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Abstract

This thesis concerns the magnetotransport properties of the iron-based super-

conductors, and in particular, the ferropnictides. In the low doped ferropnic-

tides, linked structural and magnetic transitions occur which significantly alter

the electronic behaviour. Simultaneous to the establishment of the magnetic

ordering is the creation of small Fermi surface pockets. It has been shown that

some of these Fermi surface pockets have Dirac Cone characteristics.

The primary work in this thesis focuses on the existence of non-saturating

quasi-linear magnetoresistance in the underdoped ferropnictides. This feature

has been seen as the hallmark of Dirac cone physics due to the commonly applied

quantum linear magnetoresistance model. We have explored this hypothesis by

performing a series of magnetotransport experiments using the van der Pauw

method on undoped BaFe2As2, low cobalt doped BaFe1.985Co0.015As2 and su-

perconducting BaFe1.96Co0.04As2. Scattering centres have been systematically

introduced using 3-MeV proton irradiation. The quantum linear magnetore-

sistance model predicts the quasi-linear magnetoresistance should vary with

carrier scattering. We describe these experiments, and draw the conclusion

that the quantum linear magnetoresistance model is incorrectly applied. Other

models to explain the quasi-linear magnetoresistance are reviewed. Speculation

as to the cause of magnetic hysteresis in the magnetoresistance found in some

of the parent crystals studied is presented.

The Hall resistivity in the parent and underdoped ferropnictides shows a clear

non-linear response suggesting that the single carrier model is invalid. We find

that the Hall resistivity is insensitive to the introduction of disorder. Various

models are reviewed including the anomalous Hall Effect and the antiferromag-

netism related anisotropic quasiparticle lifetime model. Furthermore, magne-

totransport scaling techniques are considered. Only the modified Kohler’s rule

is satisfied and this is shown to have an intriguing Co doping dependence.
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1. Introduction

The unearthing of high temperature superconductivity (SC) in an iron-

based material was an unexpected event [4, 31]. Ferromagnetic elements had

long been seen as anathema for SC and the search for the second family of

high temperature superconductors had actively avoided them [4]. However,

the 2008 publication that LaFeAsO, a layered iron arsenide known as a

ferropnictide, was superconducting led to an abrupt re-evaluation of this

hypothesis [32]. Within months the critical transition temperature for SC

of the ferropnictides had risen to 55 K [33], definitively proving that the SC

in these materials could not originate from the standard Bardeen-Cooper-

Schrieffer theory [4]. Therefore, the first new family of high temperature

superconductors had been discovered since the 1980’s unearthing of the

cuprates; instigating a renaissance in transition-metal-based SC research

[1]. Further work soon established that the ferropnictides were one part of

a wider family of 5 types of iron based superconductors (IBSs): the 11-type

FeSe(Te), and the pnictide families of LiFeAs (111-type), ReFeAsO (where

Re stands for Rare Earth) (1111-type), AFe2As2 (A = Ca, Sr, Ba, Eu) (122-

type) and the more complex perovskite type (such as Sr3Sc2O5Fe2As2) [4].

The basic structure of the 1111-type and 122-type IBS are displayed

in Fig. 1.1 A) and B) respectively: the key ingredient is a quasi-two-

dimensional layer of FeAs tetrahedral planes between ionic layers of other

components, called blocking layers [4]. It is the FeAs layers which appear

to dominate the transport, magnetic and superconducting properties [34].

This thesis focuses on the undoped parent or low Co doped compounds

of the Ba-122 (BaFe2As2) family. There are three distinct changes in the

structure or behaviour of the low doped ferropnictides occurring at specific

temperatures: 1) a structural transition (TS), 2) a magnetic transition (TN )

and 3) with the addition of dopants or the application of pressure a su-

perconducting transition (Tc). Furthermore, while there many similarities

21
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Figure 1.1.: A) Crystal structure of 1111-type pnictide with Fluorine (green)
doping (oxygen – grey, iron – yellow, arsenic – purple and rare
earth – light blue). B) Crystal structure of 122-type pnictide
with the A atom in blue. Red arrows represent the iron mo-
ments and as can be seen the Fe ions are surround by 4 As ions
forming a tetrahedron. Reprinted figure with permission from
Norman [1]. Copyright 2008 by the American Physical Society.

between the cuprates and the ferropnictides: the two dimensional nature of

the superconducting area, the requirement of doping or pressure for SC [1],

the vicinity of the superconducting order to a magnetic transition [4], and

similar resistivity and free carrier concentrations [35]; there are a number of

major differences. Unlike the cuprates, the ferropnictides are not Mott in-

sulators [4] but metals or semi-metals [35]. Perhaps most interestingly, not

only are the pnictides multi-band they are also multi-band superconduc-

tors, meaning that multiple Fermi surfaces (FSs) illustrate superconducting

behaviour, unlike the single band cuprates [4].

The aim of this thesis is to explore the electronic structure of the 122-type

IBSs through magnetotransport experiments. Indeed, although SC inspired

the initial work in these materials, it was soon established that the normal

state magnetotransport response also displays an array of unusual observa-

tions. The most striking is a non-saturating quasi-linear magnetoresistance

(MR) [36]. This has been associated with Abrikosov’s quantum linear mag-

netoresistance (QLM) model and its use has spread to a wide variety of

materials, including topological insulators [37]. We have utilised proton ir-

radiation to systematically introduce defects into single crystals of 122-type

IBSs to consider the validity of the QLM model. Furthermore, the proton
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Figure 1.2.: A) Phase diagram for hole-doped Ba1−xKxFe2As2. AFM or-
der coexists with SC in the underdoped region [2]. B) Phase
diagram for electron-doped BaFe2−xNixAs2. In electron-doped
compounds, SC is lost by x ≈ 0.25 and long range AFM or-
der extends only to x = 0.092. Reprinted by permission from
Macmillan Publishers Ltd: Nature Physics Dai et al [3], copy-
right 2012.

irradiation also allows an exploration of defect scattering on the wider range

of magnetotransport properties: including the nature of the Hall response

and superconducting properties.

Initially, in chapter 2 the fundamental structural, magnetic and electronic

properties of the IBSs will be introduced, with focus on the 122-type ferrop-

nictides. In particular, the band structure of the low Co doped BaFe2As2

family will be discussed. The most unusual feature is the observation of

electronic bands with a linear momentum dispersion, called Dirac Cones

(DCs). The existence of these DCs has been tied to the quasi-linear MR

through the QLM model. Furthermore, the QLM model will be outlined

and its relationship to defect scattering established.

Chapter 3 discusses the details of the experimental equipment, sample

preparation and proton irradiation. In addition, an introduction to magne-

totransport is presented and the capability of this technique in ascertaining

the electronic properties of materials discussed. As non-ideal measurement

geometries are used in this thesis, the van der Pauw (VDP) method must

be used to accurately derive the electronic properties. Therefore, in this

chapter, the VDP method will be introduced and the implications of its use

outlined.



24 1. INTRODUCTION

In chapter 4, the temperature and proton irradiation dose dependence

of the normal state magnetotransport properties of two 122-type IBS will

considered: the undoped parent compound BaFe2As2 and the lightly elec-

tron doped compound BaFe1.985Co0.015As2. At this level of Co doping, SC

is not observed. Proton irradiation has been shown to introduce point de-

fects without significantly altering the electronic structure of the material

[38] whereas doping is expected to modulate both the scattering centre and

carrier concentrations. We consider the effects of both these parameters

using resistivity, MR and Hall effect measurements before and after proton

irradiation.

Previous studies [39, 40] have shown that the normal electronic state

properties of the 122-type IBSs display a number of intriguing features: the

aforementioned high field quasi-linear MR, low field MR divergence from

the expected parabolic behaviour and a non-linear Hall resistivity. All of

these features are robust to proton irradiation but modified by the charge

carrier doping. The resilience of high field quasi-linear MR slope to defect

scattering contravenes the QLM model and implies that the validity of the

QLM model must be questioned. In light of this finding and the other

magnetotransport properties, we discuss other models for both the quasi-

linear MR and unusual Hall response.

Unexpectedly, magnetic hysteresis was observed in a distinct batch of

BaFe2As2 crystals. In chapter 5, we present resistivity vs. temperature

and MR measurements on these samples. These experiments illustrate that

the magnetic hysteresis manifests itself in an unusual form, with only one

of the characteristic VDP MR configurations displaying this phenomenon

at sub-20 K temperatures. We apply both magnetotransport and AC sus-

ceptibility experiments to understand this phenomenon and consider the

physical explanations for the behaviour. The hysteresis appears to be re-

lated to inhomogeneous SC created in this temperature range. However,

an interplay between the inhomogeneous SC and the AFM and structural

domains cannot be ruled out.

In chapter 6, the properties of proton irradiated superconducting single

crystals of the BaFe1.96Co0.04As2 are investigated through magnetotrans-

port. In superconducting samples, controlled defect creation can be used
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to explore the superconducting order parameter. We introduce the current

literature on the IBS superconducting order parameter and place our re-

sults in this context. We observe both anisotropic behaviour and potential

inhomogeneity in the BaFe1.96Co0.04As2 samples. The implications of these

findings are discussed and we conclude that further work is necessary before

strong conclusions can be drawn from this work.

Chapter 7 concludes the thesis, providing an overview of the key results

and discussing further research avenues.



2. Key Concepts

This chapter reviews the concepts and associated literature related to the

structural and physical properties of the IBSs. In addition, an introduction

to DCs and the QLM model are presented.

2.1. Fundamental Properties of the Iron Based

Superconductors

The IBSs are a remarkable system where the competing influences of elec-

tron correlations, magnetic ordering effects and crystal structure combine

to create a range of extraordinary properties including SC [4, 41, 42]. Since

the initial discovery of SC in LaFeAsO [32], a huge volume of work has

been conducted to understand both the normal state and superconducting

properties of the IBS. In this review, we will focus specifically on the prop-

erties of the 122-type ferropnictides which have been on the forefront of the

research due to the relative simplicity of crystal growth [43].

In all underdoped IBSs, associated structural (tetragonal to orthorhom-

bic) and antiferromagnetic (AFM) transitions occur in a close temperature

vicinity, and in BaFe2As2 they are coupled at around 134 K [4, 43]. At the

magnetic transition [42, 44], an AFM striped magnetic state is produced

which simultaneously leads to the creation of extremely small FS pock-

ets [36]. It has been theoretically predicted [45] and verified by ARPES

measurements [46] that some of these FS pockets have DC characteristics,

where a linear relationship between momentum and energy is expected. Fur-

thermore, DCs have been recently discovered in a wide variety of different

materials, with many possessing a quasi-two dimensional structure similar

to BaFe2As2 [47], making the study of DC physics particularly pertinent.

26
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a structural phase transition occurs in the underdoped IBSs creating the

orthorhombic phase (Fmmm). The driving force behind this transition re-

mains unknown but is an essential aspect in understanding the nature of

the competing influences on the IBSs [50, 51].

Figure 2.2.: Top row: Optical images of BaFe2As2 above (left) and below
(right) the magnetic and structural transitions. A pattern of
domain walls is formed below TN due to the formation of twin
boundaries. Bottom row: schematic atomic displacements in
the tetragonal (T) lattice leading to orthorhombic (O) distor-
tion and twin boundaries. Reprinted figure with permission
from Tanatar et al [5]. Copyright 2009 by the American Phys-
ical Society.

The orthorhombic structural transition in the IBSs plays an essential role

in enabling the magnetic conversion to occur; as a tetragonal crystal cannot

tolerate an AFM stripe pattern [52]. However, in addition, the orthorhombic

distortion makes it energetically favourable for structural domains to form

within the crystals; as domains allow the release of the stress in small areas

of high deformation [5]. This effect has been seen in 122-type IBSs, as

illustrated in Fig. 2.2. The domains form regular stripe patterns with

faces corresponding to the (110) and (110) crystal planes, these structures

are commonly called twin boundaries (TBs) [5, 53]. As the lower right

panel of Fig. 2.2 indicates, the twin boundaries lead to a flipping of the

crystallographic axes hiding any innate resistance anisotropy.
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2.1.2. Magnetic Structure and Transition

Since the discovery of high temperature SC (HTS), a significant volume of

work has focused on understanding the nature of the magnetic order. This

is due to the expected relationship between AFM fluctuations and SC [4]. In

the cuprates, neutron scattering experiments demonstrated that the parent

cuprate compounds were AFM with localised magnetic moments [54, 55]. In

contrast, the magnetic order of the IBSs appears to be much more complex,

however, certain elements are now well established [42, 44]. In the parent

and sub-optimal doped IBSs, a paramagnetic state is observed at room

temperature but a paramagnetic-to-AFM transition occurs at a magnetic

transition temperature (TN ). Furthermore, both TN and magnetic order

strength are suppressed by doping which appears essential for homogeneous

SC.

Figure 2.3.: Top panel: FeAs tetrahedron, Fe ions in red and pnicto-
gen/chalcogen anions in yellow. The unit cell of the FeAs layer
is shown by the dashed line. Bottom panel: SDW state shown
by arrows within the FeAs tetrahedron. Reprinted by permis-
sion from Macmillan Publishers Ltd: Nature Physics, Paglione
et al [4], copyright 2010.

The basic structure of the IBS AFM state is a striped magnetic state

with antiferromagnetic order in the a-axis direction and ferromagnetic in

b-axis direction, see Fig. 2.3. This is commonly called a spin-density wave

state (SDW) [4, 42, 44]. However, the origin and nature of this state is

an area of intense debate [3, 46, 56, 57]. The debate rages on whether
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magnetism is either intrinsically itinerant or localised, see section 5.4.3 for

further discussion. However, it is interesting to note that an itinerant origin

would suggest an s-wave superconducting symmetry [3].

In previous AFM superconductors (ErNi2B2C), TBs have been shown to

also be magnetic domain walls [58]. In the case of the 122-type ferropnic-

tides the twin boundaries are orientated at 45° [5], however, the Fe moments

are likely to be canted leading to magnetic fields at these boundaries. In

addition, a number of studies have suggested increased superfluid density

[29] and increased magnetic domain pinning at TBs [59] illustrating the cor-

respondence between the magnetic and structural properties. In addition,

Huang et al [60] have suggested that magnetic domain walls could be cre-

ated from purely electron-electron interactions leading to regions of separate

SDW order and magnetic domain walls. The combination of these effects

strongly suggests that magnetic domain walls should be present in the sub-

optimally doped IBSs and play a significant role in creating and moderating

the properties of these materials. Empirical evidence and further discussion

of this behaviour is outlined in chapter 5. It should be noted that the exis-

tence of TBs can be inferred from the isotropic magnetotransport properties

observed in this work.

2.1.3. Superconductivity

Since the discovery of SC in the IBSs, many experimental and theoretical

studies to comprehend the defining features of the SC and the required

physical parameters for its appearance have been conducted [4]. In par-

ticular, their similarity to the cuprates superconducting state has been an

area of major interest. However, unlike the single superconducting band

cuprates, the IBSs are multi-band superconductors, meaning that multiple

FSs illustrate superconducting behaviour.

For homogeneous SC to occur in the IBSs the structural and magnetic

transitions must be suppressed either by doping, external pressure or iso-

valent substitution [3]. Using transport property measurements, X-ray and

neutron scattering techniques, Mössbauer spectroscopy and muon relax-

ation measurement experiments a number of groups have produced phase

diagrams for the ferropnictides [61–63]. In Fig. 2.4, phase diagrams il-
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lustrating the structural, magnetic and superconducting properties of both

hole- and electron-doped BaFe2As2 are shown. There exists an optimal dop-

ing level which produces the highest Tc; this is dependent on both the parent

material and doping element [61]. There is a significant asymmetry in the

effects of electron- and hole-doping. For the electron-doped BaFe2−xCoxAs2

family considered in this work the maximum Tc is 22 K at a doping level

of x≈0.07, in comparison to 38 K in the hole-doped materials at a doping

level of x≈0.33. Furthermore, SC is eradicated by x≈0.25 in the Co doped

compounds while for hole doped materials is can extend to the entirely hole-

doped x=1 material [31]. This asymmetry appears to stem from enhanced

FS nesting in the hole doped materials. However, despite this work, the

exact nature of superconducting pairing mechanism is not understood.

Figure 2.4.: A) Phase diagram for hole-doped Ba1−xKxFe2As2. AFM or-
der coexists with SC in the underdoped region [2]. B) Phase
diagram for electron-doped BaFe2−xNixAs2. In electron-doped
compounds, SC is lost by x ≈ 0.25 and long range AFM or-
der extends only to x = 0.092. Reprinted by permission from
Macmillan Publishers Ltd: Nature Physics, Dai et al [3], copy-
right 2012.

The application of pressure both external [61, 64–67] and crystallographic

through isovalent substitution [68, 69] has been shown to induce SC. These

studies strongly imply that structural manipulation is the fundamental re-

quirement for generating SC and this observation has led to a number of

structural justifications for the advent of SC. One of the first was the so-

called ‘Lee plot’ which linked the As-Fe-As bond angle to Tc, as shown in

Fig. 2.5. They suggested that the maximum Tc would coincide with the

As-Fe-As bond angle being that of a regular tetrahedron (109.47°). How-

ever, studies of isovalent doping on the As site with Ru [68] or P [69] have
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illustrated that distortion away from the ideal angle can still induce SC.

More recent suggestions have indicated that the interlayer distance or Fe-Fe

bond length [70] may play the defining role. Recent work by Engelmann

et al [71] has strengthened this hypothesis by illustrating the creation of

SC solely through the application of strain. Furthermore, to add to the

confusion stoichiometric, unpressurised samples have been shown to illus-

trate SC [18, 19, 21]. This has been linked to air exposure in these samples

[19, 22] and we have observed evidence of this behaviour in certain samples.

However, the SC in these samples appears inhomogeneous and leads to clear

magnetic hysteresis similar to granular superconductors [23]. Understanding

this behaviour is an intriguing avenue for research and in chapter 5 evidence

of this effect will be discussed and new observations of a SC precursor state

displayed.

Figure 2.5.: Tc against As-Fe-As bond angle. Reprinted by permission from
JPSJ, Lee et al [6], copyright 2008.

Furthermore, it has been proposed that a relationship between SC and

anti-phase walls (ADWs) may exist. It has been suggested that ADWs

can nucleate SC [18] leading to the previously unexplained low temperature

variations in resistivity [10, 21]. However, while ADWs may play role in

inducing SC in stoichiometric compounds and may represent one class of the

AFM spin fluctuations, they cannot explain the role of doping in producing

SC.
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2.1.4. Electronic Structure

Figure 2.6.: A) Paramagnetic FS of BaFe2As2. B) SDW FS of BaFe2As2
plotted in paramagnetic Brillouin zone. Blues arrows designate
DC location. Reprinted by permission from Macmillan Pub-
lishers Ltd: Nature Physics, Yin et al [7], copyright 2011.

The electrical properties of the IBSs display a number of major differences

to the cuprates. Indeed, the undoped cuprates are Mott insulators [31],

which are materials expected to be conductors from their band structure but

are insulators due to strong electronic correlations. Instead, the IBSs are

metals or semi-metals [35]. Secondly, the IBS are intrinsically multiorbital in

nature due to the hybridisation of the Fe d-orbitals. Finally, in the cuprates

a pseudogap phase has been observed which appears to be a critical feature

of the phase diagram [72, 73].

In the IBSs, changes in the electronic state are closely related to the

magnetic behaviour. In particular, simultaneous to the establishment of

the AFM ordering is a significant reconfiguration of the FS [4, 56]. Above

TN , the paramagnetic state can be calculated by density functional theory

(DFT) [7]. It is well established that three cylinders exist at the 0 point

and two at the M point, as shown in Fig. 2.6 A). At TN , these electron and

hole cylinders are reconstructed into smaller three-dimensional pockets, as

shown in Fig. 2.6 B).

It is possible to understand these FS changes by a simple band folding

model [8]. In the parent compound, the FS can be simplified to a single

hole-like cylinder at the zone centre while an electron cylinder is located at

the M point, as shown in 2.7 (a). Using the band folding argument, the

electron cylinder at M is translated to the zone centre due to the change

in structure, as shown in 2.7 (b) [8]. In an idealised system, with identical
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Figure 2.7.: Simplified schematic picture of the Fermi surface reconstruction
due to band folding at the SDW transition in the iron-pnictides.
(a) shows circular Fermi surface sheets, hole-like at the zone
centre (Γ) and electron-like at the zone corner (M), in the para-
magnetic Brillouin zone (solid line). The change in structure
at the SDW transition will cause the Brillouin zone to change
(dashed line). (b) shows the band-structure energy – momen-
tum curves corresponding to the Fermi Surface in (a). As the
Brillouin zone changes the band at M is translated (folded) back
to theΓ point in the reduced zone scheme. (c) The folded bands
hybridises and a gap forms at the Fermi level, εF , and the Fermi
surface disappears. Taken from Carrington et al [8].

electron and hole FSs, the two bands will hybridise leading to gap at the

Fermi energy, as shown in 2.7 (c)). However, due to variations between the

electron and hole sheets along kz, in reality the FS is not completely gapped.

In BaFe2As2, this reconstruction leads to the creation of extremely small FS

pockets which eliminate around 90% of the conduction electrons and holes

[36]. The nature of some of these pockets has been shown to take the form of

DCs [46], see Fig. 2.6 B). The importance of DCs will be outlined in section

2.1.5. However, this simple model does not account for the intimate link

between the magnetic and electronic properties. In particular, the SDW

state leads to energy shifts in various bands meaning that FS folding is not

the sole determiner of the electronic state and that a full comprehension of

the electronic state requires a fundamental understanding of the magnetic

properties [8].
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The electronic state has been comprehensively studied for a large number

of the IBSs using a variety of techniques: quantum oscillations [74], ARPES

[46] and optical conductivity [75]. However, despite this work, three ele-

ments of the electronic properties appear to be unresolved: the influence

of the DCs, the observation of electronic nematicity and the nature of elec-

tronic correlations. These elements will now be described and discussed in

turn.

2.1.5. Dirac Cones (DCs)

Figure 2.8.: Comparison of standard parabolic dispersion seen in semicon-
ductor 2DEGs and DC dispersion. A) Parabolic dispersion:
charge carriers are described by the Schrödinger equation where
the effective mass (m∗) is different to the free electron mass. B)
In DCs the carriers are relativistic particles which follow the
Dirac equation. Taken from Geim et al [9].

