Figure 5.4: Temperature versus composition phase diagram for
Caj_,Eu,FesAs,. Black and blue symbols correspond to the data points
obtained from the transport and thermodynamic probes, respectively. Su-
perscripts R and C in Ty and Ty refers to the resistivity and heat capacity
probes. Vertical line at z. = 0.75 is drawn as a guide to the eye.
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Table 5.2: The list of transition temperatures associated with the mag-
netic/structural transition of the Fe sub lattice at Ty and antiferromagnetic
order of Eu sublattices a Ty is shown. Superscripts ‘R’ and ‘C’ refers to the
transport and thermodynamic probes respectively.

x Tz TR T¢ i

z =1 184 K 18 K 186 K 18.57 K
z =09 186 K 17 K 1861 K | 171K
r=075 | 186K 11 K 18557 K | 11.7K
r=048 |1785K |- 1775 K | —
r=031 |176K - 175.5 -

r = 162 K - 163 K -

netic studies on Sn flux grown crystals of Ca;_,Eu,FesAsy [257]. In table
5.2, the transition temperatures corresponding to the magnetic ordering of
Fe and Eu sublattices are listed, where a good agreement between the trans-
port and thermodynamic measurements is observed. It should be noted that
the results presented here for the end members of this series (i.e., EuFeyAsy
and CaFeyAs,) are also consistent with literature [247, 253, 257].

Prior neutron studies have shown that Eu moments align ferromagneti-
cally in the crystallographic ab plane and order into the so-called A-type anti-
ferromagnetic structure where Eu spins align antiferromagnetically along the
c axis [259]. To further understand the nature of low-temperature anomaly
at Ty, we have carrier out magnetic field dependent thermodynamic mea-
surements. Figure 5.5 (a) and (b) depicts the evolution of magnetic order of
Eu*? moments under the applied magnetic field for EuFe,Asy (z = 1) and
CagasEug 75FesAsy (2 = 0.75) respectively. Ty quickly gets suppressed to
lower temperatures after the application of the magnetic field, and transi-
tion becomes broad and ill-defined at higher magnetic fields. For instance,
the value of Ty, which is 18.6 and 11.7 K for the x = 1, and 0.75, respec-
tively, shifted to 15.1 K and 6.7 K at H = 1T. Such reduction of Ty with
the application of magnetic field is consistent with what is typically seen
in conventional antiferromagnets [262]. Interestingly, at even higher fields,
an additional feature in the form of a broad hump can be seen above 20
K in both (a) and (b). This suggests the possibility of a magnetic field in-
duced metamagnetic transition. Field-induced metamagnetic transition is
also manifested in the isothermal magnetization at T = 2 K shown in Figure
5.6 (Figure is taken from our publication [261]). It is evident from Figure
5.6, that the M-H isotherms (at 2 K) for samples with high Eu concentra-
tion (z > 0.75) changes slope before saturating at higher magnetic fields,
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Figure 5.5: Specific heat (C,) as a function of temperature at several values of
applied magnetic field is shown for the z = 1 and z = 0.75 compositions in (a)
and (b), respectively. The insets in (a) and (b) depicts C,/T as a function of
temperature at different magnetic fields as indicated by the legends in lower
right corner of each Figure.
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Figure 5.6: Magnetization versus magnetic field data at 2 K for all samples
studied here is shown in Figure 5.6. Eul.00 etc., in the inset, depicts the
actual Eu concentration. The inset depicts a low field view of the data (in
pp/Eu*T units on the Y-axis.). Same color coding is used for data in the
main panel as well as in the inset.

whereas this behavior is not present in samples with low Eu concentration (z
< 0.75). This possibility has been previously discussed in the literature in
neutron and magnetic measurements on EuFeyAs,, and our results support
such a scenario [260, 263].