It has been theoretically predicted and experimentally verified through

ARPES [46] that the FS reconstruction and non-trivial topology of the

bands [45] lead to the creation of DCs, a linear relationship between mo-

mentum and energy, see Fig. 2.6 B) where the blue arrows represent the

DC locations. At the Dirac points the energy-momentum dispersion can be

simply written as:

E± ≈ h̄vF |q|+O
[
(
q

K
)2
]

(2.1)
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where q is the momentum relative to the K points and vF is the Fermi

velocity [76]. DCs show charge neutrality points (CNPs) where the valence

and conduction bands touch indicating no carriers exist despite the fact no

band gap exists, see Fig. 2.8 B). Furthermore, due to the linear structure of

equation 2.1, the charge carriers around the Dirac point are massless [77].

In the presence of a magnetic field, the continuous spectrum of FS energies

becomes quantised into discrete energy levels, called Landau Levels (LLs)

[78]. The presence of DCs leads to a distinctive LL structure:

En = sgn(n)
√
2eh̄v2F |n|B n = . . . ,−2,−1, 0, 1, 2, . . . (2.2)

where n is integer denoting the LL and En is the energy at n LL [79].

Equation 2.2 leads to
√
B separation of the LLs and the existence of a LL

at the Fermi energy which is unique to DCs [78]. In graphene, this unique

LL structure has been shown using both STM and the Quantum Hall Effect

[80]. However, in the IBSs the LL structure is slightly more complicated

due to the tilted nature of the cones:

En = sgn(n)
√
2eh̄|n|B

√√√√
vxz v

y
x

[
1− vx0

vxz

2] 3
2

n = . . . ,−2,−1, 0, 1, 2, . . .

(2.3)

where vij are the relevant Fermi velocities [81], which is the velocity of the

carriers at the Fermi energy.

DCs have recently inspired a large body of research due to their very high

transport mobility stemming from the zero effective mass and the resilience

of the conduction electron relaxation time to impurities or many-body ef-

fects [82]. Currently, DCs have been observed, in addition to the IBSs, in

graphene [83], bismuth [84], the bulk [57] and surface [85] of topological in-

sulators and cuprate superconductors [86]. Interestingly, the origin of DCs

is different in each material, for instance, the space-inversion symmetry bro-

ken surface origin of topological insulators compared to the bulky states of

the IBSs [36, 87]. Therefore, each material’s DC state will have particular

characteristics and experience varying degrees of protection from disorder
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[87].

Due to the band folding origin of the DCs, in the IBSs there exist other

non-DC bands near the Fermi energy which are parabolic in nature [88].

This leads to significantly more complex normal state transport behaviour

due to the different contributions relating to these various bands. Further-

more, the DCs in the IBSs have anisotropic Fermi velocities depending on

the crystal momentum direction [87]. This suggests a large amount of work

will be necessary to fully comprehend the implications of these DC struc-

tures on the electronic properties of the IBSs.

In the archetypal DC system, graphene, there are number of different

ways to illustrate the existence of DCs through magnetotransport experi-

ments (such as the anomalous Integer Quantum Hall Effect). In the IBSs,

a number of possible avenues for magnetotransport verification of DCs are

removed due to their innate three-dimensionality. Therefore, more subtle

techniques must be used [4]. There remain two main options for ascertaining

the existence of DCs in the IBSs via magnetotransport experiments: direct

measurements of the LL separation with point contact spectroscopy or the

observation of QLM at low magnetic fields. In section 2.2, the concept of

QLM will be introduced. However, a number of studies have claimed the ap-

pearance of QLM in the IBSs and have used this observation to suggest the

dominance of DCs on the magnetotransport properties of these materials

[36, 89]. In chapter 4 the validity of these findings will be considered.

2.1.6. Nematicity

Recent transport [10, 24, 25, 90–92], point contact [93], neutron diffraction

[94] and optical conductivity [30, 95, 96] experiments have suggested that

a nematic state exists above the structural transition. Nematicity is when

a transitionally invariant rotational C4 symmetry breaking phase is spon-

taneously generated [10, 97]. In the IBSs, the nematicity has be shown to

manifest itself electronically, structurally and magnetically [51]. Electronic

nematicity has been previously seen in the cuprates [98] and due to its prox-

imity to SC has inspired a large amount of theoretical work [99]. However,

the nematicity can be hidden by the structural TBs. The TBs lead to a

flipping on the crystallographic axes effectively concealing the asymmetri-
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maticity adds a further layer of complication to the already complex tapestry

of interactions (structure, strain, SC and magnetism) within the ferropnic-

tides and must be considered in all measurements. It should be noted that

the samples considered in this work are not detwinned and, therefore, the

expectation is that the electronic state should be isotropic.

2.1.7. Electronic Correlations

Despite the significant similarities between the cuprates and IBSs, one of the

major differences is the strength of the electronic correlations. The other

HTS families display strong electronic correlations, with the cuprates show-

ing Mott insulator behaviour [102]. In contrast, the IBS display, in general,

poor metallic behaviour therefore, the IBS are often characterised as exist-

ing in the intermediate correlation region [103]. This indicates the Coulomb

interaction is insufficient to fully localise the carriers, as in Mott insula-

tors, but sufficient to induce a number of strongly correlated behaviours,

including T -linear resistivity with doping [69, 104] and frozen spin mag-

netic moments [105, 106]. Therefore, the nature of electronic correlations in

the IBS remains an intriguing conundrum. However, it appears that a rela-

tionship between the strength of electronic correlations and SC exists with

the region of mid-range electronic correlations leads to homogeneous SC

[103]. This highlights the surprising lack of SC within parent BaFe2As2 as

it falls directly in the mid-strength electronic correlation region. Therefore,

BaFe2As2 should be highly susceptible to SC.

2.2. Quantum Linear Magnetoresistance (QLM)

The major aim of this thesis was to establish the validity of applying the

QLM model in the low doped ferropnictides. Indeed, the use of the QLM

has been used to suggest that DCs dominate the magnetotransport prop-

erties of these materials [36, 40, 107]. The MR response of the low doped

ferropnictides shows a consistent functional form: at low fields, a parabolic

response is observed while a quasi-linear response is seen at high fields. The

QLM was invoked to explain the quasi-linear MR.
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Linear MR was first observed by Kapitza in 1928 [108] in single crystals of

bismuth. Within a year, Kapitza had extended his work to consider the MR

properties of a variety of polycrystalline metals [109] in which linear MR

was also observed. The origin of this linear MR remained a mystery until

the work of Lifshitz and Peschansky in the late 1950’s which explained this

phenomenon by considering classical electron trajectories in the open FSs

of the polycrystalline metals. Further work by Dreizin and Dykhne [110]

established that the linear MR is not truly linear and has either a ρ ∝ H
2
3

or ρ ∝ H
4
3 for metals with different or equal number of electrons and holes

respectively. However, it was forgotten that the original observation of linear

MR was in bismuth, where the FS consists of small, closed FS pockets, which

cannot be explained by this model.

The literature is littered with other potential explanations for linear MR

[111–115]. However, it is Abrikosov’s QLM model which is increasingly

been applied in both bismuth and other similar materials [109, 116]. QLM

was developed using field theory in 1969 by Abrikosov [117]. However,

it was promptly forgotten until 1999 when linear MR was observed in the

silver chalcogenides, which have similar closed FSs to bismuth. Unlike other

models, QLM is fundamentally quantum in nature and requires the charge

carriers to be confined to a single LL, this is known as the extreme quantum

limit (EQL). Therefore, the requirements for QLM are extremely stringent

and can only be achieved in cases where the carrier density is exceptionally

low for experimentally realistic fields. In parabolic bands, the conditions

for the EQL can be written as:

n0 	
(
eμ0H

h̄

)3/2

T0 	 eμ0Hh̄

m∗c
, (2.4)

where n0 and T0 are the threshold values for the EQL for the carrier

density and temperature respectively. The first term originates from the

requirement that only the first LL is populated and the second term ensures

that the LL splitting is greater than the thermal energy [116]. As established

in section 2.1.5, in DCs near the CNP there is hypothetically zero carrier

density, which suggests that the first term of the EQL can be satisfied by

ensuring that the Fermi energy is sufficiently close to the CNP. However, in

addition, the LL separation is modified within DCs leading to an alteration
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of the EQL conditions, thus:

n0 	
(
eμ0H

h̄

)3/2

T0 < vf
√
eμ0Hh̄ (2.5)

The increased LL separation of DCs therefore increases the applicable

temperature range of QLM. Therefore, the existence of DCs within a FS

makes the achievement of the EQL much simpler. In the IBS, quasi-linear

MR has been observed below TN (which reaches a maximum of 134 K in

BaFe2As2) and at fields of around 1 T at low temperature. These observa-

tions can only be explained by the QLM model if the dominant transport

band(s) are DCs with extremely low carrier densities [36, 40, 68, 107]. It

has therefore been interpreted that the quasi-linear MR is evidence for the

existence of DCs.

The use of QLM in the IBS has lead to its application for a wide range of

materials which also display DC band structures such as the topological in-

sulators [118–120], SrTiO3[121], cuprates[122–124], bismuth-based layered

magnetic[125] and non-magnetic[47] compounds. However, despite the in-

creasing ubiquity of the QLM, no concerted experimental effort to validate

its use has been conducted.

The currently accepted signature of QLM MR, is of a semi-classical

parabolic shape at low fields transitioning to high field linear behaviour

at a temperature dependent crossover field, B∗:

MR ≈
⎧⎨
⎩A2[μ0H]2, μ0H < B∗

A1μ0H +O[μ0H]2 μ0H > B∗
(2.6)

where A1 corresponds to the linear slope and A2 to the low field parabolic

response. In the compounds considered in this work a parabolic response is

observed at all times above 25 K. By rearranging the temperature condition

for the EQL (right hand condition of equation 2.5) and assuming the LL

splitting is equal to EF + kBT , where EF is the Fermi energy and kB is the

Boltzmann constant, it is possible to determine an expected temperature

dependence of B∗:
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B∗(T ) =
1

2h̄ev2f
(kBT + EF )

2 (2.7)

where vF is the Fermi velocity. This determines the magnetic field

crossover criterion. Below B∗, parabolic MR behaviour is expected while

above a linear MR response should be observed if the QLM is correct. Fur-

thermore, from the temperature dependence of B∗ it is possible to calculate

the Fermi velocity and energy.

Using field theory, Abrikosov was able to derive a formula for the longi-

tudinal resistivity (ρxx) in a magnetic field:

ρxx =
1

2π

(
e2

ε∞h̄vF

)
Ni

en2
0

μ0H ln(ε∞) (2.8)

where ε∞ is the high frequency dielectric constant, Ni is the concentration

of scattering centres, n0 is the carrier density and h̄ is Planck’s constant

divided by 2π [87]. As is immediately apparent this illustrates a clear linear

dependence with applied magnetic field. In addition, Abrikosov considered

a number of scenarios in which the EQL could be achieved which lead to a

simplification of equation 2.8. This leads to a number of different forms of

the QLM model each dependent on the electrical structure of the material

[116].

In the case of the BaFe2As2 and BaFe1.985Co0.015As2 compounds con-

sidered in this work, the situation of small pockets of high mobility car-

riers within a more complex FS is most applicable. Within this scheme,

Abrikosov developed two simplifications: for ideally compensated or un-

compensated metals. In this context, compensated specifically refers to the

equal amounts of electrons and holes within the high mobility pockets not

within the FS as a whole. The simplification for the compensated case leads

to:

ρxx(μ0H) =
πμ0H

f(n)eNi
(2.9)

where f(n) is a function with a value close to unity. However, in the
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uncompensated situation:

ρxx(μ0H) =
f(n)Niμ0H

πe(ne − nh)2
=

f(n)Niμ0H

πen2
eff

(2.10)

where ne and nh are the electron and hole carrier densities respectively

and neff is the ‘effective’ carrier density within the DCs.

As illustrated by equations 2.9 and 2.10, the compensated and uncom-

pensated models have different dependences on the scattering density, with

the compensated/uncompensated models displaying inverse/direct propor-

tionality. A variation of equation 2.10 has been applied throughout the

literature where the difference between the electron and hole carrier den-

sities has been replaced by the ‘effective’ carrier density for the DC states

derived from the low field Hall resistivity [36, 107]. In chapter 4, the validity

of the QLM model will be tested by systematically introducing controlled

defects via high energy proton irradiation to understand the experimental

variation of the high field linear slope (A1) to increased scattering centres,

Ni.



3. Experimental Methods

This chapter will outline the experimental apparatus and methodology ap-

plied throughout the presented work. Initially, a brief introduction to the

cryogen free magnet system used for the magnetotransport experiments will

be presented and the specific analytical techniques utilised for handling the

experimental data will be discussed and justified. The sample creation and

preparation will be outlined including crystal growth, the micromechanical

exfoliation technique applied and proton irradiation. Furthermore, the the-

ory of magnetotransport experiments, including the van der Pauw technique,

will be introduced and discussed.

3.1. Experimental Equipment: Cryogen-free

magnetic system

Magnetotransport experiments represent the bulk of the work presented in

this thesis. All magnetotransport data were measured in the in-house cryo-

gen free superconducting magnet system (CFM) developed by Cryogenic

Ltd, a detailed schematic of the CFM is shown in Fig. 3.1. As in most

present day cryogen-free systems, the CFM system applies the Gifford-

McMahon (GM) cycle to produce the cooling power. To ensure the nec-

essary cooling power, the CFM is continuously cooled by a single two stage

GM cryocooler consisting of water cooled Sumitomo CSW-71 compressor

and cryo-refrigerator Sumitomo SRDK-408 Cold Head. The cooling pow-

ers of the first and second stages are 34 W at 40 K and 1 W at 4.2 K,

respectively. The first stage is used to cool the ultra-pure aluminium radi-

ation shield while the second stage cools the Nb-Ti superconductor magnet

system, variable temperature insert (VTI) and Helium condensation pot, as

shown in Fig. 3.1. The temperature of each of these elements, excluding the

44
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VTI, can be monitored using the attached Keithley 2700 Digital Multimeter,

Labview software provided by Cryogenic Ltd and internal thermocouples.

Under normal working conditions this allows temperature measurements be-

tween 100-290 K within the sample space. Important experimental details

of each of these elements will be discussed below.

Figure 3.1.: Block diagram of the Cryogenic Cryogen Free Magnet system
(CFM). Taken from Kaushik et al [11].

3.1.1. Superconducting Magnet System

The superconducting magnet system consists of Nb-Ti superconducting

magnet (Tc = 9 K) and Cryogenic Ltd SMS 120C magnet power supply

connected via GPIB to a computer. This set-up produces varying mag-

netic fields up to 7.5 T within the 30 mm sample space with a spatial field

homogeneity of 0.09 % over 10 mm [11]. The magnetic field ramp speed

and magnitude are controlled via the power supply by the GDAQ computer

program discussed in section 3.1.4. The voltage differential across the mag-

net is independently measured using an Aglient Digital Multimeter (Aglient

Ltd.) and, within the GDAQ software, the value is calibrated and recorded

to allow continuous accurate determination of the applied magnetic field.
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3.1.2. Variable Temperature Insert (VTI)

The CFM sample space is accessed through a vertical column requiring a

1.2 m long VTI to reach the magnets range, as shown in Fig. 3.1. The VTI

has an airlock to allow evacuation of the transport probe before entry into

the sample space. This also allows continuous vacuum pumping throughout

sample loading which ensures no contamination of the sample space. In

this work, all magnetotransport experiments are conducted using the Cryo-

genic Ltd transport probe constructed of an anodised Al block, Cernox™
temperature sensor in thermal contact with the Al block and 8 solder pads

allowing electronic connection of the sample to the external apparatus. A

Cernox™ sensor is used due to its inherently low MR essential for accurately

measuring the temperature despite large changes in magnetic field. Samples

are loaded onto the transport probe and connected to the solder pads using

copper wire. The magnetic field can be applied perpendicular or parallel to

electronic current direction by simply altering the sample orientation. In

this work, all magnetotransport data is measured such that the magnetic

field is applied perpendicular to the current plane unless explicitly stated

otherwise.

Wiring runs though the VTI and is connected to an external breakout

box with a shielded coaxial cable and an 11 pin Fischer connector. High

frequency measurements are impossible due to inductance effects caused by

the internal wiring within the VTI. The total resistance of wiring within

the VTI is around 100 Ω. An additional 6 pin Fischer is connected to the

VTI Cernox™ thermometer. This is connected to a Lakeshore 340 temper-

ature control unit allowing accurate control of the sample temperature in

conjunction with the internal 25 W heater situated at the VTI base.

3.1.3. Closed Helium Circuit

To attain temperatures below 125 K, additional cooling power is required.

This is achieved by using a closed helium circuit driven by a room tem-

perature dry pump. Helium gas is circulated through the first and second

cryocooler stages causing cooling to 4 K from specially designed 50 litre

NTP capacity helium gas reservoir. At this point, the helium condenses
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netic field (both the magnitude and magnetic ramp rate). Furthermore, in

combination with a National Instruments DAQ (NI-DAQ) card, the soft-

ware operates as a lock-in amplifier (LIA). The GDAQ software allows the

user to control the signal frequency, AC amplitude and DC offset in addi-

tion to the sampling rate and time constant of the lock-in through a simple

single user interface, see Fig. 3.2. One of the major benefits of a software

lock-in is that the recorded signals can be interactively graphed, as shown

in left panel of Fig. 3.2 A). This enables the user to continuously verify

the measured waveform. The high dynamic range of software lock-in ampli-

fiers also removes the necessity of moderating the gain settings of hardware

systems.

In the work presented in this thesis, an AC voltage was used of 7 V rms

and signal frequency of 24 Hz with a 0 V DC offset. The signal frequency

value was chosen due to the limitations of the wiring within the VTI and

careful consideration of the noise profile generated within GDAQ for an

undoped BaFe2As2 sample, as shown in Fig. 3.2 B). In the inset of Fig. 3.2

B), the low frequency range for the same sample is presented. As can been

seen, 24 Hz lies just above the flicker noise regime in a low noise region of the

noise spectrum. To provide additional noise reduction, an internal envelope

filter is utilised within GDAQ. Through consideration of the experimental

noise spectrum it was ascertained that the major noise frequency originates

at multiples of 100 Hz, therefore, the filter produces an envelope to remove

this noise from the recorded data, as can be seen by consideration of the

inset of Fig. 3.2 B). A time constant of 1 s is applied for all measurements.

3.1.5. Experimental Circuit and Experimental Settings

A schematic of the experimental circuit is shown in Fig. 3.3 A). Throughout

this work, the samples consist of single crystals of the BaFe2As2 family

of IBSs. In section 3.2, the synthesis and preparation will be discussed,

however, to conduct electrical measurements 4 silver paint contacts were

created with a contact resistance of around 10 Ω. These contacts were

extended along the length of the c-axis to limit sampling of c-axis transport

[126]. This allows van der Pauw (VDP) analysis to be conducted, see section

3.3.3 for a more detailed discussion of the VDP method. Essentially, all
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coaxial cable. This allows all four MR and both Hall configurations to be

measured by changing the wiring at the breakout box. The required voltage

differential is then processed via a Stanford Research Systems SR560 Low

Noise preamplifier (input noise level of 4 nV
√
Hz

−1
). For all measurements,

a gain of 5000 was applied with a low pass filter of 3 kHz and 6 dB roll-

off. These settings have been optimised for the 24 Hz AC signal applied

throughout and the mΩ resistances of the single crystals. Within the GDAQ,

both the in- and out- phase components are recorded for both VSample and

VResistor allowing any changes to the phase to be removed, see section 3.5.

Furthermore, a magnetic sweep rate of 100 Oes−1 was applied throughout.

The set-up produces an error of around 1 μΩ.

In conclusion, the CFM allows high accuracy magnetotransport measure-

ments in a temperature range of 2 – 290 K and a controllable variable

magnetic field of -7.5 T – 7.5 T.

3.2. Sample Preparation and Characterisation

All samples in this work are large single crystals of the BaFe2As2 family.

These crystals are grown using the self-flux method, explained in section

3.2.1, at Oak Ridge National Laboratory. To ensure high quality flat crys-

tal surfaces which are sufficiently thin for later sample manipulation, these

single crystals were micromechanically exfoliated, see section 3.2.2 for a de-

scription of this process. Furthermore, to allow quantitative comparison

between samples it is essential that the sample dimensions and mass are

accurately known. In section 3.2.2, the process for establishing these prop-

erties will be outlined. Finally, proton irradiation plays an important role

in the presented work, therefore, a summary of the procedure applied will

presented in section 3.2.3 and the relationship of these of the created defects

to the QLM considered.

3.2.1. Material Synthesis

The 122-type ferropnictides have assumed a central role in the study of

the iron-based superconductors despite their lower Tc then the 1111-type
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[128]. This is due to the relative simplicity in producing large scale phase

pure single crystals and the lack of synthesis problems related to oxygen

or fluorine associated with the 1111 family [61]. Furthermore, evidence of

pressure induced superconductivity [129] within the 122 family illustrates

that the requirements for SC are inherent even within the undoped 122-type

compounds.

Initially, crystals were synthesised using tin flux, however, it was soon

realised that this method led to incorporation of Sn flux into the crys-

tals altering their properties [130]. To counteract these issues, the self-flux

method has assumed the mantle for crystal growth. Precursors of FeAs

and CoAs are formed by heating pieces of Fe, Co and As in a silica tubes.

BaFe2As2 single crystals are formed by heating a 1:5 ratio of Ba:FeAs for 8

hours at 1180 °C in a partial Ar atmosphere. The ampoule is slow-cooled at

4 °C/hour then decanted in FeAs flux at 1090 °C. For the BaFe2−xCoxAs2

crystals, elemental Ba and the FeAs and CoAs precursors are heated to-

gether to 1180 °C and slowly cooled at 3 °C/hour to 1025 °C. At this point,
the excess flux is decanted from the ampoule and the single crystals can be

retrieved. This methodology produces large plate-like crystals in the mm

range. The c axis is perpendicular to the large plane of the crystals. The

composition is then determined using energy dispersive x-ray spectroscopy

[131].

3.2.2. Sample Generation

The large single crystals produced by the self-flux technique must be cleaved

and reshaped for a variety of reasons. Firstly, the thickness uniformity of the

measured crystals is of fundamental importance for the magnetotransport

measurements in this work. For instance, the validity of the VDP method

is reliant on a constant thickness throughout the crystals. Secondly, as

discussed in section 3.3.3, the shape of the ab-plane strongly affects the VDP

resistance configurations. Thirdly, precise knowledge of sample dimensions

and mass are essential for direct comparison of the experimental results.

Therefore, a careful process of reshaping the single crystals was performed to

ensure that accurate magnetotransport measurements could be conducted.

In addition, it has been shown that the surface degrades when in contact
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Figure 3.5.: A) 2x optical image of BaFe2As2 sample CTAPE4. The streaks
of the surface are vacuum grease used to carefully manipu-
late the sample without causing contamination. B) 5x cross-
sectional optical image of a BaFe1.985Co0.015As2 single crystal,
illustrating the layered nature of the 122-type ferropnictides.

with air [132] therefore cleaving allows access to a relatively pristine crystal

surface. I will now outline the sample preparation and characterisation

steps:

1. Single crystals are chosen of sufficient size, ab plane dimensions > 2

mm, and visually inspected for significant variations in crystal thick-

ness. This is to counteract the problem of ‘terraces’ on the crystal

surface where the thickness varies [5], as shown in Fig. 3.5 B).

2. The chosen crystals were then cut using a ceramic scalpel to produce

a square geometry of around 2 mm in the ab plane. This size is a

balance between being sufficiently large to allow the creation of high

quality electronic contacts which satisfy the VDP criteria while being

below the window size for the proton irradiation discussed in section

3.2.3.

3. A micromechanical exfoliation technique was utilised to cleave the

crystal to acceptable thicknesses. In this process, the reshaped crystal

was carefully adhered to a previously weighed piece of adhesive tape,

usually carbon tape. A second weighed piece of tape was then applied

to the top surface. The pieces of tape are then rapidly separated

leading to a cleaving in the ab-plane. This process can be repeated

for the same single crystal allowing generation of multiple samples
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from a single reshaped crystal.

4. The sample is then weighed using a Sartorius ME Micro Balance

ME36S. Using the variation between the original crystal and tape

masses it is possible to generate a crude estimate of the sample mass.

5. The samples are then photographed with a calibrated microscope, as

in Fig. 3.5. These images are processed using the image process-

ing software ImageJ to determine the surface area. Using the mass,

mass density [133] and surface area it is then possible to calculate the

thickness of the cleaved crystal.

Depending on the required experimental conditions, a variance in proce-

dure can now occur between samples. For the samples which were proton

irradiated the cleaved crystals were left on carbon tape. This ensures both

crystal stability during the irradiation procedure while also providing a cur-

rent path for the accelerated protons. However, for the unirradiated samples

these were now carefully removed from the tape and reweighed. It is noted

that a significant variation in sample mass is apparent between the sam-

ples on and off the tape. This is mainly due to the loss and transfer of

the tape adhesive during the exfoliation process. Throughout this work,

all applied thicknesses originate from the free-standing mass measurements

to ensure the greatest possible accuracy. The on-tape measurements were

only used to establish the samples applicability for the proton irradiation

process. In addition, the removal of the crystals from the tape illustrated

that the cleaving procedure generated robust continuous crystals.

3.2.3. Proton Irradiation

Proton irradiation was performed such that protons doses of 0.5 × 1016, 1

× 1016 cm−2 or 1.5 × 1016 cm−2 were applied. This was achieved using

3-MeV H+ irradiation under high vacuum at the Surrey Ion Beam centre.

All samples remained on the conductive carbon tape used during the mi-

cromechanical cleaving process. This ensured the structural stability of the

samples and prevented charging and unnecessary heating throughout the ir-

radiation. A beam current of ∼ 30 nA was utilised. To ensure the expected

dose, the beam current was measured both before and after the irradiation
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Figure 3.6.: A) Defect profile derived from SRIM code for BaFe2As2 sample
for 3-MeV H+ irradiation. B) Defect profile for sub-40 μm
region. Calculated by N. Peng from Surrey Ion Beam centre.

using a Faraday cup.

The defect profile generated by 3-MeV H+ irradiation for BaFe2As2 ac-

cording to calculations using the SRIM code [134] is shown in Fig. 3.6. As

can be seen, for thicknesses under 40 μm a relatively homogeneous defect

profile is generated, therefore all samples used for the proton irradiation

were thinner than 40 μm. In addition, sample sizes were of the order of 2

mm in the ab-plane were required to fit within the irradiation window.

An interesting question is the spatial extent of the defects created by the

proton irradiation. The work of Haberkorn et al [134] asserted that point

defects are the main affects of proton irradiation. In contrast, Prozorov et al

[135] have recently stated that proton irradiation is more likely to generate

defect clusters. Therefore, it is likely a range of defects types are produced

and more detailed and systematic investigations of the defect profile pro-

duced by proton irradiation are required to definitively answer this question.

However, it is clear that a significant proportion of the generated defects

will be pointlike in nature.

Beyond the spatial extent of the defects, the effect of impurity scattering

in the IBSs remains unknown. As in the cuprates, the weak Born scattering

approximation does not appear applicable, however, unlike the cuprates,

the unitary limit also does not appear correct [136]. Instead in the IBSs, in-

termediary scattering amplitudes appear to be necessary to understand the
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properties [137]. Furthermore, it should be noted that recent studies have

indicated that substantial variations exist in the quasiparticle response, ob-

tained from London penetration experiments, depending on the origin of the

disorder (artificial or natural) [138]. This variation is believed to originate

from the difference in spatial extent of the defects originating from these

different avenues [138]. In the case of Strehlow et al [138], electron irradia-

tion was applied which is believed to mainly produce Frenkel pairs, which

act as efficient pointlike scatterers [139], leading to interband scattering.

These artificial defects were shown to strongly suppress the superconduct-

ing transition temperature. This is in contrast to the larger scale defects of

originating from crystal growth (or heavy ion scattering) which lead to in-

traband scattering and more weakly suppress the SC. This will be discussed

in more detail in chapter 6.

In regards to the QLM model, Abrikosov considered the electron scatter-

ing to be pointlike [117], however, it is not clear whether the spatial extent

of the defects would influence the foundation of the QLM model. However,

as the proton irradiation is expected to generate a significant proportion of

point defects [134] then this concern is erradiacated. Therefore, the num-

ber of scattering centres (Ni) should be strongly influenced by the proton

irradiation. Furthermore, the current discussion on the intrinsic nature of

impurity scattering (for example, if the weak Born approximation is correct)

does not influence QLM. In particular, as the application of a magnetic field

is essential to produce the QLM, the weak Born scattering approximation is

immediately contravened [116]. Therefore, the nature of impurities within

the QLM are essentially unitary [116]. Finally, Abrikosov considered the

effect of whether the scatterers are ions [140]. It was calculated that the

distance of the Coulomb interaction screening is smaller than the wave func-

tion spread, therefore, the pointlike nature is conserved of the scatterers is

conserved. Therefore, ionic scatterers can also be considered within the

QLM model. In conclusion, the impurities generated by the proton irradi-

ation should satisfy the requirements of the QLM model and therefore the

magnitude of the linear MR slope should in turn be influenced by the proton

irradiation dose, if indeed the QLM model is correct.
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velocity of the charge [14]. The first term in equation 3.1 refers to the

electrical Lorentz force, also called the electrostatic force, and the second

part to the magnetic element of the Lorentz force. By considering equation

3.1 under the application of z -axis magnetic field assuming a metal with a

simple spherical FS and an isotropic m∗, no longitudinal MR but the poten-

tial for transverse MR exists. Further detail can gleaned from considering

equation 3.1 for Bz and electric field Ex under the steady state. This leads

to:

vx = − eτ

m∗ [Ex + vyBz] (3.2)

and

vy =
eτ

m∗ vxBz. (3.3)

Therefore, the conductivity becomes anisotropic. The clearest way of

understanding the physical effect of this force is by considering the con-

ductivity tensor in a magnetic field which is derived from considering the

current densities:

σ =

(
σxx σxy

−σxy σyy

)
=

σ0
1 + ω2

c τ
2

(
1 −ωcτ

ωcτ 1

)
(3.4)

where σxx (σyy) and σxy are the longitudinal (MR) and transverse (Hall)

conductivities respectively. Furthermore, ωc =
eB
m∗ is cyclotron motion, e the

charge of an electron and B the perpendicular magnetic field; and σ0 =
ne2τ
m∗

is the zero field conductivity, where n is the carrier density [14]. As can been

seen from equation 3.4, the origin of both effects stems from the change in

charge carrier path caused by the application of a magnetic field (contained

in ωc) and the effect of scattering within the material. In the following 2

sections, the scientific basis of both MR and the Hall effect will be outlined.
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3.3.1. Magnetoresistance (MR)

The origin of MR can be heuristically explained by considering the variation

in electron motion when a magnetic field is applied, see Fig. 3.8. When an

external magnetic field is applied, the charge carrier trajectory changes from

straight to helical due to the Lorentz force leading to higher resistance [13].

Figure 3.8.: Trajectory of electrons in zero magnetic field (left) and a finite
magnetic field (right). Taken from [13].

The MR is often simply measured by applying a current through the

sample and measuring the potential difference along the sample rather than

the current density. In this case, when the current is forced along the x

direction (J = (Jx, 0, 0)) the electric field will still have components in both

the x and y direction. Instead, therefore, the resistivity tensor is needed

rather than the conductivity tensor. This can be generated from standard

inversion of 3.4:

ρ =

(
ρxx ρxy

ρyx ρyy

)
=

1

σ0

(
1 ωcτ

−ωcτ 1

)
(3.5)

Therefore, ρxx appears completely independent of Bz. However, almost

all metals display some kind of MR so certain assumptions must be, in

general, wrong. In particular, the carriers can have varying m∗’s originating
from different bands or anisotropic τ . Therefore, the current density should

be separated into several components. In general, these components are

unlikely to be directed in the same direction and, therefore, even in the

simplest extension, with two carrier types, leads to two current densities

(J1 and J2) and under the application of magnetic field, the total current

density:

|J| ≤ |J1 + J2|. (3.6)

These simple considerations illustrate how MR is generated in metals.
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Furthermore, the MR can be useful in determining the FS topology [14].

To illustrate this potential we consider the two extreme cases of FS topol-

ogy: closed and open orbits. In Fig. 3.9 A), the electron motion for a closed

orbit is shown; in which the carrier performs a closed loop under magnetic

field application. In this case, as B increases the scattering time decreases

therefore a scattering event will only occur after multiple orbits of the FS.

This leads to a zero electron velocity in the plane perpendicular to B and

the conductivity for both the x and y components will vary with a B−2

dependence. By considering the resistivity tensor for these these high mag-

netic field limits, the behaviour can be obtained. In this case, this leads to

a saturating MR in high field.

In contrast, for an open orbit, as shown in Fig. 3.9, with increasing B

components of the carrier velocity can remain finite (in the case of Fig. 3.9

B), vy remains finite). Therefore, while σxx → AB−2, where A is a con-

stant, for B → ∞ as before, instead σyy will tend to C, where C is constant.

By placing these high field limits into the resistivity tensor, you now ob-

serve that the MR should be parabolic at high fields and never saturate.

Therefore, by simply changing the magnetic orientation with respect to the

crystalline axes and measuring the high field MR response it is possible

to determine the FS topology. However, this is only one possible explana-

tion for increased MR. In actual materials, variations in the FS or in the

magnetic properties of the material can alter the charge carrier behaviour

leading both to large MRs and anomalous MR behaviour [14, 143].

Using the above assumptions it is therefore possible to derive the expected

MR response for metals or semi-metals with finite non-equal densities of

electrons and holes:

Δρ

ρ
∼
⎧⎨
⎩(μB)2, μB 	 1

C, μB � 1
(3.7)

where μ is the carrier mobility and C is a constant [144]. Equation 3.7

leads to the standard parabolic MR response seen in most conducting mate-

rials. However, in the IBS, while the MR response at low fields displays the

standard parabolic response at higher fields deviation to linear behaviour is
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Figure 3.9.: A) and B) schematics of electron motion with varying magnetic
field orientation (B) for closed and open FS orbits respectively.
Arrows represent the electron velocities. As shown in B), in the
case of an open orbit the electrons are driven across FS causing
an oscillation in their velocities. Taken from [14].

observed. This has been ascribed to the existence of DCs and linked to the

QLM model discussed in section 2.2.

Finally, often the MR is quoted as the magnetoresistive ratio (MR Ratio)

[13]:

MR Ratio =
R(μ0H)−R(0T )

R(0T )
(3.8)

where R(0T ) and R(μ0H) are the longitudinal resistances in zero and

magnetic field respectively.

3.3.2. The Hall Effect

The change in transverse potential difference due to the application of a

magnetic field is called the Hall Effect, see Fig. 3.7 for schematic of experi-

mental set-up. The applied electric field produces the primary electromotive

force to allow carrier procession through the sample. However, the magnetic

field produces a transverse force which causes the charge carriers to move

towards the edges of the sample.
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This effect can be best understood by considering a long thin conductor

of length l and width w with a coordinate system of x defined along the

long axis, y along the short axis and z perpendicular to this plane, as shown

in Fig. 3.7. The transverse force experienced by the charges, assuming a

single carrier type, is:

F = eμ[E×B]. (3.9)

Under application on magnetic field along z, the carriers are displaced

in the xy plane depending on their polarity. This simultaneously increases

the carrier concentration on one edge and decreases it on the opposite one.

The charge neutrality condition across the sample is therefore disturbed;

creating a transverse electric field, EH:

EH = [vd ×B], (3.10)

where vd is the drift velocity of the carrier and EH is commonly called

the Hall electric field [141]. EH counteracts the magnetic deflection leading

to a steady state as carrier concentration is accumulated at the edges. The

tangible effect of the Hall electric field is the appearance of a transverse

voltage difference across the sample, VH . By considering two points (M and

N) on opposite edges of the sample and assuming that they lie on the same

equipotential plane, then:

VH =

∫ N

M
EH dx (3.11)

leading to:

VH =
IB

tne
(3.12)

where t is the thickness of the sample. Following standard procedure, the

Hall conductivity can be defined as σxy = Jx
EH

leading to:
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σxy =
ne

B
(3.13)

Furthermore, the Hall conductivity can also be derived directly from equa-

tion 3.1 by considering the steady state solution (dvdt = 0):

vy =
eτ

m∗ vxB (3.14)

where vx and vy are the drift velocities in the x and y directions respec-

tively. By additional rearrangement, this leads to the Hall conductivity

(σxy) displayed in equation 3.4. Hall effect measurements are capable of

ascertaining the carrier concentration and, in combination with the zero

field resistivity, mobility as well as simultaneously establishing the effects

of scattering within the material. Therefore, the Hall effect is an essential

characterisation technique.

Furthermore, the Hall effect also allows access to the LL configuration in

2-dimensional materials. This was illlustrated in 1980 by Klaus von Klitzing

when he observed quantisation of the Hall resistivity in a 2-dimensional

electron gas (2DEG) under application of a magnetic field. This occurs due

to discrete and widely separated LLs, the quantised motion of a carrier in

a magnetic field, within high mobility 2DEG systems. In the archetypal

DC system, graphene, the unusual FS and remarkably high mobility lead

to a number of QHE effects, including the anomalous fractional QHE [145].

However, due to the intrinsic 3-D nature of the IBS, the QHE cannot be

observed. Therefore, less direct approaches to ascertaining the effects of

DCs on the transport properties of the IBSs are required.

3.3.2.1. Anomalous Hall Effect

Understanding magnetotransport experiments is extremely demanding due

to the sensitivity of the measurements to the FS topology [146]. This means

that minor changes to the electronic structure can cause drastic changes to

the magnetotransport properties. However, early experiments also illus-

trated that the magnetic structure could alter the observed ρxy(μ0H) re-

sponse. In particular, a clear non-linear ρxy(μ0H) was recorded in ferromag-
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netic materials. This behaviour seemingly scaled with the magnetisation

(M) and existed simultaneously with the conventional Hall resistance. This

additional Hall contribution was named the anomalous Hall effect (AHE)

and could be empirically written as:

ρxy = R0μ0 + 4πRsμ0M (3.15)

where R0 and Rs are the conventional and anomalous Hall contributions

[15]. It was soon established that other non-ferromagnetic materials illus-

trate the AHE [15]. As in all forms of the Hall effect, it is the characteristic

of breaking of time reversal symmetry which is essential. The difference

with the AHE is that the time reversal symmetry breaking originates from

the internal spin-orbit coupling rather than the application of the external

magnetic field. Therefore, the spin-orbit coupling defines both the nature

and magnitude of the AHE. However, despite much theoretical and experi-

mental work a complete understanding of the AHE remains elusive.

Figure 3.10.: Schematic depiction of the three main AHE mechanisms.
Taken from Nagaosa et al [15].

Despite this, the processes driving the AHE can be broken into three
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mechanisms, see Fig. 3.10: skew scattering, the side-jump mechanism and

Berry phase contributions (intrinsic deflection). Both skew scattering and

the side-jump mechanism are extrinsic in nature while the Berry phase

contributions are intrinsic. For a more comprehensive discussion of these

processes see Nagaosa et al [15] and Nair et al [146]. As will be introduced

in chapter 4, the low Co doped ferropnictides illustrate a clear non-linear

ρxy(μ0H) response which has been recently linked to the AHE by Nair et

al [146].

3.3.3. van der Pauw Technique

In this work, single crystals of the BaFe2−xCoxAs2 family are used. Unlike

well defined geometries of fabricated semiconductor studies, the ideal sample

structure cannot always be achieved (a long sample with isolated contacts as

shown in Fig. 3.7). Instead the van der Pauw (VDP) method is used [127].

Using a conformal mapping technique, VDP illustrated that for arbitrarily

shaped samples satisfying 4 criteria:

1. Contacts at sample circumference

2. Contacts are sufficiently small

3. Sample homogenously thick

4. Sample is continuous

it is possible to accurately determine the mobility and carrier concen-

tration. The VDP technique involves two stages: initially the zero field

resistivity is measured then a series of Hall measurements are conducted.

VDP illustrated that 2 characteristic resistance configurations exist for

a sample; these are illustrated in Fig. 3.11 A) and B). Furthermore, by

independently measuring each configuration and considering the current

paths through the sample, VDP established that the two-dimensional sheet

resistance, RS , could be calculated using the formula:

RS =
f(k)π

ln 2

R1 +R2

2
(3.16)
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The validity and accuracy of the VDP method has been extensively con-

sidered utilising both computational and experimental techniques. The ef-

fects of poorly satisfying the 4 VDP criteria have been discussed throughout

the VDP method’s history. The experimental work of Náhĺık et al [148]

illustrated that even significant variation in the contact location can be

counteracted by application of equation 3.16. However, it was established

that discontinuities within samples (such as cracks or holes) are incorrigi-

ble defects which lead to violation of the VDP hypothesis. In the work

presented in this thesis, free-standing single crystals were utilised in which

neither cracks nor holes extended through the entire thickness of samples.

Furthermore, as discussed in section 3.1.5, the issues of varying thickness

are combated by the use of a micromechanical cleaving technique although

the possibility of inconsistent thickness cannot be ruled out. Finally, it

should also be noted that to counteract the possibility of c-axis electronic

inhomogeneity, the electrical contacts were extended along the length of the

c-axis [126]. Finally, the robustness of the VDP technique has been illus-

trated by the similarity of the magnetotransport responses despite the wide

geometrical ratios variations observed in this work. Indeed, for instance,

sample TAPE1 had a k value of 22 while sample CTAPE1 has a k value of

1.2, yet as shown in Fig. 5.2 the magnitude of the recorded MR response

is extremely similar. It is clear, therefore, that the VDP can be reliably

applied.

However, we observe magnitude variations between the 2 characteristic

MR configurations. This behaviour can stem from 2 avenues: intrinsic elec-

tronic inhomogeneity or geometrical variations which determine the current

path. Due to the possibility of electronic nematicity (2.1.6), it is essen-

tial to ensure that the variations in MR configuration magnitude originate

solely from discrepancies in the ideal square geometry. By extending the

work of van der Pauw, Perloff [149] demonstrated the capability to calcu-

late the expected variation between the MR configurations from the sample

geometry. Using this method, we have established that the variation in MR

configurations stems directly from the geometrical variations rather than

from a nematic origin. This ensures that the use of VDP method is valid

in the majority of the work presented and the Montgomery method [150],

which is an adaption of the conformal mapping technique applied by van
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der Pauw, specifically designed for anisotropic materials, does not need to

used. However, in the samples discussed in Chapters 5 and 6, clear observa-

tions of electrical inhomogeneity are displayed. In both chapters, extensive

discussions for the origin of this anisotropic response are provided but it is

important to note that particularly in the case of Chapter 5 the magnitude

of the resistivity may be affected by the electrical anisotropy. However, al-

though the magnitude of the resistivity may be affected the fundamental

findings of this work are not altered by this inhomogeneity.

3.4. Two Carrier Model

In many materials, multiple carrier bands may exist at the Fermi energy and,

therefore, play a role on the transport properties. By assuming parabolic

bands, the standard Drude form of the can be easily modified to account

for this electronic structure:

ρxy =
σxy

σ2
xx + σ2

xy

,

σxy = −S1ns2eμ
2
2B

1 + (μ2B)2
− S2ns1eμ

2
1B

1 + (μ1B)2
,

σxx =
ns2eμ2

1 + (μ2B)2
+

ns1eμ1

1 + (μ1B)2

(3.19)

where ns1,2 are the sheet carrier densities for carrier types 1 and 2 respec-

tively and S1,2 are the charge sign differentiators (+1 for holes and -1 for

electrons) [151]. Therefore, simultaneously fitting the MR (σxx) and Hall

(σxy) data it is possible to ascertain the mobilities and charge carrier types

of both bands. This analysis will be conducted on the undoped BaFe2As2

samples in section 4.4.1.

3.5. Magnetotransport Data Analysis

Having discussed the experimental equipment, sample preparation and na-

ture of magnetotransport experiments, in this section the exact details of

the experimental analysis will be outlined. To fully calculate the magne-
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totransport properties of the material using the VDP method, a minimum

of the 3 measurement geometries are required: the two characteristic MR

configurations and the Hall geometry. Due to the non-ideal geometry of

the samples, mixing of the MR and Hall signals can occur requiring the

magnetic symmetrisation of the data. The process for systematically per-

forming this task is outlined in section 3.5.1. Furthermore, in section 3.5.2

the methodology for normalising the MR response within the framework

of the VDP model will be outlined. Finally, a discussion of the effects of

magnetic hysteresis on the symmetrisation process will discussed in section

3.5.3.