5.3 Conclusions

In conclusion, we performed detailed transport and thermodynamic measure-
ments on six members of the Ca;_,Eu,FesAss series. We observed that al-
though the antiferromagnetic ordering temperature of Eu moments decreases
gradually with decreasing z, magnetostructural transition remains almost
constant until the Eu moment ordering is completely suppressed at a criti-
cal concentration z,. Once Eu*? order is destroyed, the magnetostructural
transition associated with Fet? moments decreases gradually with z. These

109



Chapter 5. Thermodynamic and transport studies of Ca_,Eu,FesAsy
series

observations suggest a subtle coupling between the Fe and Eu magnetic sub-
lattices. Also, a magnetic field induced metamagnetic like transition above
~ 20 K is observed for the z = 1 and z = 0.75 compositions.
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Chapter 6

Conclusions and future
directions

6.1 Conclusions

Comprehensive magnetotransport studies of two electron-doped Ba(Fe;_,Co,
)2Asy and Sr(Fe;_,Co,)oAs, families were carried in this thesis. Three dis-
tinctly different compositions, i.e., the parent compound Ba(Sr)FeyAs,, un-
derdoped composition (z = 0.038 for Ba series and = = 0.06 for Sr series)
and the optimally doped compositions (z = 0.074 for Ba series and z = 0.12
for Sr series) were studied for each family. The motivation was to put these
systems in perspective with the other unconventional superconductors like
high-T¢ cuprates and heavy fermions. For this purpose, scaling techniques of
the magnetotransport were employed, which have also been a powerful tool
to identify the commonalities between heavy fermions, high-T¢ cuprates and
other strongly correlated electron systems in the past.

Our observations indicated that the Kohler’s scaling is violated in all
these systems, which might be due to the multiband nature and temperature
evolution of carrier concentration in these systems. Interestingly, the mod-
ified Kohler’s scaling was found to be valid in the underdoped composition
(z = 0.038) of Ba(Fe;_,Co,)2Ass series. This composition also shows an
anomaly in the Hall angle measurements, which we believe may indicate the
presence of a pseudogap like phase in this system. Supportive evidence for
the pseudogap feature for this particular composition was also reported in
the interplane transport [233], ARPES [237] and NMR studies [111]. These
observations suggest that the magnetotransport behavior of this underdoped
composition is similar to what is typically seen in high-Tc cuprates where not
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only the modified Kohler’s scaling is valid, but the presence of pseudogap is
also well established [102, 54]. An analogous study in the Sr(Fe;_,Co,)2As,
series could not be done because of extremely small magnetoresistance for
the underdoped sample of this series.

Scaling analysis of the magnetotransport in Sr(Fe;_,Co,)2Asy series re-
veals its rather unusual behavior. We discovered that although the modified
Kohler’s scaling is invalid in the optimally doped system, the Hall angle
has a T? dependent behavior. These observations are self-contradictory and
suggest that the magnetoresistance and Hall angle may be governed by two
different relaxation rates. Interestingly, similar behavior was observed in
the magnetotransport behavior of high-T¢ cuprates in a number of studies,
where authors proposed that modified Kohler’s rule may not be universally
applicable to all high-Tx cuprates, however much attention was not given
to these observations. Our observations are the first in iron-based supercon-
ductors which also points to the non-universality of the modified Kohler’s
rule. Another interesting observation is that of a linear magnetoresistance
in the optimally doped composition (z = 0.12) of Sr(Fe;_,Co,)2Ass series.
This linear magnetoresistance is discussed in the context of several existing
models of magnetoresistance.

Another observation is that the Hall resistivity is non-linear in the mag-
netic state of all member of the Ba(Fe;_,Co,)oAsy and Sr(Fe;_,Co,)sAsy
series, however it is linear in the paramagnetic regime of all of these compo-
sitions, including the optimally doped compositions which do not have any
magnetic ground state. These observations suggest that the magnetism may
be responsible for this non-linearity, however, the microscopic mechanism
behind this anomalous behavior remains unknown.