3.5.1. Symmetrisation

Due to the non-ideal shapes of the measured crystals a mixing of the

Hall and MR response inevitably arises. The MR/Hall Effect are sym-

metric/antisymmetric with respect to magnetic field inversion, therefore, it

is possible to eradicate the mixing by symmetrising the magnetotransport

response with respect to magnetic field. To achieve this for each static tem-

perature measurement the experimental data is recorded continuously for

the positive up and down sweeps to 7.5T and the negative up and down

to -7.5 T. Initially, the resistance is calculated from the recorded VSample,

VResistor and RSeries by:

R =
VSampleRSeries

VResistor
(3.20)

The respective up and down sweeps for the positive and negative field are

then averaged to produce the characteristic magnetotransport response for

positive or negative field application. The separation of the MR (Rxx) and

Hall (Rxy) is described as follows:

Rxx =
RPositive +RNegative

2
(3.21)

where RPositive/RNegative are the measured resistance responses for posi-

tive and negative field respectively, and
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Rxy =
RNegative −RPositive

2
. (3.22)

This leads to a pure MR and Hall resistance response.

3.5.2. Normalised Magnetoresistance

Figure 3.12.: Rvdp, R1 and R2 for BaFe2As2 sample CTAPE1 at 25 K

In section 3.5.1, the process for generating the symmetrised data for a sin-

gle configuration was outlined. However, in the VDP method it necessary

to combine the characteristic MR configurations utilising equation 3.16 to

produce the true normalised MR response, Rvdp. The effects of this process

are shown in Fig. 3.12. To achieve this the ratio of the zero-field resistances

for the two MR configurations (R1 and R2) is calculated for each tempera-

ture. As shown in equation 3.17, there is no analytic solution for the VDP

factor, therefore, the correct value is numerically calculated using the fsolve

function in Matlab for each temperature. The in-field R1 and R2 values

are then combined using the equation 3.16 and the zero-field resistances.

Utilising the generated Rvdp, a number of different forms of the MR can be

derived.The most commonly applied is the normalised differential resistivity

(Δρ):

Δρ = t× [Rvdp(μ0H)−Rvdp(0T )] = MR (3.23)

where t is the thickness of the sample. Δρ will be defined as the MR

throughout this work. This parameter is of particular importance due to its
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correspondence to the QLM model, as outlined in section 2.2. In addition,

the MR Ratio is defined as:

MR Ratio =
ρ(μ0H)− ρ(0T )

(ρ(0T )
(3.24)

The MR Ratio is essential for the two-carrier model(4.4.1), MR mobility

(4.3.2) and Kohler scaling techniques (4.6).

3.5.3. Analysis of Hysteresis

Figure 3.13.: A) R1 MR response of sample TAPE1 derived from the G18b
crystal batch at 2 K. B) Combined sweeps. Black line: Positive
Up sweep and Negative Down sweep, Red line: Positive Down
sweep and Negative Up sweep C) Low field MR response illus-
trating the magnitude of BHys. D) Completed symmetrised
R1 MR response for TAPE1.

For the majority of presented samples, no magnetic hysteresis was ob-

served in the MR response. However, for all samples generated from the

G18b batch of BaFe2As2 crystals, a clear magnetic hysteresis in one of the

MR configurations was observed. This is shown in Fig. 3.13 A) and will be
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discussed in detail in Chapter 5. To counteract the appearance of the hys-

teresis, a modified symmetrisation and normalisation technique is applied

for the MR configuration displaying hystersis. This allows a systematic

study of the innate MR response between all samples irrespective of batch

origin. Furthermore, for simple comparison between G18b derived samples,

the MR configuration containing the hysteretic response is labeled R1 and

it is only this configuration that this process is required.

Initially, the positive (negative) field up sweep and negative (positive) field

down sweep are combined to produce two complete magnetic field sweeps

as before, as shown in Fig. 3.13 B). The minimum resistance is then found

for the individual sweeps and used to define the magnitude of hysteresis,

BHys, as shown in Fig. 3.13 C). BHys is then subtracted from the field scale

and the symmetrisation process, outlined in section 3.5.1 applied. Finally,

the combined sweeps are averaged, as shown in Fig. 3.13 D). This pro-

cess simultaneously allows the quantification hysteresis magnitude and the

inherent MR response. The correlation between the sample batches from

their magnetotransport will be discussed in section 5.1.



4. Magnetotransport in proton

irradiated BaFe2As2 and

BaFe1.985Co0.015As2

In this chapter, we present resistivity vs. T , MR and Hall Effect mea-

surements on single crystals of BaFe2As2 and BaFe1.985Co0.015As2 both in

pristine and proton irradiated samples. The normal electronic state proper-

ties of the 122-type IBSs display a number of intriguing features: high field

linear MR, low field divergence from the expected parabolic behaviour and a

non-linear Hall resistivity. The nature of these properties and the influence

of defect density on them will be explored throughout this chapter.

The main focus of this work is establishing the validity of the QLM model

in the IBSs. To achieve this systematic studies of the high field MR have

been conducted. By considering the effects of proton irradiation of this prop-

erty, we have established that the QLM model appears to be incorrectly ap-

plied in the IBSs. Furthermore, multi-carrier fitting, Kohler scaling and the

AHE will be considered throughout the chapter to understand the normal

state magnetotransport properties. In general, the samples will be named

solely by their irradiation dose.

4.1. Overview

The existence of DCs in the FS of the low doped IBS has inspired a vast

amount of research. In terms of the magnetotransport properties, DCs

lead to high mobility carriers [82]. Currently, DCs have been observed

in graphene [83], bismuth [84], the bulk [57] and surface [85] of topolog-

ical insulators and cuprate superconductors [86]. In both BaFe2As2 and

73
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BaFe1.985Co0.015As2 there is evidence that DCs exist [46] and play a role in

the electronic properties [36].

To consider the effects of DCs on BaFe2As2 and BaFe1.985Co0.015As2 mag-

netotransport experiments have been conducted both before and after pro-

ton irradiation. In general, experimental data was taken from 3 samples for

each compound; see table 4.1 for summary of samples. For each compound,

the set of samples was derived successively from the same single crystal.

Furthermore, additional samples taken from other single crystals were also

measured for each compound but to ensure consistency only crystals derived

from the same single crystal will be displayed. In section 4.5 the variations

between crystals originating from different crystals from the same batch will

be outlined by considering the representative CTAPE4 sample taken from

the BaFe2As2 FM116 batch. It should also be noted that the BaFe2As2

samples originate from the FM116 batch, in contrast to the G18b batch

crystals considered in chapter 5.

Initially, the zero field resistivity (ρ0) will be considered and compared to

the literature. To ascertain the effects of DCs, proton irradiation will play

an essential role. Previous work [38, 134] has indicated that defects can be

introduced by proton irradiation without significantly altering the electronic

structure of the material. This is in contrast to the effects of Co doping,

which modulates both the scattering profile and carrier concentration. The

effects of both of the charge doping and increased defect concentration on

the BaFe2As2 family will be considered. Therefore, the ρ0 acts as a gauge

for both forms of modification on BaFe2As2.

As discussed in section 2.2, the foundation for the claims of magneto-

transport dominance of DCs stems from the use of Abrikosov’s QLM model

on the MR response. However, there has been no systematic investigation

of the QLM model despite its increasing pervasiveness. In section 4.3, we

will compare our findings on proton irradiated single crystals with predic-

tions of Abrikosov’s QLM model. After establishing the functional form of

the MR response, both high (4.3.1) and low field (4.3.2) behaviour will be

considered in more detail. In particular, the two unusual aspects of the MR

will be outlined: the nature of the high field linear MR and the low field

divergence from parabolic behaviour. Our findings indicate that the QLM
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model may be incorrectly applied in the IBSs.

In addition to the unusual MR response, the Hall resistivity also displays

clear non-linear behaviour [40]. Due to the complex electronic structure

in the low doped ferropnictides, where multiple bands of varying charac-

ter exist at the Fermi energy, a non-linear Hall response may be expected.

However, it was soon established [89] that simple two carrier models cannot

replicate the in-field Hall resistivity. Therefore, more complex ideas have

been applied including three carrier modelling, quasiparticle scattering con-

cepts and the anomalous Hall Effect to explain the Hall resistivity shape.

In section 4.4, the temperature and proton irradiation dose dependence of

the Hall response for both compounds will be displayed and a discussion of

the possible explanations for the unusual Hall response will be presented.

Having established the fundamental magnetotransport properties consid-

eration of other explanations for their unusual behaviour will be presented

in section 4.7. Due to the complexities of producing analytical models for

the magnetotransport properties, scaling techniques are also applied to the

data.

4.2. Resistivity vs. Temperature

The zero field ρ0 vs. T for the BaFe2As2 and BaFe1.985Co0.015As2 sam-

ples is shown in Figs. 4.1 A) and B) respectively. In undoped BaFe2As2,

the magnetic and structural transitions are simultaneous and display a first

order nature [61]. With doping, the magnetic and structural transitions

become separated and suppressed to a lower temperature [61]. This can

be most plainly observed by considering the differential of the ρ0 vs. T

data as shown in Fig. 4.1 C). The black line in Fig. 4.1 C) displays the

data from the unirradiated BaFe2As2 sample where the first order nature

is apparent [106]. The peak of the differential is considered the location

of the simultaneous transition (Tn,S). In contrast, in BaFe1.985Co0.015As2

the transitions are separated with two discrete features – a transition which

resembles second-order-like behaviour and a clear peak at a lower temper-

ature, as shown by the red line in Fig. 4.1 C). It has been established that

the first feature corresponds to the structural transition and the peak to
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of the transition is observed in the BaFe1.985Co0.015As2 samples with proton

irradiation. A potentially correlated observation is also noted in the ρ0 data

above TN in the irradiated BaFe1.985Co0.015As2 samples. A small peak in ρ0

is observed which is best illustrated by considering the dρ0
dT response. In Fig.

4.1 C), the blue arrow indicates this peak in the 0.5 × 1016 cm−2 irradiated

sample. To our knowledge, similar behaviour has not been seen elsewhere.

In addition to the effects on the transition temperatures, the magnitude

of ρ0 is an extremely important parameter for consideration of the QLM

model; as it allows the defect density to be calculated and the effects of the

proton irradiation to be ascertained. As shown in Figs. 4.1 A) and B), in

both compounds ρ0 systematically increases with proton irradiation dose.

However, the magnitude of this increase is different between compounds,

with BaFe1.985Co0.015As2 displaying a 5 × 10−7 Ωm increase with 1 × 1016

cm−2 proton dose in comparison to 2 ×10−7 Ωm in BaFe2As2. The origin

of this dissimilarity is unknown. The robustness of the electronic structure

to proton irradiation is indicated by the consistency of the sub-TN resis-

tivity shape and transition temperatures. As shown by the nesting of the

data in Figs. 4.1 A) and B), the functional form of the resistivity temper-

ature dependence is resilient to the proton irradiation implying that only

temperature independent disorder scattering has been added.

4.3. Magnetoresistance (MR)

In Figs. 4.2 and 4.3, the field dependence of the symmetrised in-plane

MR is displayed for a range of temperatures for the BaFe2As2 and

BaFe1.985Co0.015As2 samples respectively. Both the temperature depen-

dence and magnitude is comparable to previous studies for both compounds

[40, 100]. For the low doped Co 122-pnictides (x < 0.02) the in-plane sym-

metrised MR shows an unsaturated response below the magnetic transition

up to high fields, as shown in Figs. 4.2 and 4.3. Other studies [153] have in-

dicated that the MR does not saturate even to 50 T clearly contravening the

usual expectation of a saturating parabolic response for metallic materials.

Both BaFe2As2 and BaFe1.985Co0.015As2 compounds display similar func-

tional forms: at low fields a parabolic response but at a temperature depen-
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Figure 4.2.: The field dependence of the symmetrised MR for unirradiated
(A), 0.5 × 1016 cm−2 (B) and 1 × 1016 cm−2 (C) irradiated
BaFe2As2 crystals. D) Comparison between unirradiated (solid
black line), 0.5 × 1016 cm−2 irradiated (dashed red line) and 1
× 1016 cm−2 (blue dash-dot) MR at 10 K for BaFe2As2 crystals.
Green dotted lines represent ± 10 % change in MR.

dent crossover field (B∗) a crossover to linear behaviour occurs, see Fig. 4.4

A). In this section, the behaviour of these two distinct magnetotransport

regimes will be considered independently. Initially, in section 4.3.1, the high

field response will be outlined and its behaviour with proton irradiation con-

sidered. The linear MR has inspired a significant volume of research with

Abrikosov’s QLM model commonly applied to understand this phenomenon

[40, 87, 107]. By applying the formulae generated by Abrikosov, see section

2.2, we question the validity of this usage. In addition, a variety of studies

have observed low temperature, low field oddities in the 122-type ferropnic-

tides [19, 87]. In section 4.3.2, we display our findings of this behaviour and

discuss potential explanations.
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Figure 4.3.: The field dependence of the symmetrised MR for unirradiated
(A), 0.5 × 1016 cm−2 irradiated (B) and 1 × 1016 cm−2 crys-
tals (C) BaFe1.985Co0.015As2 crystals. (D) Comparison between
unirradiated (black solid) 0.5 × 1016 cm−2 (red dashed) and
1 × 1016 cm−2 (blue dash-dot) irradiated MR at 10 K for
BaFe1.985Co0.015As2 crystals. Green dotted lines represent ±
25 % change in MR.

4.3.1. High Field MR: QLM

Exploring the functional form of the symmetrised MR is best illustrated by

considering the magnetic field derivative. In Figs. 4.4 A) and B), the MR

derivative is shown at 25 K for all BaFe2As2 and BaFe1.985Co0.015As2 sam-

ples respectively. It is clear that our crystals show a linear MR originating

at fields above 1 T at 25 K. As shown in Fig. 4.4 A), we use the standard

nomenclature with the high field linear slope defined as the A1 coefficient

and the low field parabolicity defined by the A2 coefficient. However, in a

fashion, reminiscent of Kuo et al [40] the unirradiated BaFe1.985Co0.015As2

sample displays a much stronger linear response, as can be seen in Fig. 4.4

C) when the MR derivatives are directly compared for the different com-
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Figure 4.4.: A) Differential MR for BaFe2As2 at 25 K. Black: unirradiated,
red: 0.5 × 1016 cm−2, light green: 1 × 1016 cm−2. B) Differen-
tial MR for BaFe1.985Co0.015As2 at 25 K. Orange: unirradiated,
Blue: 0.5 × 1016 cm−2, green: 1 × 1016 cm−2 C) Comparison
between unirradiated BaFe2As2 and BaFe1.985Co0.015As2 sam-
ples at 25 K. D) Critical field (B∗) vs. scaled temperature.

pounds. Furthermore, it should be noted that although the MR magnitude

remains constant with increasing proton irradiation the BaFe1.985Co0.015As2

samples show an increasing deviation from linearity. The origin of this be-

haviour remains unknown.

Large positive linear magnetoresistance is rather rare but is often found in

DC systems. Generally in the ferropnictides and elsewhere this has been at-

tributed to the QLM model [36, 40, 107] on the basis that the EQL condition

is accessible at much lower field in Dirac systems than in other materials.

The QLM model predicts a strong dependence of the MR on the concentra-

tion of scattering centres, Ni. Two general regimes have been identified; in

the compensated regime the MR is linearly proportional to Ni and in the

uncompensated regime the MR is inversely proportional to Ni, see equations
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2.10 and 2.9 respectively.

The B∗ against scaled temperature is shown in Fig. 4.4 C and D

for the BaFe2As2 and BaFe1.985Co0.015As2 samples respectively. The ex-

pected parabolic relationship is coarsely perceived, as indicated by previous

studies[36, 89]. From this region, the Fermi velocity (∼ 2× 105 ms−1) and

energy (∼ 3 meV) have been calculated using equation 2.7. These val-

ues correspond well with previous transport [36] and quantum oscillation

work[88]. However, near TN the data appears to deviate from this T2 tem-

perature dependence. Note that this deviation of B∗ has been predicted

theoretically [154]. It should be noted that below 20 K, B∗ becomes diffi-

cult to determine due to the change in MR shape illustrated by Fig. 4.7

A).

Surprisingly, to our knowledge, only the Putti group based in Genova

[87, 155] has considered the implications and legitimacy of the QLM model

in IBSs or indeed any of the vast array of materials in which this model is

now applied. They have reached the conclusion that the QLM is correctly

applied to the IBSs. This is despite a number of contradictions which can

be observed even before considering the effects of proton irradiation. The

most obvious is the experimentally derived carrier density. The carrier

density for BaFe2As2 is calculated to be of the order ×1020 cm−3 from

optical conductivity [38], quantum oscillations [74] and the low field Hall

resistivity (4.4) at low temperature. This is in direct contrast to the required

carrier density to satisfy the carrier density condition of the EQL stated in

the right hand inequality of 2.5. Using the experimental B∗ at 25 K a

maximum carrier density of ∼ ×1017 cm−3 is required and therefore, the

experimental value is around 3 orders of magnitude too large to satisfy the

EQL. While there are a number of reasons to suggest that the Hall response

in the ferropnictides diverges from standard Boltzmann transport, as will be

discussed below, it is clear that any carrier concentration which will satisfy

the EQL will inevitably lead to anA1 coefficient substantially larger than the

observed experimental value in the non-compensated model. We note that

Tanabe et al [89] have attempted to estimate the carrier density within the

DCs using the Fermi energy and velocity are derived from the critical field

analysis. However, both the carrier densities derived from this methodology

appear questionable. Indeed, using this methodology leads to a calculated
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A1 coefficient around 10 orders too large. The fundamental discrepancy

between the experimental carrier density and the requirements for the QLM

model is possibly best illustrated by considering the critical field of the

experimental A1 by applying equation 2.10. Using the A1 coefficient for the

unirradiated BaFe2As2 sample at 2 K, a critical field of 1900 T is calculated

for the observation of linear MR in QLM in obvious contradiction to the 1

T critical field observed experimentally.

Before turning to the MR trend with scattering density, the calculated

high field linear coefficients (A1) for both the compensated (equation 2.9)

and uncompensated (equation 2.10) models can be calculated using the low

field Hall resistivity. Following Pallecchi et al [87], it is possible to derive

Ni using the mean free path (mfp):

mfp =
m∗vf

ρ0e2neff
(4.1)

where neff is the effective carrier density taken from the low field Hall

resistivity. Using this value, Ni can be calculated:

Ni =
1

4
3π(

mfp
2 )3

(4.2)

In Fig. 4.5, the experimental and calculated high field linear coefficients

(A1) for both the compensated (equation 2.9) and non-compensated (equa-

tion 2.10) equations using Ni derived from equation 4.2 are displayed at

temperatures below 80K for the 1 × 1016 cm−2 irradiated BaFe2As2 sam-

ple. The 2 K Ni values are found to be 1.5 ×1026 m−3 for the unirradiated

and 2.05 ×1026 m−3 for the irradiated parent crystals, (suggesting a change

in the scattering density due to 0.5 × 1016 cm−2 proton damaged of the

order of 30 %). However, the theoretical temperature dependences of the

compensated and uncompensated plotted using the derived 2 K Ni values,

clearly do not reflect the experimental A1 temperature dependence.

As established by the ρ0 v. T data, the proton irradiation has changed

the scattering density but in no significant fashion affected the electronic

structure. Therefore, it is possible to test the scattering centre dependence

of the QLM model. Let us review our findings. From the in plane resistivity
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Figure 4.5.: Experimental ( ), QLM compensated equation 2.9 ( ) and
QLM uncompensated equation 2.10 ( ) A1 coefficients for
BaFe2As2 crystals for temperatures below 100 K. Black – unir-
radiated, Red – 0.5 × 1016 cm−2.

we have established that the proton damage has changed the scattering

density and in no other way changed the crystal properties. Figs. 4.2 D

and 4.3 D show that the changes to the MR as a result of the irradiation are

subtle. We are now able to examine the influence of this increased scattering

density on the high-field MR in comparison with the trends indicated by

equations 2.9 or 2.10 of the QLM model. To consider this we have fitted the

high field MR above B∗ using equation 2.6 and extracted the coefficients: A1

and O. A significant linear A1 component exists for both the BaFe2As2 and

BaFe1.985Co0.015As2 crystals, as shown in Figs. 4.6 A and D respectively.

Both the A1 and O coefficients in the BaFe2As2 crystals are insensitive to

the increased scattering (see Figs. 4.6 A and B).

It might be argued that the change in scattering density due to proton

irradiation over the pre-existing background defect scattering is small, and

therefore changes in A1 might be difficult to determine. Considering the

change in the residual ρ0 value as a rule of thumb guide to the change in

scattering density, we estimate that the residual resistivity changes by 10

% and 25 % for 0.5 × 1016 cm−2 proton irradiation for the BaFe2As2 and

BaFe1.985Co0.015As2 crystals, respectively. In order to show whether changes

of this order of magnitude are discernible we include curves in Fig. 4.2 D

and 4.3 D that show how a ± 10 % or ± 25 % change to the MR would

manifest. We conclude that changes in the scattering density of this order
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It should be noted that variations in the A1 coefficient behaviour at sub-

20 K temperatures are observed for some samples considered in this work.

This can be most clearly seen in Fig. 4.6 C) in the unirradiated BaFe2As2

sample where a plateau develops at these temperatures. The origin of this

behaviour is unknown but it indicates that the low field variations in trans-

port behaviour discussed in more detail in section 4.3.2 and chapter 5)

correlate to high field changes.

Furthermore, other experimental techniques have suggested the inade-

quacy of the QLM model in the IBS. This controversy originates from scep-

ticism over the seemingly inordinate influence that the extremely small DC

pockets appear to be playing [100]. Experimental distrust has emanated

from three sources: 1) quantum oscillation experiments [74, 156], 2) mag-

netotransport properties of annealed crystals [100] and 3) extremely high

magnetic field (50 T) transport experiments [153]. In the immediate after-

math of the experimental observation of DCs using ARPES [46] a number

of groups began to use quantum oscillation techniques in an attempt to fur-

ther understand both the FS and its influence on the transport properties

[8, 74]. This work has illustrated the complex nature of the ferropnictide

FS with multiple bands of different characters playing a role in the trans-

port properties, including multiple DC-like structures [74]. However, these

DC-like structures display relatively large carrier densities [74, 156]. The

carrier densities of the DC-like structures lead to critical magnetic fields to

achieve the EQL of around 90 T [74], therefore, it is difficult to reconcile

this data with the applicability to QLM. The quantum oscillation studies

cannot definitively rule out the existence of extremely small Dirac cones; as

the magnitude of the quantum oscillations is related to the carrier concen-

tration within the closed orbit and the mooted DCs will possess extremely

low carrier densities [8]. However, the resistivity magnitude is accurately

calculated without these potential DC structures from the quantum oscilla-

tion data. This suggests that even if they exist that do not play a significant

role in the magnetotransport properties [74]. The work of Ishida et al [100]

on annealed crystals has illustrated that the linear MR is lost through the

annealing process. Implying that the linear MR is not an intrinsic property

although similar behaviour has not been reported elsewhere. Finally, high

field (50 T) work has seemingly illustrated that a distinct curvature exists
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in the MR response. However, the only study [153] demonstrating this re-

sponse did not clearly outline the experimental procedure applied and it is

possible that some mixing of the MR and Hall signals may have occurred

leading to a curved in-field MR.

Therefore, it appears that the QLM model does not provide a coherent

explanation for the linear MR. In section 4.7, other linear MR models will be

discussed. However, at this juncture we discuss a recent paper by Koshelev

[154]. This work has explained linear MR in terms of the FS reconstruction

generated at the SDW magnetic transition. It is predicted that the SDW

order leads to the mixing of the hole and electron bands and the creation

of areas within the FS where the velocity of the carriers abruptly changes,

so-called turning points. At these turning points, the normal orbital motion

of the carriers in an applied magnetic field is disrupted producing, at low

field, an increased quadratic MR response and, above a crossover magnetic

field, linear magneoconductivity. However, as in the QLM model, the linear

MR and crossover field should be dependent on scattering which appears to

contradict our findings.

4.3.2. Low Field MR

In previous magnetotransport studies on the ferropnictides, a significant

focus has been on the low field MR (± 2 T) region [19, 36, 40]. This is

due to the observation of a parabolic response in this field range which

can be considered within the framework of the standard metallic behaviour,

as outlined in section 3.3. However, a number of groups have observed

divergence from the expected parabolic response at sub-20 K temperatures

[19, 87].

In Fig. 4.7 A), the shape of this divergence can be seen using the BaFe2As2

samples at 15 K as an example. Unlike the parabolic behaviour seen above

this temperature region, at low fields a clear dip is apparent. Furthermore,

as Fig. 4.7 A) illustrates, there appears to be a relationship between proton

irradiation and the magnitude of this behaviour. In light of the effects of

air exposure on the ferropnictides, it may be possible that the origin of

this behaviour may stem from the variations in air exposure experienced by

these samples rather than the increased disorder introduced by the proton
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Figure 4.7.: A) Low field MR response for BaFe2As2 samples. Black line:
unirradiated, Red line: 0.5 × 1016 cm−2, Green line: 1 ×
1016 cm−2. B Low field MR response for BaFe1.985Co0.015As2
samples. Black line: 0.5 × 1016 cm−2, Red line: 1 ×
1016 cm−2. C) MR mobility for unirradiated BaFe2As2 and
BaFe1.985Co0.015As2 samples.

irradiation. This possibility will be further discussed in chapter 5 where

unirradiated samples display magnetic hysteresis at low temperature and

field, in addition to this low field dip. However, the compounds also display a

significant variation in the magnitude of this effect with BaFe2As2 displaying

the non-parabolic response much more strongly than BaFe1.985Co0.015As2,

see Fig. 4.7 B) for direct comparison between compounds. It was also

observed that the temperature of maximum divergence from the parabolic

occurs in both compounds at T
TN

∼ 0.015 although the significance of this

observation remains elusive.

Only the work of Chong et al in the 122-type ferropnictides (CaFe2As2)
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have commented on this divergence from parabolic behaviour. However, a

study by Pallecchi et al [87] has seen this phenomenon in a LaFeAsO fer-

ropnictide. They ascribe this distinctive shape to a significant increase in

mobility in this region caused by a reduction in scattering due to the LL

condensation. At 20 K, the thermal energy (1.7 meV) becomes comparable

to the LL spacing (Δ = vf
√
2h̄eμ0H) causing inter-LL scattering. This not

only produces increased scattering but also allows the larger effective mass

of the second LL to become involved in the magnetotransport; effectively

lowering the mobility above 20 K [87]. From basic consideration of the data

and magnetic field scaling, this hypothesis appears debatable. Firstly, as

this behaviour is not observed in all samples it does not appear to be an

intrinsic effect. Secondly, the LL separation will be exceptionally small at

low magnetic fields implying that the LL levels cannot be playing a role.

Indeed, Pallecchi et al [155] have recently reconsidered this approach and

suggested weak anti-localisation as the origin. However, the IBSs are only

quasi-two-dimensional and this would seemingly rule out the weak localisa-

tion explanation which requires a true two-dimensional structure. Instead,

particularly in light of the findings outlined in chapter 5, it appears more

likely that this behaviour is correlated to inhomogeneous SC. It has been

conclusively illustrated by Chong et al [19] that SC can be induced in 122-

type compounds through environmental exposure. Therefore, this low field

downturn may be related to precursor state before complete SC is achieved.

Indeed, small downturns in the irradiated samples can be observed, see Fig.

4.1.

In addition to the low field oddities, earlier studies have indicated it is

possible to derive the carrier mobility from the regions displaying parabolic

behaviour. As noted by Kuo et al [40] the FS of the parent compound

BaFe2As2 has at least four closed Fermi surface pockets due to Fermi sur-

face nesting and, therefore, a minimum of eight independent parameters

would be necessary to characterise the transport properties. However, by

focusing on the low magnetic field where the parabolic behaviour remains

it is possible to write the A2 parabolic fitting coefficient as [40]:
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ρxx(μ0H) =

σ1

1+μ2
1(μ0H)2

+ σ2

1+μ2
2(μ0H)2

( σ1

1+μ2
1(μ0H)2

+ σ2

1+μ2
2H

2 )2 + ( σ1μ1μ0H
1+μ2

1(μ0H)2
+ σ2μ2μ0H

1+μ2
2(μ0H)2

)2
(4.3)

where σi and μi are the conductivity and mobility respectively, the index

i = 1, 2 stands for carriers in carrier band 1 or 2 respectively. By finding the

MR ratio, and further assuming the dominance of DC carriers it is possible

to rearrange the formula to:

MR(%) ≈ σeσh(μe + μh)
2(μ0H)2

(σe + σh)2
(4.4)

where the index i = e, h stands for electron or hole Dirac cone carriers.

Assuming that the conductivities of the electrons and holes are equal, leads

to the A2 coefficient being equivalent to the average of the electron and hole

mobilities [40]:

√
A2 =

√
σeσh

σe + σh
(μe + μh) ≈ 1

2
(μe + μh) = μMR (4.5)

where μMR is the mobility due to the MR data. As shown in 4.7 C),

we observed a consistent increase in μMR until 20 K in both compounds.

However, the non-parabolic response at T < 20 K manifests itself as peak

in μMR in the BaFe2As2 compound. It is also interesting to note that the

plateauing observed in the high field A1 coefficient is also observed in the low

field response of the unirradiated BaFe1.985Co0.015As2 sample. Therefore, it

is apparent that at all MR field ranges a clear change in the functional form

is observed below 20 K. The correlation between these observations and

the low temperature hysteresis, as will be discussed in chapter 5, needs to

be further developed. Particularly in light of the increasing evidence of air

exposure playing a role in modifying the electronic state of the ferropnictides

in this temperature range [19]. Furthermore, the magnitude of μMR will be

discussed in more detail in section 4.4.
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4.4. Hall Effect

Figure 4.8.: A), B) and C) ρxy(μH) for unirradiated, 0.5 × 1016 cm−2 and
1 × 1016 cm−2 BaFe2As2 samples respectively at range of tem-
peratures.

To further study the transport properties of 122-type IBSs, we have mea-

sured the in-field Hall response. As can be seen in Figs. 4.8 and 4.9,

both compounds shown a distinct non-linearity in the Hall resistivity. The

measured Hall resistivity (ρxy(μ0H)) in both compounds and all samples

is very similar in shape and magnitude to previous studies [40]. However,

the noticeable curvature in the Hall resistivity cannot be fit to standard

multi-carrier models, see section 4.4.1 for further discussion. It should be

noted that the QLM model predicts a linear ρxy(μ0H) and that the experi-

mentally observed non-linearity emerges in the region where the linear MR

is observed. This is the very region where we expect the QLM conditions

to be satisfied. Therefore the non-linear ρxy(μ0H) again appears to con-

tradict the current usage of the QLM model. As always, the caveat of the
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multi-band nature of the IBSs must be considered but clearly more rigorous

theoretical examination of the ρxy(μ0H) response in light of the QLM is

necessary.

Figure 4.9.: A), B) and C) ρxy(μH) for unirradiated, 0.5 × 1016 cm−2 and 1
× 1016 cm−2 BaFe1.985Co0.015As2 samples respectively at range
of temperatures.

In Fig. 4.10, the ρxy(μ0H) divided by the ρxy(7.5T ) value is shown for

both compounds in the unirradiated samples at 20 K. This allows the func-

tional form of the ρxy(μ0H) to be directly compared between BaFe2As2

and BaFe1.985Co0.015As2. As shown by the discrepancy observed, it is clear

that Co doping leads to the ρxy(μ0H) becoming increasing linear. Indeed,

by the 4 % Co doped samples discussed in chapter 6) a completely linear

ρxy(μ0H) is observed. This implies that the electronic structure is substan-

tially modified by Co doping as would be expected and that these changes

fundamentally alter the functional form of the ρxy(μ0H) response. Due to

the expected electron doping of Co, this increasing linearity may be naively
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expected in the two carrier model as the magnetotransport properties would

become increasingly dominated by a single carrier type. However, as will be

shown by the Hall coefficient data below and by comparison of the unscaled

ρxy(μ0H) response for both compounds displayed in Fig. 4.9 A), in the

1.5 % Co doped compound an increase in ρxy(μ0H) magnitude is observed.

This implies that the carrier density has decreased [40]. We will discuss

this observation in more detail below but it is further evidence that exotic

models for the magnetotransport properties are required.

Figure 4.10.: Scaled Hall resistivity (
ρxy(μ0H)
ρxy(7.5T )) at 25 K for unirradiated

BaFe2As2 and BaFe1.985Co0.015As2.

One of the defining characteristics of the magnetotransport properties of

the 122 IBSs is the observation of a negative Hall coefficient with a strong

temperature dependence [39, 157, 158], as shown in Fig. 4.11 B). A negative

Hall coefficient is indicative of the dominance of the electrons despite the fact

that BaFe2As2 is expected to be ideally compensated. Understanding the

origin of this negative Hall coefficient is one of the most fundamental ques-

tions in the normal state magnetotransport properties of the IBSs. However,

the complex nature of the Hall coefficient behaviour is highlighted by the

effects of Co doping in the BaFe2As2 family. We observe, as in other studies

[39, 157, 158], an increase in the Hall coefficient in the BaFe1.985Co0.015As2

samples. Within the Boltzmann transport model, this signifies a decrease in

carrier concentration rather than the expected electron addition of Co dop-

ing. If it is assumed that the high mobility carriers dominate both ρ0 and

the low field Hall coefficient, then it is also possible to estimate an effective

carrier concentration (neff ) for the high mobility carriers using equation
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3.12. In Fig. 4.11 C), neff for the unirradiated samples is shown illustrat-

ing the decreased carrier density in BaFe1.985Co0.015As2. In light of equation

2.10, neff has commonly been considered as the ‘effective’ carrier density

for the DC states [36, 89, 107]. Furthermore, the temperature dependence

of the low doped IBS Hall coefficient remains an unanswered question [39].

We now consider the effects of proton irradiation. As previously outlined

by the ρ0 vs. T data, proton irradiation increases only the temperature

independent scattering term. However, to our knowledge, there has been

no study on the effects of irradiation on the Hall Effect in the ferropnic-

tides. We observe that proton irradiation does not alter the Hall response,

as shown in Fig. 4.11 A) and B). This replicates the behaviour of the A1

coefficient discussed above and illustrates that the mechanism driving the

ρxy(μ0H) non-linearity is robust to the defects created by proton irradiation.

We note that this insensitivity of the Hall resistivity against the increased

scattering is in contrast to the work conducted by Ishida et al [100]. In that

work, the magnetotransport properties were strongly influenced by anneal-

ing leading to increased ρxy(μ0H) curvature and an eradication of the linear

MR. This would suggest that extrinsic scatterers play a fundamental role

in determining the magnetotransport properties. Furthermore, the study

by Urata et al [159] on Mn doped BaFe2As2 observed that both the mag-

nitude and shape of the Hall resistivity was affected by the introduction

of magnetic scatterers caused by the Mn doping. Our work would suggest,

however, that both annealing and Mn doping do not solely reduce/increase

the number of scattering centres and therefore the exact nature of defects

extant in the undoped and underdoped ferropnictides plays an essential role

in determining the magnetotransport properties. Therefore, our work has

further added to the increasing appreciation that the Hall response observed

in the low doped ferropnictides cannot be explained by conventional models

and that the more complex models must be applied [160]. In section 4.4.2,

we explore a range of these models and consider the validity of them in light

of the proton irradiation findings.

The difficulty in untangling the influence of the different carrier bands

in the ferropnictides can be further illustrated by differences in magnitude

between the MR (see section 4.3.2 for derivation) and Hall mobilities (see

section 3.3.2. As displayed in Fig. 4.11 D), the MR mobility is around
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Figure 4.11.: A)Hall resistivity at 25K for all BaFe2As2 (solid) and
BaFe1.985Co0.015As2 (dashed) samples. B) Hall coefficient at
1 T vs. T emperature normalized by TN for BaFe2As2 (solid
symbols) and BaFe1.985Co0.015As2 (open symbols). Unirradi-
ated: , 0.5 × 1016 cm−2: , 1 × 1016 cm−2: . C)
Temperature dependence of neff for unirradiated samples. D)
Hall (solid symbol) and MR (open symbol) mobilities for unir-
radiated samples against scaled temperature. BaFe2As2: ,
BaFe1.985Co0.015As2: .

triple the magnitude of the Hall mobility. This is intriguing due to the

variance in origin of these mobilities, as in the MR/Hall mobility the carrier

mobilities of electrons and holes act constructively/destructively [40]. The

significant variation between the MR and Hall mobilities implies that the

mobilities of the electron and hole carriers are relatively similar and suggests

that multi-carrier explanations cannot explain the Hall coefficient response

[160]. Furthermore, doping with cobalt decreases the Hall mobility by a

factor of ∼ 2. The proton irradiation has also systematically decreased the

mobility by 21 % (34 %) per 0.5 × 1016 cm−2 proton dose for BaFe2As2

(BaFe1.985Co0.015As2) due to the increase in ρ0.
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4.4.1. Two Carrier Model

The mobility and carrier densities outlined previously were derived from the

single carrier model; however, in many systems multiple charge carrier types

(both electron/hole and different bands) are coexistent. Due to clear multi-

band nature of the IBS, it would appear logical that a multi-carrier model

should be used to describe the magnetotransport properties. With each

additional carrier band two additional parameters are required. However,

by combining the MR, Hall and ρ0 data, three constraints to the fitting

are created and it is necessary to apply further external constraints. These

external constraints are commonly derived from assumptions based on the

expected carrier properties. For two carrier fitting, as outlined in section 3.4,

a single additional constraint is required. Within the literature [36, 89, 100],

the equivalence of the electron and hole carrier densities has been applied.

This assumption appears justified in BaFe2As2 where ARPES experiments

have indicated that the Luttinger volumes of both the electron and holes

are comparable [161]. However, in BaFe1.985Co0.015As2 this carrier density

equivalence should be contravened. Therefore, this section will focus on

BaFe2As2. It should be noted, however, that it has been suggested that the

significant reconstruction of the FS may potentially alter the total charge

density [162] even in BaFe2As2.

The two-carrier fitting methodology outlined in section 3.4, produces high

quality fits in the ± 1 T field range for all samples above 20 K. Below

20 K the low field non-parabolic behaviour discussed previously cannot be

replicated. The two carrier fitting is shown for the same 0.5 × 1016 cm−2

BaFe2As2 sample in Fig. 4.12. The electron (μe) and hole (μh) mobilities

derived from this methodology for the sane sample are shown in Fig. 4.13.

From this analysis, we observe that μe is always larger than μh which implies

the dominance of electron carriers. This finding and the magnitude of these

mobilities are similar to earlier studies [36, 89].

However, the two carrier model should be considered with caution.

Firstly, even though the carrier density is reduced using the two carrier

fitting (×1019 cm−3) this value still significantly exceeds the band structure

calculated values [69]. Secondly, the multi-band structure of the low doped

IBSs suggests that > 2 carrier fits are necessary. Thirdly, the increasing
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Figure 4.12.: A) and B) two carrier fitting on ±1 T data for the 0.5 × 1016

cm−2 BaFe2As2 sample. C) and D) two carrier fitting on ±7
T data for the 0.5 × 1016 cm−2 BaFe2As2 sample.

variation between μe and μh has no physical justification from considera-

tion of the electronic structure [39]. Finally, the topology of the some of the

electronic bands has already been established to diverge from the parabolic

shape assumption. Therefore, at best the two carrier model can only pro-

duce an average mobility for the carriers. Furthermore, while it allows a

quantification of the different behaviours of the carriers, it cannot provide a

solution for the observed magnetotransport behaviour. In fact, the results

only further strengthen the basic findings already inferred from the Hall

Effect: that μe is considerably higher than μh.

The inadequacy of the two carrier model can be best observed by at-

tempting to fit the entire field range. As illustrated in Fig. 4.12 C) and D),

the two carrier model cannot replicate the magnetotransport response. This

is as expected due to the limitations of the model. However, Ishida et al

[100] claim that a three carrier model can accurately describe the entire field

range. To date no other group has reported comparable results and we were
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Figure 4.13.: Temperature dependence of electron (μe) and hole (μh) mo-
bility for 0.5 × 1016 cm−2 BaFe2As2 sample.

also unable to produce a convergent three-carrier fit using their model. Fur-

thermore, the assumptions applied to allow this fitting procedure, namely an

additional high mobility electron carrier, are derived solely from considering

the experimental data rather than from any known arrangement of the elec-

tronic structure. In particular, the calculated band structure, see Yin et al

[42], suggest that both electron and hole DCs exist. Therefore, as suggested

earlier [39], while multi-carrier models may be useful in accurately compar-

ing between studies they cannot explain the dominance of electron carriers

or the linear MR. As Fang et al [39] suggested at the very beginning of mag-

netotransport studies in the IBSs, an additional mechanism which provides

asymmetric scattering between the two carrier types is clearly necessary to

explain the magnetotransport properties. This has been implied by Raman

scattering experiments [163] and quantum oscillations studies [164] which

indicated higher carrier mobility within the electron FS.

4.4.2. Explanations for the Hall response

As outlined above, the Hall response in the low doped 122-type IBSs dis-

plays three notable findings: the doping and temperature dependence of

the Hall coefficient and the non-linear ρxy(μ0H) response. In light of the

complex FS inherent in the underdoped ferropnictides, multi-carrier mod-

els were initially applied, however, as discussed in detail above they do not
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accurately fit the full field range nor explain the dominance of electrons. In

addition, multi-carrier models cannot explain the anomalous doping depen-

dence observed in the Co doped ferropnictides [160]. Therefore, more exotic

models for the negative Hall coefficient has been developed. We will dis-

cuss the current vertex (CV) and anisotropic quasiparticle scattering (AQS)

approaches below. Both the CV and AQS models directly apply the AFM

order to understand the magnetotransport properties but in subtly different

fashions.

However, the CV and AQS models, in their current forms, can only

explain the Hall coefficient temperature and doping dependence. To our

knowledge, beyond multi-carrier approaches, only the anomalous Hall effect

(AHE) (discussed in section 3.3.2.1) has been suggested to explain the non-

linear ρxy(μ0H) response in the ferropnictides. In section 4.4.2.3, we will

briefly discuss its applicability in the IBSs.

We briefly note that high field experiments [153] have suggested that the

suppression of the magnetic order by high magnetic field can explain the

non-linear ρxy(μ0H). This concept can be explained by considering the

origin of the electronic structure in the IBSs. As outlined in section 2.1.4,

the electronic structure of the 122-type IBSs is dominated by the Fe 3d-

electrons. Due to the unusual magnetic structure outlined in section 2.1.2 it

has been suggested that a portion of these electrons are localised while others

remain itinerant. Hybridisation between the localised and itinerant carriers

could then potentially open a spin gap. Therefore, application of magnetic

field could suppress this gap and alter the carrier density leading to non-

linear ρxy(μ0H) [153]. While this explanation provides a heuristic approach

to understanding both the magnetotransport and magnetic properties of

the IBSs, significant additional work, both experimental and theoretical, is

necessary to understand its validity.

4.4.2.1. Current Vertex (CV) approach

The CV approach, developed by Fanfarillo et al [165] in the IBSs, is a generic

approach for multi-band systems which uses current vertex corrections orig-

inating from spin fluctuations between bands. This model deviates from the

Fermi-liquid approach as the scattering times cannot be renormalised with
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the quasiparticle lifetimes. By assuming that the spin fluctuations are pre-

dominantly interband and by applying a toy-two band model, Fanfarillo et

al [165] calculated the magnitude and temperature dependence of the Hall

coefficient for the IBSs. These values were similar to the experimentally

derived behaviour. Unfortunately, this model does not provide any experi-

mentally testable predictions using solely the magnetotransport properties;

however, it should be closely monitored.