We have also determined detailed thermodynamic and transport proper-
ties of a relatively understudied Ca;_,Fu,FesAsy (z =1, 0.9, 075, 048, 0.31,
0) series. We have observed that superconductivity is not shown by any
member of this series. Also, a subtle coupling between Eu and Fe magnetic
sublattices is observed. It is found that transition temperature associated
with the ordering of Eu moments decreases gradually and vanish at a critical
concentration z.. Interestingly, the transition temperature associated with
Fe sublattice remains constant in this doping range and decreases only below
z.. Magnetic field dependent specific heat measurements also suggest the
presence of a field-induced metamagnetic transition above ~ 20 K.
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6.2 Future directions

Our extensive magnetotransport studies in 122 iron pnictide families high-
lighted new avenues, and certain aspects of these materials, which can be
further explored. Additionally, over the past few years, some interesting new
superconducting materials classes have also been discovered, which seems to
have the potential to be used as model systems to study long-standing issues
in the field of high-T ¢ superconductivity. We will briefly discuss some these
here.

As we have seen from the magnetotransport in three distinctly different
compositions of Ba(Fe;_,Co,)2Ass and Sr(Fe;_,Co,)2Asy series in this the-
sis, underdoped composition z = 0.038 of Ba(Fe;_,Co,)2Asy series stands
out. Magnetotransport behavior in the magnetic state of this underdoped
composition bears a striking similarity to underdoped high-Tc cuprates and
some heavy fermions because it not only obeys the modified Kohler’s rule but
also depicts an anomaly presumably associated with the pseudogap. Interest-
ingly, a similar underdoped composition of Ba(Fe;_,Ni,),As, series, namely
the BaFey ,Ni, Asy (z = 0.04, T¢ = 15 K) was shown to have 2D- anisotropic
spin fluctuations in neutron studies [42], which are thought be responsible
for the unconventional behavior in high-T cuprates and heavy fermions.
Since, the magnetoresistance in the paramagnetic regime in most FeSCs is
very small, which hampers the scaling analysis of its magnetotransport, mag-
netically ordered state of underdoped compositions serves as an important
platform for magnetotransport studies, where the magnetoresistance is mea-
surable. We believe, underdoped (transition metal doped) superconducting
compositions of other families like (Ca, Eu, Ba, Sr)(Fe;_,T,)2Asy (T = Co,
Ni, Zn, etc.) should be studied. This will help understand whether a mag-
netotransport behavior similar to z = 0.038 of Ba(Fe;_,Co,)aAs, series is
observed in the underdoped compositions of these families or not. Such a
study will be of great importance for future theoretical developments as well.

Surprisingly, the studies that discuss the influence of superconducting
fluctuations on the normal state transport properties of FeSCs have been
very limited [264, 265, 266]. This is in contrast to the high-T¢ cuprates,
where the tremendous amount of work has been devoted to study the in-
fluence of superconducting fluctuations on normal state transport properties
[8, 267, 268, 269, 270, 271, 272, 273, 274]. As we have discussed in chap-
ter 3 and 4, superconducting fluctuations apparently affect the normal state
magnetotransport in Ba(Fe,Co,)sAs, and Sr(Fe,Co,),As, series. Magneto-
transport in these systems (in the immediate vicinity and possibly up to 40-50
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K above the superconducting transition) should be investigated in detail. Tt
will be interesting to quantify and eliminate the contribution of supercon-
ducting fluctuations, and reevaluate the validity (or lack thereof) of Kohler
and modified Kohler’s rule in these systems.

Since the scaling analysis of magnetotransport has been very limited in
FeSCs in general, it will be very interesting to extend it to other families,
particularly the recently discovered RAFe ;Asy (A = K, Rb, Cs, R = Ca, Sr)
type systems [275]. These systems are considered as the hybrid of RFeyAs,
and AFeyAsy type Fe Pnictides. However, due to the large size difference
between the R and A type cations, R and A cations occupy nonequivalent
crystallographic sites (unlike the solid solutions of the type Ba;_,K,FesAs,
and Sry_,Na,FeyAsy, where Ba(Sr) and K(Na) occupy equivalent crystallo-
graphic sites). These systems show the superconductivity with T¢ ~ 31-36
K without even doping. Although the magnetotransport studies of these
systems are nonexistent, their unconventional behavior is seemingly clear in
other measurements. For instance, the resistivity above the superconduct-
ing transition in some of these systems is remarkably linear up to 100 K.
Interestingly, the single crystals of centimeters size have been reported to be
grown using the FeAs self-flux technique [276], which will facilitate detailed
transport measurements.
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