4.4.2.2. Anisotropic Quasiparticle Scattering (AQS)

The concept of AQS originates from the idea that inelastic scattering orig-

inating from AFM spin fluctuations can strongly influence the transport

properties [166]. This can originate from either spin [167–169] or or-

bital [170] fluctuations. In AFM metals, the magnetic order is strongly

anisotropic and determined by the Q vector. In the case of the 122-type

IBSs it is related to interband nesting between the electron and hole pockets

and directed at Q = (π,0) or (0, π). The carrier scattering can be domi-

nated by the AFM fluctuations which leads to the scattering rate becoming

highly dependent on the location within the FS. Areas of high scattering

are known as ‘hot’ spots, which occur where the FS intersects the AFM

Brillouin zone, and areas of low scattering are called ‘cold’ spots. The exis-

tence of hot spots has been established in the cuprates [171]. The presence

of these hot/cold spots potentially has three major effects on the transport

properties. Firstly, the hot spot areas do not contribute to transport which

leads to a lowering of the ‘effective’ carrier density. From the single carrier

model considered previously this would enhance the Hall coefficient. As a

corollary of this behaviour, the transport properties become dominated by

the carriers in the cold spots. Finally, the AFM scattering can alter the car-

rier direction leading to the concept of back flow. This process suggests that

the transport properties measure an effective FS determined by a current

direction which is modified by the Q vector [160].

In the IBSs, the AQS picture has been computationally considered by

Kemper et al [168] using a generalised spin-fluctuation approach and Onari

and Kontani [170] using the fluctuation exchange approximation. Both

approaches have illustrated a number of similarities between the theory and
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experimental findings. In particular, in undoped BaFe2As2, both studies

have indicated that electron orbitals should display cold spots and therefore

determine the transport behaviour explaining the negative Hall coefficient.

Intriguingly, the Kemper study indicated that the cold spots exist in the

dxy orbitals which correspond to the electron DCs according to the DFT

calculations of Yin et al [7]. The interplay between the DCs and the AQS

model may be an avenue of further research.

In addition, both the temperature and doping dependence of the Hall

coefficient can be replicated within the AQS model [168]. The capability of

reproducing the increase in Hall coefficient observed in the 1.5% Co doped

samples sets the AQS model apart from the other potential explanations.

Furthermore, as the scattering profile is determined by AFM vector within

the AQS model, the nature of the created scatterers caused by the proton

irradiation may not be significantly influence the Hall response [168]. This

would explain the resilience of ρxy(μ0H) to proton irradiation. It should

be noted that the AQS does not provide an explanation for the non-linear

ρxy(μ0H) shape as an analytic model capable of producing the in-field func-

tional form has not been produced.

4.4.2.3. Anomalous Hall Effect

In both the cuprates and HF superconductors similar non-linear ρxy(μ0H)

behaviour has been observed similar to that outlined above. This be-

haviour has been considered evidence of the AHE within these materials

[122, 172, 173]. The recent review by Nair et al [146] has suggested that the

magnetotransport properties of the IBSs may also be linked to the AHE.

However, due to the limitations of the theoretical understanding of the

AHE, predictions cannot be drawn. However, as proton irradiation is likely

to mainly produce point defects a strong correlation between proton irradi-

ation and the Hall response may not be expected. Although simple scaling

relationships between ρ0 and ρxy(μ0H) are often applied in analyses of the

AHE. Considering these limitations, the AHE may not appear to be inter-

esting proposition for understanding the unusual Hall behaviour in the IBSs.

However, the AHE is only theoretical explanation which can explain the ex-

istence of the non-linear ρxy(μ0H) functional form and for that reason alone
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it must be considered. However, it is clear additional experimental work is

essential in understanding the nature of the magnetotransport properties.

Figure 4.14.: A) Linear fit of high field Hall resistivity for unirradiated
BaFe2As2 and BaFe1.985Co0.015As2 samples at 10 K. B) high
field Hall resistivity intercept against temperature for unirra-
diated samples.

We note an intriguing experimental observation. To systematically study

the high field behaviour of the Hall resistivity, the high field (5-7 T) linear

slope of the Hall resistivity was calculated. As shown in Fig. 4.14 A), the

intercept of high field Hall (HFH) resistivity linear fitting is independent of

doping. Without a conclusive theoretical model for the origin of the non-

linearity it is impossible to understand the significance of this observation.

However, it would suggest that an intrinsic property of the magnetic state

is retained with low Co doping, despite the decrease in static AFM strength

caused by Co doping. This behaviour may be consistent with the AQS

picture as it possible that the strength of the AFM fluctuations may remain

constant with Co doping. However, to comprehend the importance of this

observation, Hall resistivity studies at fields beyond the 7.5 T used in this

study are required to establish whether the HFH slope corresponds to a

genuine linear response or is just a coincidental observation.
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Figure 4.15.: A) MR response at 25 K, B) MR A1 coefficient dependence, C)
ρxy(μ0H) at 25 K and D) Temperature dependence of the HFH
intercept for two unirradiated BaFe2As2 samples derived from
different single crystals: CTAPE1 and CTAPE4. Inset of C):
ρxy(μ0H) at 25 K with scaled (multiplied by 1.22) CTAPE4
ρxy(μ0H) response shown by dotted red line. Axes same as
main figure.

4.5. Crystal Comparison

The work presented in this chapter has outlined the transport properties of

two systematic sets of samples for the BaFe2As2 and BaFe1.985Co0.015As2

compounds. For each compound, these samples were derived successively

by repeated micromechanical exfoliation from the same single crystal. How-

ever, additional samples originating from different single crystals for each

compound were measured. In this section, the variation between these

samples will be discussed by comparing a representative BaFe2As2 sam-

ple (CTAPE4) to CTAPE1, the unirradiated BaFe2As2 sample discussed

throughout this chapter.

In Fig. 4.15 A), the MR response at 25 K is shown for CTAPE1 and

CTAPE4. As can be seen, the MR magnitude and shape is similar for both

samples. Furthermore, the similarity in the MR response extends over the

entire temperature range as shown by the temperature dependence of the

MR A1 displayed in Fig. 4.15 B). This implies that the MR response is

relatively unaffected by the variation in sample origin.

In contrast, the Hall response shows clear variations related to the crystal
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Figure 4.16.: A) ρxy(μ0H) at 25 K for CTAPE1 and CTAPE4. B) Scaled

Hall resistivity (
ρxy(μ0H)
ρxy(7.5T )) at 25 K for CTAPE1 and CTAPE4.

C) Temperature dependence of the HFH intercept for CTAPE1
and CTAPE4.

origin. This can be seen by ρxy(μ0H) response at 25 K for samples CTAPE1

and CTAPE4, as shown in Fig. 4.16 A). The ρxy(μ0H) values are noticeably

diminished in the CTAPE4 sample. However, it is intriguing to note that

the functional form of ρxy(μ0H) is extremely similar despite the magnitude

variations. The CTAPE4 ρxy(μ0H) response across the entire field range

can be scaled by a single value to fit the CTAPE1 response, as shown in Fig.

4.16 B). Only at high fields does any small discrepancy become apparent.

This implies that the non-linear shape is unaffected by the variations in the

scattering profiles between single crystals while, in contrast, the absolute

value of Hall response is strongly dependent on the sample origin. Interest-

ingly, the HFH intercept remains similar for both CTAPE1 and CTAPE4
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despite these magnitude variations, as shown in Fig. 4.16 C). This observa-

tion must be related to slight high field variations observed. However, until

explorations of the high field ρxy(μ0H) response is conducted the relevance

of the HFH intercept cannot be understood or quantified.

This behaviour is very different to the proton irradiation and Co dop-

ing. As illustrated above, proton irradiation does not alter the MR or Hall

responses while Co doping leads to an distinct variation in the in-field func-

tional form, see Fig. 4.10. Therefore, the magnetotransport response of the

ferropnictides appears extremely sensitive to the specific form of defects. In-

deed, the field dependence of the MR and Hall responses must be sensitive

to different defects. This has been previously strongly implied by the signif-

icant changes in magnetotransport behaviour observed in isovalently doped

samples [159]. This observation would need to be incorporated into any ex-

planation of the low and high field magnetotransport behaviour. Therefore,

it is clear that comprehensive studies the nature of defects within the ferrop-

nictides are essential to untangle the complex behaviour observed. It shoud

be noted that variations in thicknesses for all samples may also influence

the magnetotransport behaviour.

4.6. Kohler Scaling

Figure 4.17.: A) and B) Kohler plots for unirradiated BaFe2As2 and
BaFe1.985Co0.015As2 samples respectively.

Due to the complexities of producing analytical models for the magne-
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totransport properties, scaling techniques are conventionally used. In this

section, a variety of simplified fitting and scaling models will be applied. It

should be noted that these findings are replicated by samples irrespective

of crystals origin. Kohler’s rule is the traditionally used scaling method for

understanding the temperature evolution of the MR ratio. It is produced

by applying the Drude model to a single band metal with an isotropic FS.

In the case, where a single species of charge carrier exists with constant m∗
ne2

then the MR can be rescaled by dividing the applied magnetic field by ρ0:

MR ratio(μ0H,T ) = f

(
μ0H

ρ(0, T )

)
(4.6)

This form of scaling may also be applicable in multi-band systems if the

carrier density between bands is constant and the temperature dependence

of the scattering rate for each band is similar [174]. In the context of the

QLM model, it is conceivable that these constraints are satisfied. However,

as shown in Fig. 4.17, this basic Kohler scaling fails to illustrate any corre-

lation between temperatures. This failure indicates that an unconventional

explanation for the magnetotransport properties is necessary.

Figure 4.18.: A) and B) Refined Kohler plots for unirradiated BaFe2As2
and BaFe1.985Co0.015As2 samples respectively.

Recently, a subtle variation of the original Kohler scaling procedure has

been applied in the 11-type iron selenides. Ding et al [175] have noted

that ρ0 may not truly reflect the scattering rate if the residual resistivity is

substantial. They suggested that:
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study of Eom et al [160] has indicated that this type of scaling may also be

observed in materials obeying the AQS model.

In Fig. 4.19, the modified Kohler plots for the unirradiated samples of

both compounds are displayed. The studied compounds display intriguing

differences. For BaFe2As2 , the modified Kohler form does not provide

any improvement, as indicated by Fig. 4.19 A). In contrast, the modified

Kohler analysis illustrates a strong correlation for BaFe1.985Co0.015As2. This

pattern follows that of isovalent Ru doping in the 122-type IBSs as discussed

by Eom et al [160], further strengthening the observation that isovalent

doping manipulates the electronic properties in a manner beyond adding

additional scatterers. The modified Kohler rule is commonly understood

to indicate that the magnetotransport properties are strongly influenced by

the magnetic state [146]. However, the observation that it is only satisfied in

BaFe1.985Co0.015As2 is intriguing. It may be expected that Co doping would

lead to increased skew scattering [178] therefore naively we may expect

that the strength of the AHE term would be increased; which ties into

the modified Kohler rule observations. However, the suppression of the

non-linear ρxy(μ0H) response with Co doping seemingly contradicts this

relationship if, indeed, the AHE is determining this behaviour.

We now consider this doping dependence in context of the AQS model.

While it is clear that the local magnetic order is suppressed with Co dop-

ing, as indicated by the suppression of the magnetic transition, the nature

of the AFM fluctuations appears more complex. In particular, the obser-

vation of SC with increasing Co doping would imply that the doping leads

to increasing AFM fluctuations [4]. It may be possible that these fluctua-

tions can generate AQS variations which lead to the observation of mod-

ified Kohler scaling, further evidence that this hypothesis is presented for

BaFe1.96Co0.04As2 samples in chapter 6. However, it is clear that these ob-

servations can only hint at the final answer and that extensive experimental

and theoretical examination of the implications of the modified Kohler rule

are necessary.
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Figure 4.20.: A) A1 coefficient multiplied by carrier density2 vs. carrier
density for unirradiated BaFe2As2 sample. B) A1 coefficient
multiplied by carrier density2 vs. carrier density for unirradi-
ated BaFe1.985Co0.015As2 sample.

4.7. Other models for linear MR

Non-saturating linear MR has been observed in a variety of materials

such as: topological insulators [118–120], SrTiO3 [121], cuprates [122–124],

bismuth-based layered magnetic [125] and non-magnetic[47] compounds,

metal oxides [179], silver chalcogenides [180], graphene [181] and bismuth

[84]. The QLM model appears to be good description for the final three

materials, however, this mechanism is less clear for the others. There are a

number of other potential explanations for the advent of linear MR [111–115]

but these do not appear to be realistic propositions in the ferropnictides.

However, one model in particular appears worthy of further consideration:

the balance equation model.

The fundamental concept of the balance equation model is to create sep-

arate force and energy balance equations. This is achieved by isolating the

centre-of-mass motion from relative electron motion in the Hamiltonian and

density matrix. It has recently been reformulated by Wang and Lei [182]

for the 2D surface states of 3D topological insulators to explain the linear

MR in these materials. However, due to its inherently generic approach,

the balance equation proposal appears applicable to the IBSs [183]. One

of its major advantages is that it provides an experimentally testable rela-

tionship: that the high field MR magnitude should be proportional to the
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carrier density [182]. We have explored this by plotting the A1 coefficient

multiplied by n2eff against neff , see Fig. 4.20 A). However, it is not clear

whether our data is consistent with the prediction. To demonstrate this

more clearly, the data of Fig. 4.20 A) is re-plotted on separate axes in Fig.

4.20 B). As illustrated by the attempted linear fits (dashed lines), a linear

trend is partially observed at low temperatures (and therefore, low carrier

densities) but contravened at higher temperatures. It should be noted, that

the strength of the effect is predicted to be directly proportional to the effec-

tive magnetic g-factor. In the IBSs, this is relatively small [184]. Therefore,

the balance equation model remains an area of interest and theoretical work

establishing its validity in the IBSs would be intriguing.

Figure 4.21.: Hall mobility ( ) and MR A1 coefficient ( ) as a func-
tion of inverse temperature. Solid and open symbols are for
unirradiated BaFe2As2 and BaFe1.985Co0.015As2 samples re-
spectively.

Perhaps a clue to the linear MR mechanism lies in the observation of

a correspondence in the temperature evolution of the μHall and MR A1

coefficient. As shown in Fig. 4.21, the temperature dependence for both

parameters is consistent throughout the entire temperature range in both

compounds. This finding echoes the work in the topological insulators[185],

Heusler alloys[186] and MnAs-GaAs semiconductors [187] indicating that

the linear MR may be proportional to the μHall. To date, no theoretical

model has been developed for this correspondence but its observation in

wide and disparate set of materials may suggest a deeper underlying model

for the linear behaviour.

However, we believe that the most intriguing theoretical linear MR model

originates in the early 1970s from Falicov and Smith [188]. Using the con-
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cepts of AQS, they were able to develop a model for linear MR. Therefore,

the AQS proposal provides a model which appears capable of combining an

explanation for the Hall coefficient behaviour and the linear MR. This is

potentially very exciting and studies which can demonstrate the existence

of hot/cold spots within the IBS FS would help solidify this hypothesis,

in particular, low temperature Raman scattering studies as in the cuprates

[163]. However, currently the Falicov model proposed does not provide any

testable magnetotransport properties. Therefore, more extensive theoretical

exploration of this model is essential and may help to finally comprehend

the normal state magnetotransport properties of the low doped 122-type

IBSs.

4.8. Conclusion and Future Work

In conclusion, the normal state magnetotransport properties of two 122-

type IBS have been considered (BaFe2As2 and BaFe1.985Co0.015As2). The

majority of the magnetotransport properties still remain unexplained with

both the MR and Hall resistivity displaying unexpected behaviour, the main

observations are summarised below:

1. linear high field MR: a linear MR is observed in high fields for all

samples. The QLMmodel has been consistently applied to explain this

behaviour in the IBS and its use has seeped into a variety of other ma-

terials [47]. To test QLM, we systematically irradiated single crystals

with high energy protons to study the scattering centre dependence

of the linear MR. We observe, that despite a clear increase of the zero

field resistivity, the high field MR is not systematically affected by the

proton irradiation. This, in combination with the anomalously high

carrier density to satisfy the QLM model, strongly implies that QLM

has been incorrectly applied in these materials to date.

2. Non-parabolic low field MR: at low temperatures for some sam-

ples the anticipated parabolic response is lost and a clear low field

dip is observed. The origin of this non-parabolic behaviour remains

unresolved, however, it appears to be related to the existence of the

inhomogeneous SC [18, 19]. This will be considered in much greater
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depth in chapter 5.

3. Non-linear ρxy(μ0H) unaffected by proton irradiation: in both

compounds a non-linear ρxy(μ0H) is observed. Conventional two-

carrier models were insufficient to fit the data over the entire field

range. We suggest that the non-linear ρxy(μ0H) may be linked to the

AHE [146]. The AHE has been observed in the other HTS families

(HFs and cuprates) and it has been suggested by Nair et al [146]

that it may play role in the IBSs. Furthermore, we observe that

the Hall response is insensitive to the defects produced by proton

irradiation. This would imply that the proton irradiation produces

non-magnetic scattering if the non-linear ρxy(μ0H) is related to the

AHE. In addition, we observe that the HFH intercept, generated by

fitting 5 - 7 T ρxy(μ0H) data, is unaffected by both doping and defect

changes. This suggests that the process generating the non-linearity

is robust to the changes caused by charge doping. However, high field

magnetotransport experiments are necessary to verify the relevance

and validity of this observation.

4. Unexpected doping and temperature dependence of the Hall

coefficient: the Hall coefficient displays a strong temperature de-

pendence in both compounds, similar to previous studies [158]. Fur-

thermore, we observe an anomalous increase in Hall coefficient in

BaFe1.985Co0.015As2 indicative of decreased carrier density in the stan-

dard Boltzmann model. These two observations cannot be explained

within basic models of the carrier transport [39]. We, therefore, in-

troduced two models to understand the Hall coefficient behaviour:

the AQS (see section 4.4.2.2) and CV (see section 4.4.2.1) models.

The AQS, in particular, is extremely interesting and has been applied

to other HTSs [189]. In addition, linear MR has been theoretically

predicted using the same mechanisms driving the AQS Hall models

[188], potentially intimating a correlation between the MR and Hall

responses.

5. Doping dependent modified Kohler scaling: Modified Kohler

scaling was successful in BaFe1.985Co0.015As2 unlike in BaFe2As2. No

clear understanding of this observation has been established but it
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strongly implies that the magnetic order influences the magnetotrans-

port properties. However, we hope that the subtle variations in tem-

perature dependence illustrated by the different compounds and the

success of modified Kohler rule in BaFe1.985Co0.015As2 may lead fur-

ther theoretical advancement.

Therefore, it is clear that the normal state magnetotransport properties

of the low doped ferropnictides still display a range of unanswered questions.

Exploring the interplay between the structural and transport properties re-

mains an essential question. To extend the findings of this work, studying

the effects of different irradiation types on these materials (and in particular

magnetic scattering in light of the AHE) should allow the complex inter-

play between the defect profile and the magnetotransport properties to be

understood.



5. Magnetic hysteresis in BaFe2As2

single crystals

In chapter 4, the MR and Hall responses for the majority of the measured

samples were outlined and the effect of controlled irradiation damage dis-

cussed. The undoped samples in that work were derived from the FM116

batch of crystals, as outlined in Table 4.1. However, additional work was

conducted on an earlier batch of crystals also originating from Oak Ridge

National Laboratory – the G18b batch. These samples show low temperature

MR hysteresis.

In this chapter, the G18b samples will be introduced and the low tempera-

ture magnetotransport behaviour will be outlined. Initially, in section 5.1, a

comparison of the symmetrised MR and Hall response to the FM116 samples

will be shown, see 5.1 for a table outlining the BaFe2As2 samples considered

in this chapter. Having established the basic magnetotransport properties of

the G18b samples, the unusual hysteresis in MR at sub-20 K temperatures

will be introduced in section 5.2. After outlining the data, potential experi-

mental factors explaining this behaviour will be presented in section 5.3. In

section 5.4, the theoretical explanations for this behaviour will be discussed.

This will be split into two sections. Inhomogeneous SC will be considered,

particularly in light of similar hysteretic behaviour in granular superconduc-

tors. Then the general effect of structural and magnetic boundaries will be

studied and their potential for generating a hysteretic response scuntinised.

Finally, conclusions will be drawn and potential avenues for further work

introduced.

114
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5.1. Batch Comparison

The G18b samples consist of four separately micromechanically cleaved sin-

gle crystals, however, only TAPE1, GE1 and TAPE2 were measured us-

ing magnetotransport techniques. Unlike, the FM116 samples discussed in

chapter 4, all samples were cleaved from separate crystals within the G18b

batch. First it is important to establish whether the low temperature vari-

ations in the G18b samples correlate with high temperature irregularities.

To this end, in addition to presenting the magnetotransport properties of

these samples, the behaviour of the G18b samples will also be compared to

the CTAPE1 FM116 sample data. As discussed in Chapter 4, the proper-

ties of CTAPE1 are consistent with the majority of literature on undoped

BaFe2As2. The naming procedure for these samples follows the sample

mounting of the crystal during initial measurement. Therefore, samples

TAPE1 and TAPE2 remained on double-sided tape throughout the mea-

surement procedure. While, in contrast, sample GE1 was carefully removed

from the exfoliating tape and mounted onto an insulating sample holder

using GE varnish. The variation in treatment originated from an initial

belief that the sample mounting may influence the sample properties. This

was motivated by detwinning experiments [190] which have demonstrated

an anisotropic electronic state and will be briefly discussed in section 5.3.

However, as will be shown below, no simple correlation with sample mount-

ing was observed.

5.1.1. Resistivity vs. Temperature

In Fig. 5.1 A), the ρ0 vs. T response for the TAPE1 (G18b sample) and

CTAPE1 (FM116) samples are displayed. These samples are representa-

tive of the batch properties and all G18b samples show similar behaviour

above 20 K. As can be seen, the general functional form below the struc-

tural and magnetic transition is extremely similar between crystal batches.

This is indicative of the temperature dependent scattering processes being

similar for the crystal batches. This is unexpected in the context of the low

temperature behaviour to be discussed below. However, there are 2 major

differences. Firstly, the ρ0 magnitude is higher in the G18b batch. This
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Figure 5.1.: A) ρ0 (T) for samples TAPE1 and CTAPE1. B) Focussed ρ0 for
samples TAPE1 and CTAPE1 at structural and magnetic tran-
sition. C) Low temperature ρ0(T )

ρ0(2K) for TAPE1 and CTAPE1.

illustrates that the inherent temperature independent scattering rate lead-

ing to ρ0 is larger and would suggest that impurity scattering is increased

in the G18b batch. This is similar to the effect of the irradiation on the

FM116 crystals where ρ0 was shown to increase with the introduction of

point scatterers. However, the temperature and shape of the structural and

magnetic transition is different in the G18b samples, as shown in Fig. 5.1

B). The location of the TN has been considered a hallmark of the quality

of a sample, with a higher temperature signifying higher quality undoped

crystals. Therefore, in conjunction with the increased ρ0 magnitude, the

ρ0 vs. T data would suggest that the G18b crystals are of poorer quality

than the FM116 batch. In light of the discussion on air exposure in section

5.3.3, it may be that these changes in ρ0 are related to incursion of water

into the crystalline structure leading to charge doping rather than increased

impurity scattering.

In Fig. 5.1 C), the low temperature ρ0 behaviour is explored by consid-

ering the ρ0(T )
ρ0(2K) response. There is a small hump at 20 K, highlighted in

Fig. 5.1 C) for sample TAPE1. In the ρ0 vs. T data this corresponds to a
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downturn in resistivity and is therefore called the low temperature resistiv-

ity downturn throughout this chapter. In chapter 4, it was noted that the

irradiated samples also displayed a similar downturn and this was coincident

with the observation of non-parabolic low field MR at these temperatures.

Comparable ρ0 vs. T behaviour has been seen in a variety of different stud-

ies including in unirradiated and irradiated samples, such as Saha et al [21]

and Chong et al [19] respectively. It has been suggested that this behaviour

is related to strain and is a precursor to SC. This will be further discussed

throughout this chapter.

5.1.2. Symmetrised MR

Figure 5.2.: A) Symmetrised MR at 25 K for G18b samples TAPE1 and GE1
and FM116 sample CTAPE1. C) Temperature dependence of
Symmetrised MR of TAPE1. C) A1 coefficient for samples GE1
and CTAPE1. D) MR response of TAPE1. Dashed line is 20
K MR response of CTAPE1.

In Fig. 5.2, the MR response is shown for two of the G18b samples

(TAPE1 and GE1). The data was produced using the process described in

section 3.5.3. As is immediately evident, the MR is extremely consistent
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between both crystals within the batch but also between batches as well,

as shown by the blue line in Fig. 5.2 A). Therefore, it establishes that

the self-flux process utilised by Oak Ridge National Laboratory produces

reproducible crystal behaviour. The temperature dependence of the MR

response for TAPE1 is shown in Fig. 5.2 B). In Fig. 5.2 B), the A1 coefficient

behaviour for samples GE1 and CTAPE1 are shown. The A1 coefficient

shows good agreement over the entire temperature range. This adds further

credence to the work of chapter 4 by illustrating that the MR response

does not correspond to the ρ0. This is further illustrated by Fig. 5.2 D),

where the temperature dependence of the MR Ratio is shown for TAPE1.

In addition, the MR Ratio response of CTAPE1 at 20 K is displayed by

the dashed black line. Despite the similarity in MR magnitude, the MR

ratio’s are noticeably different due to the increased ρ0 in the G18b samples,

contravening the QLM model.

5.1.3. Hall Resistivity

The Hall resistivity is shown in Fig. 5.3 at 25K for sample TAPE1 and

GE1 from G18b and CTAPE1 from FM116. As is immediately evident,

unlike the other magnetotransport properties a clear variation between the

samples is observed. This behaviour replicates that of section 4.5 where

variations related to the sample origin were observed in the Hall resistivity.

As can be seen by comparing the black and red lines in 5.3 A), which are

the TAPE1 and GE1 samples derived from the G18b crystal batch, the Hall

resistivity can present a different ρxy(7T ) values between samples despite

similar MR behaviour. It is interesting to note that the Hall resistivity for

the CTAPE1 and GE1 samples are very similar in values. This provides

further evidence for the lack of correlation between the Hall resistivity and

MR response.

5.1.4. Batch Comparison Conclusion

The data suggests that, for T > 20K, the magnetotransport properties be-

tween batches are very similar. The only significant difference appears in

the Hall resistivity response. However, it appears as if the Hall response is
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Figure 5.3.: Hall resistivity at 25K for G18b samples TAPE1 and GE1 and
FM116 sample CTAPE1.

dominated by the defect profile unique to each sample as previously outlined

in section 4.5 in the FM116 batch. In contrast to the above data, at T <

20 K, the G18b batch shows very different behaviour, as will be discussed

below.

5.2. Low Temperature Behaviour

In this section, the low temperature magnetotransport behaviour of the

G18b samples will be introduced. The unusual low temperature behaviour

manifests itself as a clear magnetic hysteresis in only one of two character-

istic MR configurations; this will be developed in section 5.2.1. However,

by varying the magnetic sweeping procedure utilised, variations in the MR

behaviour are evident. These experimental observations will be discussed

in section 5.2.2. Finally, the temperature dependence of these features will

be outlined in section 5.2.2.3.

5.2.1. Low Temperature MR

In Fig. 5.4, the magnetic field responses of three G18b samples for both MR

configurations are displayed at 2 K. A number of features are immediately

apparent. All samples display magnetic hysteresis in only one of the two

characteristic MR configurations. To allow simple comparison between sam-

ples, the MR configuration containing the hysteretic signal has been named
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Figure 5.4.: Unsymmetrised MR(%) at 2K for samples TAPE1 (R1 - A) and
R2 - B)), GE1 (R1 - C) and R2 - D)) and TAPE2 (R1 - E) and
R2 - F))

R1 and the other R2. However, as illustrated in Fig. 5.4, the hysteresis

itself is inherently different between samples TAPE1 and GE1 samples and

sample TAPE2. As Figs. 5.4 A) and C) illustrate, in samples TAPE1 and

GE1, the initial up sweep (in positive field) is linear, even at zero field for

TAPE1, while the down sweep diverges from the up sweep and reaches a

clear minimum resistance at a non-zero field before rising as it approaches

zero. However, in TAPE2 the hysteresis manifests itself as an increase in

resistance in the down sweep at a non-zero field, see red line of Fig. 5.4 E).

It is interesting to note that there is distinct correspondence between the

low temperature non-parabolic behaviour displayed by the FM116 samples

discussed in chapter 4 and the G18b samples. It appears, therefore, that
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these anomalies are a common feature of the low temperature MR response

in the ferropnictides.

The location and magnitude of the hysteresis can be exemplified by tak-

ing:

Rhys =
Rupsweep(μ0H)–Rdownsweep(μ0H)

Rupsweep(0T )
× 100 (5.1)

to illustrate the pure hysteretic resistance response. In Fig. 5.5, Rhys is

shown for all samples. By comparing Fig. 5.5 A) and B) to C) the difference

in the hysteresis between the samples is obvious, with TAPE1 and GE1 the

hysteresis leads to a rise in Rhys while in TAPE2 the hysteresis leads to

a minima in Rhys. By considering Rhys, the magnitude of the hysteresis

can be comprehended and quantified. This is particularly important as the

magnitude of the hysteresis decreases rapidly with increasing temperature

making quantitative analysis difficult, as shown by Figs. 5.5 A), B) and C).

Using Rhys we observed that the hysteretic response persists up to around

13 K in samples TAPE1 and TAPE2. Intriguingly, the magnitude of Rhys

is substantially different between the samples. Rhys reaches a magnitude of

of ∼ 0.4 % in sample TAPE2 at 2 K while GE1 only shows a variation of

0.13 %.

To further explore the hysteretic behaviour, the location of the maximum

variation due to the hysteresis (Bhys) is found for each temperature. Bhys

for sample TAPE2 at 2 K is marked in Fig. 5.5 C). In Fig. 5.5 D), the

temperature dependence of Bhys is shown for all 3 samples. Despite the

magnitude variations of Rhys, Bhys is observed to extremely similar for all

samples, apart from the 2 K value of sample TAPE1. This suggests that the

driving force behind the hysteresis is unaffected by the significant variations

in the physical properties of the G18b samples, see table 5.1.

5.2.2. Magnetic History Variations

In all previous measurements, the sample was cooled to 2 K then the stan-

dard magnetic procedure was applied (a four quadrant field sweep to 7.5

T) the sample was then heated to the next temperature and the magnetic
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Figure 5.5.: A), B) and C) Rhys, as defined in text, for samples TAPE1, GE1
and TAPE2 respectively. D) Bhys vs. T for all G18b samples.

procedure applied again until the MR was recorded at the required tem-

peratures. To further understand this phenomenon, we have considered a

variety of other magnetic history experiments in the R1 characteristic MR

configuration:

1. Initial magnetic sweep - it was noticed that the MR displays a

unique resistance state discussed in section 5.2.2.1.

2. Repeated uni-directional sweeps - the post magnetic ramping

state can be furthered probed by considering the resistance behaviour

of repeated uni-directional sweeps (section 5.2.2.2).

3. Constant field ρ0 vs. T - to consider the effects of cooling the

samples in-field (section 5.2.2.3).

The results of these forms of study will now be outlined in order.
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5.2.2.1. Initial Magnetic Sweep

Figure 5.6.: Unsymmetrised MR data showing initial sweep variation at 2K
for samples TAPE1 (A)), GE1 (B)) and TAPE2 (C)).

All three samples show a clear variation in the initial magnetic sweep

(IMS) resistance response, as shown at 2 K in Fig. 5.6. As is immediately

apparent, the direction of this initial variation follows the direction of the

hysteresis, such that for TAPE1 and GE1 the initial sweep represents a

unique low resistance state while for TAPE2 the initial state leads to a zero-

field high resistance state. Furthermore, despite the variations at low field,

the high field MR behaviour is unaffected by the initial state, indicating

that there is a finite field above which the process causing the hysteresis

ceases to be effective. In Fig. 5.7 A), the MR response of three consecutive

MR sweeps for the TAPE1 sample. The grey line represents the 2 K MR

response after a previous four quadrant magnetic field sweep. The dashed

red line is the IMS MR response after TAPE1 has been warmed to 25 K then
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cooled to 2 K. The IMS variation is immediately apparent. Following this

measurement, the sample was warmed to 3 K and the next data set acquired.

The IMS behaviour is now not observed as shown by the green dashed line.

Therefore, it is clear that the initial resistance state is lost by magnetic

sweeping but can be regained by using a heating and cooling temperature

cycle, which appears reminiscent of domain walls in ferromagnetic materials

[191, 192] or flux pinning in superconductors [193].

Figure 5.7.: A) MR (%) illustrating the effects of magnetic field sweep and
temperature cycling on the initial magnetic sweep MR data. B)
and C) MR(%) for 2 K, 5 K, 10 K, 14 K for samples TAPE1
and TAPE2 respectively. In addition, the down sweep MR(%)
is shown for 14 K as the dashed line. As can be seen, by 14 K
the IMS variation is lost. D) Magnitude of the IMS variations
for samples TAPE1 and TAPE2.

To study the temperature dependence of the IMS variations, a different

experimental procedure was applied. For each temperature measurement,

the sample is warmed to 25 K then cooled to the required temperature fol-

lowed by magnetic sweeping. In Fig. 5.7 B) and C), the IMS for tempera-
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tures from 2 – 14 K are shown for samples TAPE1 and TAPE2 respectively.

In addition, the MR response for the magnetic down sweep (the second

sweep in the magnetic ramping procedure) is shown for 14 K by the dashed

line. There are a number of interesting elements to this analysis. Firstly, as

shown by the comparison between the initial and second sweeps at 14 K it

is clear that the initial sweep variation disappears at 14 K, in direct relation

to the magnetic hysteresis discussed in section 5.2.1. This strongly suggests

that the same physics controlling the hysteresis is leading to the IMS vari-

ations. In Fig. 5.7 D), the resistivity magnitude of the variation is shown

for each temperature. The magnitude of the IMS variations is significantly

less in the TAPE2 sample. The temperature dependence corresponds to the

Rhys data outlined in section 5.2.1. However, there is a significant difference

in the IMS magnitude between samples, as illustrated by Fig. 5.7 D) for

samples TAPE1 and TAPE2. Potential origins for this difference will be

discussed in section 5.3.

Finally, it is very important to note that while this initial sweep variation

only persists to around 13 K the clear non-parabolic behaviour displayed

by the initial sweep translates directly to low temperature non-parabolic

behaviour seen in most samples (both G18b and FM116). However, the

temperature range of non-parabolic behaviour persists to around 20 K. This

is shown in Fig. 5.8 where the IMS and a conventional up sweep taken

from section 5.2.1 are shown across the 13 K transition temperature for

sample TAPE1. Therefore, the non-parabolic behaviour ties directly in to

the temperature scale of the low temperature resistivity downturn but not

into the hysteresis. Understanding the interplay between the low resistivity

downturn, non-parabolic behaviour and the hysteresis remains an intriguing

question. The loss of the non-parabolic after magnetic sweeping, see Fig.

5.2.1 A) for instance, may imply that this behaviour is not directly related

to the hysteresis and that the hysteresis effectively masks this non-parabolic

behaviour.

In conclusion, the IMS data suggests that the magnetic state of the sam-

ples is fundamentally altered by the application of a magnetic field. The

relationship between the non-parabolic response outlined in section 4.3.2

and the IMS data is extremely interesting. This indicates that the physi-

cal properties of the G18b samples can be persistently altered by magnetic
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Figure 5.8.: A) MR (%) showing the IMS and conventional sweep data for
11 K, 13 K and 15 K for sample TAPE1, data offset by 0.01 for
each temperature.

sweeping. To further study this magnetic state and its effects on the mag-

netotransport properties, repeated magnetic sweeps in the same magnetic

field direction were conducted.

5.2.2.2. Uni-directional Repeated Sweeps

As discussed in section 5.2.2.1, we find that on cooling to the hysteretic

region a virgin resistance state is observed which is lost with magnetic field

ramping. The standard MR response following the usual ramping outlined

above leads to seemingly consistent behaviour: after ramping to a suffi-

ciently large magnetic field the initial resistance state is irrevocably lost

and can only be retrieved with thermal cycling. However, to study the

properties of this post-ramped state we conducted experiments in which

the magnetic field was ramped 3 times in the same polarity. This produces

a 6 individual sweeps (3 up sweeps from 0 to 7.5 T and 3 down sweeps from

7.5 to 0 T). In Fig. 5.9 A) and B) the results of this experimental pro-

cedure are shown for sample TAPE1 and TAPE2 respectively at 2 K. On

the repeated up sweep a completely new MR response is measured. Again,

the variation in response corresponds to the hysteretic behaviour, such that

TAPE1/TAPE2 show an increase/decrease in resistance at a temperature

dependent critical field (Burs). Furthermore, the temperature dependence,

as shown in Fig. 5.9 C), follows the same temperature scale as the hys-

teresis and initial sweep variations with 13 K seemingly being the defining

temperature for the hysteretic features.
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Figure 5.9.: A) and B) MR showing uni-directional repeated sweep at 2
K for samples TAPE1 and TAPE2 respectively. C) Burs, the
location of the maximum variation in the repeated sweep (as
defined in A)), against temperature for samples TAPE1 and
TAPE2 .

The uni-directional repeated sweep data suggests that a fundamental

change is caused by the magnetic sweeping which persists even at zero

field. This is significantly different to the virgin state data discussed above.

This provided evidence that the intrinsic zero-field cooled state could be

irrevocably altered by the application of magnetic field. What we see, in

combination with the basic hysteresis data, is that zero-field cooling creates

a unique state below 13 K but that the magnetic field ramping produces a

new state which leads to the MR response becoming highly dependent on

the polarity of the next magnetic sweep. If the opposite polarity is applied

then the behaviour outlined in section 5.2.1 will be observed, however, if the

same polarity is applied then the behaviour as discussed in this section is
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realised. Therefore, the behaviour observed is not a purely dynamic effect,

the application of a magnetic fundamentally alters the sub-13 K properties

of the G18b samples leading to a post-ramping state that shows different

properties. We can conclude from these observations that a static (non-

volatile) change in properties can be invoked in the G18b crystals and the

form of the MR is clearly dependent on the magnetic field history.

5.2.2.3. Constant Field Resistance vs. Temperature

Figure 5.10.: A) Low temperature Rnorm for samples TAPE1 and TAPE2
showing cooling and heating data. B) Low temperature Rnorm

comparison with literature data: i) polycrystalline LaFeAsO
(Pallecchi et al [17]), ii) TAPE2, iii) single crystal CaFe2As2
(Xiao et al [18]), iv) TAPE1, v) single crystal SrFe2As2 af-
ter 6 months in desiccator (Chong et al [19]), vi) single crystal
BaFe2As2 (Blomberg et al [20]) and vii) single crystal SrFe2As2
after 8 months in desiccator (Chong et al [19]). C) Low
temperature Rnorm showing effects of magnetic sweeping on
TAPE2. D) Low temperature Rnorm showing effects of in-field
(0.25 T) cooling on TAPE1.

Having established the existence from 3 key pieces of evidence of a new

magnetic state at T < 20 K: magnetic hysteresis in the MR response, a
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virgin resistance state eradicated by magnetic sweeping and the persistence

of a new magnetic state even at zero magnetic field after field ramping, in

this section low temperature ρ vs. T experiments at constant fields will be

introduced.

All samples display a clear change in resistance response at 20 K in the

R1 configurations, as shown for the normalised resistance (Rnorm = R1(T )
R(30K))

in Fig. 5.10 A) for samples TAPE1 and TAPE2. In samples TAPE1 and

GE1, a clear downturn is apparent in the sub-20 K temperature region while

in TAPE2 there is an upturn then a shallower decrease in resistance than

in the supra-20 K regime. This behaviour is directly related to the initial

sweep (section 5.2.2.1) and hysteresis behaviour (section 5.2.1) shown in

the samples. It is also illustrates that the discrepancy in MR response

correlates to a clear variation in the resistivity vs T behaviour. As can

also be seen, heating and cooling without the application of a magnetic

field there causes no difference in response (the jagged nature of the heating

curve is an experimental artefact). Therefore, there is no thermal hysteresis.

This correlates to the low temperature behaviour discussed in section 4.2

in FM116 samples and a number of studies within the literature which dis-

play a wide array of R vs. T responses in the low temperature regime. In

Fig. 5.10 B), Rnorm vs. T is displayed for a number of undoped ferropnic-

tides. As can be seen unusual behaviour in this temperature region is quite

common, and even SC has been observed. In Fig. 5.1 B), Samples vi) and

vii) are of particular interest as they show a change in behaviour related to

the amount of time left in a desiccator, this will be developed in section 5.3.

The eradication of the virgin resistance state can be observed in the

Rnorm vs. T data. In Fig. 5.10 C), the black/red line shows the zero-

field cooled/heated Rnorm response, as can be seen the lines fall on top of

each other. However, as indicated by the green line, the heating data shows

a clear discrepancy until 13 K after a standard magnetic sweeping cycle has

been conducted. This follows temperature dependence of the initial sweep

variation discussed above.

However, potentially the most interesting finding is observed by constant

field cooling. The 2 K value of Bhys (0.25 T), the magnitude of the 4

quadrant MR hysteresis, for TAPE1 was chosen for the applied magnetic
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field. As expected, no virgin resistance state is seen. Instead, as illustrated

by Fig. 5.10 D), a subtly different Rnorm vs. T response is measured. Unlike

the constant temperature measurements discussed previously, the hysteretic

response becomes apparent at 20 K, in comparison, to the 13 K observed

previously. However, the magnitude of Rnorm at 2 K is identical to that

of the state that exists after the magnetic sweeping (green line). It is also

noted that the MR response after the 0.25 T cooling is identical to that of

the post magnetic ramping state, discussed in section 5.2.2.2. If the sample

is heated in a constant field it follows the in-field cooling line exactly and

the zero field heating curve after magnetic ramping. This strengthens the

magnetic state hypothesis and indicates that this state can be modified and

controlled by field application. Furthermore, as shown by the convergence

of all lines above 20 K this state only begins to manifest itself below 20

K. Therefore, a new physical process becomes active in this region and any

explanation must explain why the energy scale of this phenomenon is limited

to this regime.

5.3. Potential Experimental Explanations

Clearly, with the unusual properties seen in the G18b crystals, it is impor-

tant to rule out experimental artefacts. As detailed below, the artefacts fall

into three categories: 1) sample geometry, 2) sample mounting and 3) air

exposure.

5.3.1. Sample Geometry and Thickness

As illustrated in section 5.2, for the majority of hysteretic parameters a clear

hierarchy in their strength is observed; with TAPE1 producing the largest

hysteretic response, TAPE2 the median and GE1 the smallest. This shows

a weak correlation to the thickness of each sample with thinner samples

showing increased hysteretic behaviour, see table 5.1. This is consistent

with earlier work on ferropnictides [194] and heavy fermion materials [195]

which have observed an increase in anomalous low temperature behaviour

with decreasing sample thickness. However, they provided no explanation

for this behaviour.
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5.3.2. Sample Mounting

As established above, samples TAPE1 and TAPE2 show, in general, a larger

hysteretic response than that of the GE1 sample. Therefore, it is essential to

consider the possibility that sample mounting plays a role in the hysteretic

behaviour. Two possible explanations arise in this scenario: 1) the potential

partial detwinning of samples leading to unusual sampling effects and 2) the

prospect of local variations in the perpendicularity of the magnetic field due

to corrugations or sloping effects caused by the tape mounting.

We initially believed that the orientational dependence of the electronic

properties might be related to partial detwinning as TBs mask the intrin-

sic anisotropy. Despite the increasing growth of detwinning studies, little

magnetotransport work has been conducted on detwinned crystals. This is

probably related to the difficulties in applying a magnetic field while using

the detwinning apparatus, see Dhital et al [196] or Blomberg et al [20] for

common devices. Attempts to use X-ray diffraction to ascertain the level

of detwinning in the tape mounted samples were inconclusive. In addition,

to test the sample mounting theory, sample TAPE1 was carefully removed

from the tape mounting and re-measured. The same hysteretic response was

recorded illustrating that the features are not induced by the mounting.

It should also be noted that even if partial detwinning is occurring, and

this will be furthered discussed in section 5.4.2, TBs can only play facili-

tatory role in generating the hysteresis. This can be seen for a number of

reasons: 1) many groups have conducted magnetotransport experiments on

twinned crystals without perceiving this response [36, 40, 197] and 2) the

twin boundaries originate at 134 K and there is no obvious mechanism to

explain why 20 K would lead to significant change in their transport prop-

erties. However, recent work [198] has illustrated that twin boundaries lead

to pinning of magnetic boundaries – this concept will be further discussed

in section 5.4.

5.3.3. Air Exposure

While the observation and control of SC through doping and pressure is well

developed in numerous studies [4], SC has also been observed under ambient
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conditions in undoped crystals. The first example of this was as early as

2009 by Saha et al [21] in SrFe2As2 single crystals. In this study, the onset of

SC was attributed to internal strain producing filamentary SC. As shown in

Fig. 5.11 A), credence for this hypothesis was given by annealing the crystal

which led to the destruction of the superconducting state. However, the SC

state could be restored with the application and release of 14 kbar pressure.

To our knowledge, no other studies have demonstrated a clear link between

internal strain and the creation of a superconducting state. Indeed, the

work of Kim et al [199] in BaFe2As2 single crystals, which again indicated

SC, did not demonstrate the same annealing behaviour. However, since

this initial work, a number of studies have indicated that the true origin for

this effect may be air exposure. It has been shown for the 122-[19, 22, 200]

111-[201, 202] and 11-[203, 204] type IBSs that air exposure can lead to the

creation of a superconducting phase.

The work of Hiramatsu et al [22] has indicated that in the 122-type fer-

ropnictides the resistivity vs. T of SrFe2As2 epitaxial films can be seen to

gradually move towards SC, as shown in Fig. 5.11 B) and C). After only

2 hours of air exposure, the sample diplays a low temperature resistvity

downturn, similar to the behaviour outlined in Fig. 5.1. In addition, they

see an increase in the zero field resistivity which correlates to the higher

resistivity seen in the G18b crystals. However, no significant change in the

structural and magnetic transition is apparent which suggests that carrier

doping is not occurring. Furthermore, by 4 hours of exposure a persistent

superconducting state is apparent. By systematically exposing SrFe2As2

films to the constituents of air (dry Ni gas, dry O gas, dry CO2 and H2O

vapour), only in the H2O exposed film was the superconducting transition

induced. Therefore, the origin of the SC appears to be related to the water

exposure. By using XRD, it was established that the water exposure leads

to a shrinkage of the c-axis length of the SrFe2As2 lattice and the appar-

ent creation of the impurity Fe2As phase. However, the existence of Fe2As

can be disregarded as an explanation for the SC as it is does illustrate any

superconducting response [22]. The authors have therefore argued that the

SC is related to the incorporation of H2O into the lattice structure [22].

Two possible scenarios were developed by Hiramatsu et al [22]. Firstly,

utilising structure relaxations calculations they illustrated that meta-stable
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SC, there are obvious links to the work of Saha et al [21]. The creation of

these vacancies would lead to an internal strain and therefore the mechanism

for inducing SC would be closely related to the well-studied phenomenon of

pressure-induced SC [129]. Despite the interest of these findings, few groups

have systematically studied this effect and most of the additional work has

been conducted on the 11-type ferropnictides by the group at the National

Institute for Materials Science in Japan. They have evidence that tartaric

acid may be playing role due to variations in the SC state fraction related to

the submersion of samples into fluid containing varying amounts of tartaric

acid [205].

Figure 5.12.: A) Crystal structure of SrFe2As2, illustrating the two poten-
tial interstitial sites. Expanded views of I9 (B)) and I6 (C)).
Taken from Hiramatsu et al [22]. D) MR response of FM116
sample CTAPE5 at 2 K. The creation of IMS variation with
air exposure is clearly seen.

These findings provide a mechanism for the variation of the inherently

similar crystals we have considered in this work. It would appear that the

hysteretic behaviour is related to the handling and air exposure. In partic-

ular, the G18b crystals displayed in this chapter had been grown around 2

years before the study was commenced and were stored in a non-vacuum

desiccator. It is clear that these crystals would have been subject to low

levels of H2O exposure for a significant period of time and in light of the

findings above a new crystalline state may have been formed. To attempt

to replicate this state, a pristine FM116 crystal (CTAPE5) was measured

then left for 8 and 15 hours in air. As shown in Fig. 5.12 D), this process

led to the observation of the initial sweep variations as discussed in section

5.2.2.1 and low temperature resistivity downturn. This is the only FM116

sample to display this behaviour and seemingly provides clear evidence that
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the unusual magnetic properties are related to chemical changes produced

via air exposure.

The air exposure mechanism and its variation between compounds ap-

pears to provide an additional, currently only lightly explored, avenue for

understanding the SC inherent in the ferropnictides. However, while the

effect of air exposure is seemingly necessary to allow the production of the

magnetic hysteresis it does not provide a physical explanation for the ob-

servations; in section 5.4 a heuristic model for these findings will need to be

introduced.

5.4. Possible theoretical explanations for the

hysteresis

In the previous sections, the experimental observations of the magnetic hys-

teresis have been discussed. In this section, a brief overview of the exper-

imental results will be provided then a consideration of potential explana-

tions will be presented.

The G18b samples discussed in this chapter show three unique experi-

mental findings:

1. Magnetic Hysteresis in a single MR configuration – see section 5.2.1

2. An unique virgin resistance state lost after magnetic sweeping (5.2.2.1)

3. Reproducible variations in the resistance response related to the exact

magnetic history of the sample (5.2.2.2)

It is immediately apparent that all of the findings illustrate dependence on

the magnetic history of the sample. Two origins for this behaviour appear

worthy of further investigation: inhomogeneous SC or magnetic boundaries.

These will be discussed in turn below.





138 5. MAGNETIC HYSTERESIS IN BAFE2AS2 SINGLE CRYSTALS

inhomogeneous electronic state. Therefore, the data suggests that a small

volume fraction of the sample becomes superconducting. However, while

Xiao et al [18] have suggested that this behaviour is an intrinsic element of

the ferropnictides, our work and that of Chong et al [19] indicates that air

exposure may play a vital role.

Therefore, the low temperature ρ0 vs. T behaviour has precedence in

the literature and has been explained by the creation of an inhomogeneous

electronic state comprising of superconducting and non-superconducting re-

gions where the superconducting fraction is below the percolation threshold.

However, the initial state variation (as outlined in section 5.2.2.1) and its

related correlation to the low field low temperature MR behaviour discussed

in section 4.3.2 may also be explained by the inhomogeneous SC hypothe-

sis. In particular, Chong et al [19] noted that similar behaviour has been

seen in the grain-aligned bulk cuprate superconductor YBa2Cu3Ox [207],

where a rapid increase in MR was observed at low fields. In fact, in a

variety of granular superconductors not only has clear low field variation

been observed but clear hysteretic behaviour as well [23, 208]. As shown

in Fig. 5.14 B), the similarity to the work outlined above is strong, with

a clear virgin resistance state eradicated by magnetic sweeping and repro-

ducible hysteretic magnetotransport. Sukhanov and Omelchenko [209] have

claimed that these results cannot be explained within conventional trapping

models, which have been previously shown to create hysteretic behaviour in

the physical properties of superconductors [193], but instead, require weak

Josephson links created at the grain boundaries to create the hysteresis.

This concept was first developed by Ji et al [210] to explain magnetic hys-

teresis in microwave loss experiments. However, whether the flux pinning

occurs within the superconducting regions [23] or in the Josephson medium

of weak links [211] is still an open question.

We introduce the ‘frozen magnetoresistance’ (FMR) model as it has ap-

plied to the data shown in 5.14 B). FMR uses Abrikosov vortices flux

pinning within the superconducting regions to explain the magnetic hys-

teresis [23, 209, 212, 213]. The mechanism for FMR is based on percola-

tion Josephson medium where the resistive properties are determined by

Josephson weak links between superconducting granules and the intergran-

ular medium, a schematic is shown in Fig. 5.14 A). Using a simplified
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observed similar hysteretic behaviour. In these studies, this has been as-

cribed to flux pinning within the Josephson weak links. It should noted

that in the FMR work the field scale of the hysteresis is significantly less

than that observed in this work. However, in other studies [211, 214, 215] a

range of field scales have been observed and linked to similar mechanisms.

It appears then that the existence of an inhomogeneous SC state could

provide a realistic model for the magnetic history dependence we have ob-

served – with the magnitude and sign of internal trapped magnetic fields

manipulating the degree and distribution of the SC fraction.This, of course,

remains a significant assumption. However, as both the nature and origin of

the inhomogeneous SC remains elusive, we have recently utilised AC mag-

netometry experiments to explore the low temperature properties, these will

be outlined in section 5.5.

However, further hints at this hypothesis can be observed by considering

the current dependence of the low temperature R1 (T), as shown in Fig.

5.15. As can be seen, below 20 K the low temperature resistance downturn

is suppressed with increasing current. However, above these temperatures

there is no observed current dependence. This current dependence can be

tied to the inhomogeneous SC model. It is expected that the resistance

response should be affected by the measurement current in inhomogeneous

superconductors [211] due to the varying critical current behaviour of the

superconducting grains, irrespective of whether the flux pinning occurs in

the weak Josephson junctions or in the superconducting grains.

Figure 5.15.: Current dependence of low temperature R1 vs. T of TAPE1.
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5.4.2. Twin Boundaries

In the AFM ordered state, there are two types of DWs: twin boundaries

(TBs) and antiphase domain walls (ADWs). TBs occur below the struc-

tural transition to relieve the substantial lattice strain created in the low

temperature orthorhombic phase. Studies have indicated they are immobile

[126] but, as the unit cell of the ferropnictides contains two inequivalent

Fe sites, the twin boundaries can cause a cornucopia of magnetic structures

[198, 216], this magnetic behaviour will be discussed in more detail in section

5.4.3.

Experimentally, Kalisky et al [29] utilising SQUID magnetometry ob-

served increased superfluid density in the BaFe2−xCoxAs2 family at a pe-

riodicity comparable to the twin boundaries. This indicates an intriguing

correspondence between the magnetic, structural and SC properties. In-

deed, a relationship between the inhomogeneous SC discussed above and

the TBs appears possible. In particular, Li et al [198] and Huang et al [60]

have conducted computational studies to understand the nature of TBs.

These studies indicate that they could lead to the inhomogeneous SC dis-

cussed above. Therefore, it is essential to understand whether TB induced

SC can replicate the structure of the granular SC and produce the required

inhomogeneous electronic state. Clearly, however, TBs in isolation cannot

play the dominant role as all measured samples would be expected to show

the hysteretic response. Therefore, systematic studies exploring detwinned

crystals will help to establish the role of TBs in this phenomenon.

From the computational studies, it is clear that TBs lead to complex mag-

netic structures with distinct doping dependences [60]. In addition, the work

of Chu et al [25] has indicated partial detwinning due to the application of

in-plane magnetic fields, see Fig. 5.16 A) for optical images displaying this

effect. The origin of this detwinning is poorly understood as no substantial

continuation work has been conducted. However, it appears related to the

anisotropic magnetic susceptibility (χ) that develops at the magnetic tran-

sition. Chu et al [25] also conducted a range of MR experiments, as shown

in Fig. 5.16 C - F) for lightly Co doped (1.6%) BaFe2As2. A number of

similarities to the work presented in this thesis are immediately obvious.

Firstly, a clear virgin resistance state destroyed by magnetic sweeping is ap-
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field direction. Therefore, resistivity measurements parallel/perpendicular

to magnetic field application will preferentially sample the resistivity asso-

ciated to the b/a axis. Chu et al suggested that the positive and negative

magnetoresistance, displayed in Fig. 5.16 A), is produced by partial de-

twinning leading to increased sampling of the higher/lower resistivity state

related to the b/a axis. Interestingly, from the magnetic susceptibility ex-

planation and magnetic field orientation behaviour (Figs. 5.16 C) and D))

it would be expected that the long a-axis would have the smaller resistance.

This was later confirmed in mechanical detwinning experiments [10].

In the data outlined above, a c-axis aligned magnetic field was used to

observe the hysteresis. Furthermore, the hysteresis observed by Chu et

al exists over a significantly larger and higher magnetic field range. To

understand the variation between c (transverse) and ab-axis (longitudinal)

orientated magnetic field MR in the G18b samples, preliminary experiments

were conducted exploring the longitudinal MR response in sample TAPE1.

The results are shown for 2 K, 18 K and 25 K in Figs. 5.17 A), B) and

C) respectively. The data at 2 K shows both the initial magnetic sweep

variation and a hysteretic response.

In addition, there are some interesting discrepancies between the MR

response in TAPE1 and the two existing longitudinal MR studies - Chu

et al [25] and Rullier-Albenque et al [217]. In particular, they observe

a significant MR response below the magnetic transition while by 25 K

virtually all MR is lost in TAPE1. This may be explained due to our

use of the VDP technique. The VDP method was applied to allow direct

comparison of the longitudinal MR response to the transverse response.

However, it is clear that both the current paths and direction of magnetic

field are much more ill-defined in the VDP method than in a conventional

in-line four-point geometry. However, in these preliminary experiments the

focus was on attempting to understand the effects of in-plane magnetic field

in the context of the transverse hysteresis rather than a detailed study of the

longitudinal MR. A study focusing on the effects of the magnetic field angle

dependence in these hysteretic crystals would be undoubtedly interesting.

However, these were not possible in the CFM system. Therefore, additional

experiments considering the conventional in-line four-point longitudinal MR

response would be interesting and may illustrate the observation of the
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Figure 5.17.: Longitudinal MR response for TAPE1 at 3 K, 18 K and 25 K
as shown in A), B) and C) respectively.

hysteresis is related to the application of the VDP method.

We now return to whether TBs can induce the hysteretic MR observed in

the G18b samples. Although the partial detwinning of TBs due to magnetic

field provides another possible explanation, it is difficult to produce a mech-

anism where it plays the dominant role in inducing the hysteretic behaviour.

In particular, TBs originate at 134K and there is no obvious mechanism to

explain why low temperature would lead to significant change in the trans-

port properties due to partial detwinning. In addition, while the removal of

TBs should undoubtedly affect the resistance response of the sample due to

the anisotropic resistivity along the a- and b-axes, the cause of hysteresis is

less obvious. This hypothesis is further strengthened by the measurement of

hysteresis in the transverse MR. Seemingly, the application of magnetic field

along the c-axis should not influence the removal of twin boundaries due to

magnetic susceptibility in ab-plane. Therefore, it appears that detwinning
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cannot provide the dynamic behaviour necessary to create the hysteretic

behaviour observed. However, the computational studies may provide a

mechanism to create a ‘pseudo’ granular SC state originating from TB in-

duced SC. This state may potentially tie into the FMR model outlined

above. Currently, the validity of this proposal is tenuous and substantial

exploration of this possibility is necessary.

5.4.3. Magnetic Domains: Antiphase Domain Walls and

Nanotwins

As discussed above, the apparent appearance of inhomogeneous SC offers

one seemingly viable explanation of the origin of the hysteretic behaviour

due to the advent of FMR or other flux trapping scenarios. However, hys-

teretic behaviour is a common feature of the pinning of domain walls (DWs)

[218] in ferromagnets and therefore worth considering further here.

While the origin and fundamental ground state of the magnetism in the

ferropnictides is now established, the exact manifestation of this order is

still not clear. The main question is whether the Fe moments are fully

localised or are entirely itinerant fluctuations as in Chromium, where inher-

ent weak coupling leads to the moment being related to the degree of FS

nesting [42]. This conundrum reveals itself in a number of discrepancies be-

tween the first-principles simulations and experimental results [44]. While

the simulations accurately capture many of the salient features of the FS

and magnetic structure they also simultaneously predict local moments of

1.5-2 μB; significantly different to the experimentally measured moment (for

example, 0.9 μB in BaFe2As2 [44]). To explain this inconsistency a num-

ber of theoretical proposals have been presented: (i) the theoretical size of

the ordered moment depends sensitively on either the position of As above

the Fe plane or Hund’s coupling [219], (ii) the Fe moments are reduced by

spin–orbit and hybridization effects [220], (iii) a complex domain structure

in the ordered state with mobile fluctuating DWs reduces the effective mo-

ment [44], (iv) proximity to a quantum phase transition reduces the ordered

moment [221], (v) local fluctuations on the Fe moment [7, 42] and (vi) nan-

otwin formation. It appears the three most promising avenues are proposals

(iii), (v) and (vi). Proposal (ii) was developed by Mazin and Johannes [44]
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where they suggested that while the underlying ground state is strongly

magnetic, fluctuating domain walls lead observations of the local moment

to be obscured – so-called antiphase DWs (ADWs). Yin et al [42] intro-

duced proposal (v) in which they admitted that the ADWs must play a role

but have suggested that the dominant mechanism is Coulomb interaction

based diminishment of the local moment. Finally, in recent experimental

[222] and computational [26] studies the possibility of another subtle variant

in the complex tableaux of magnetic structures in BaFe2As2 was presented

to explain the local moment depression - nanotwins. Intriguingly, both the

ADWs and nanotwins may be strongly influenced by applied magnetic field.

In the next sections, a discussion of the nanotwin and ADWs hypotheses

will be presented.

5.4.3.1. Nanotwins

Figure 5.18.: (a) Conventional TB. (b) Nanotwin with high spin (HS),
medium spin (MS) and low spin (LS) states indicated. Taken
from Chu et al [25].

Using Neutron powder diffraction experiments, Niedziela et al [222] ob-

served distinct differences between the local and global Fe-Fe separations,

with the local structure indicating significantly more orthorhombic distor-

tion than the global measurements. To explain this phenomenon the con-

cept of nanotwins was applied. Nanotwins are isolated twin nuclei which

randomly alter both the structure (causing the Neutron powder diffraction

results) and the local magnetic state, as the AFM spin alignment may be

expected to follow the twin orientation. A schematic of illustrating the

differences between ‘ideal’ TB and nanotwins is displayed in Fig. 5.18.
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Nanotwins provide an explanation for the anomalous depression of the local

moment as they have access to more low-spin configurations [26] than stan-

dard TBs. However, most importantly for the work presented here, Khan

et al [26] have found that dense networks of nanotwins are energetically

favourable in comparison to ideal TBs and that they are highly sensitive to

the As magnetic z -coordinate. This second feature appears to be related to

large magnetoelastic coupling inherent within the ferropnictides [223]. The

sensitivity to the As moment also provides a clear mechanism for under-

standing how the application of c-axis orientated magnetic field can alter

the in-plane magnetic structure and, therefore, transverse magnetotransport

properties. Due to the novelty of this work, the implications of nanotwins

are still not fully understood. Therefore, the effects of their existence on

the magnetotransport still need to be understood but by providing a re-

alistic explanation for both the local moment variations and a transverse

MR response further theoretical studies on the nanotwins must be closely

monitored.

5.4.3.2. Antiphase Domain Walls

ADWs are magnetic structures where the AFM or ferromagnetic order is

broken. ADWs are expected to abundant due to the small energy difference

between the AFM SDW state and other AFM patterns [44]. Furthermore,

as ADWs are not coupled to strain, detwinning will not remove them [24].

However, the nature of ADWs is very different depending on their direction.

For ADWs parallel to the b-crystallographic axis (Fig. 5.19 (b)) the local

magnetic structure becomes checkerboard rather than the usual SDW stripe.

This is a relatively low energy excitation compared to the double stripe

configuration created by the ADW parallel to the a-axis (Fig. 5.19 (a)) [24].

Therefore, we should expect the ADWs to exist mainly along the b-axis.

Simple considerations of the current path suggest that this may provide an

explanation for the observation of a hysteretic response. When the current

travels along the a-axis it will not sample the perpendicular ADWs and can

travel unperturbed while carriers along the b-axis are forced to experience

transport effects of ADWs.

However, within the ADW model there appears to be a number of dif-
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Figure 5.19.: A) and B) ADW in bc- and ac-plane respectively. Reprinted
figure with permission from Khan et al [26]. Copyright 2013
by the American Physical Society.

ficulties in aligning the experimental data to the theoretical construct. In

particular, although a heuristic picture of current transport may explain a

general decrease in the resistivity understanding the configuration depen-

dence and varying MR response between samples is difficult. There are

three aspects of the ADW hypothesis which are attractive: 1) the existence

of detailed NMR experimental studies illustrating their effects on the mag-

netic properties of the ferropnictides, 2) ADWs provide a mechanism to

understand the high field MR variation and 3) a realistic understanding for

how the transverse and longitudinal MR could be affected. I will deal with

these factors in order below.

NMR experiments have played a significant role in understanding the low-

frequency excitations in the cuprates [224] and work applying this knowledge

has occured in the pnictides. Indeed, recent work has focused on considering

the nuclear spin lattice relaxation rate (T−1
1 ) [18, 225, 226] and the spin-echo

decay rate (T−1
2 ) [18, 226] in the ferropnictides. In CaFe2As2, Curro et al

[225] have found that the T−1
1 of the As moments experienced an unexpected

peak at around 10 K. These findings were soon replicated in a variety of

materials including in the Ba(Fe1−xRhx)2As2 [226] and Ba(Fe1−xCox)2As2

[227] indicating the ubiquity of this behaviour. All groups have speculated

that the NMR response is related to ADWs. However, the unusual low

temperature increase in T−1
1 has been specifically linked to the freezing of

ADWs by Xiao et al [18]. This phenomenon which would lower the spin

flipping period and would lead to the observed increase in T−1
1 and T−1

2 .
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It should be noted that the temperature scale of the ADW freezing shows

strong similarities to the magnetotransport features outlined throughout

this chapter with the onset of hysteretic behaviour occuring concurrently

with the NMR variations.

However, while the centrality of ADWs in explaining the NMR data is well

established the details remain elusive. Dioguardi et al [227] have linked this

behaviour to a cluster spin glass phase, where local fluctuations develop

in spatially disconnected regions of varying size. They suggest that TBs

act as an effective barriers between these clusters and that SC nucleates

in these regions. The domains act as effective barrier for the growth of

the AFM state and, therefore, may provide a potential mechanism for the

inhomogeneous SC state discussed in section 5.4.1. Due to the similarities

in behaviour seen in both the cuprate [224] and HF superconductors [228],

it has been suggested that the ADWs and SC are closely related [18].

A simple model based on basic considerations of the differences between

zero and in-field measurements may be useful. In general, ADWs appear to

increase the low field mobility but cause a decrease in high field mobility, as-

suming Boltzmann theory. This seeming dichotomy could be related to the

intrinsic difference between in-field and zero-field transport measurements.

This difference is caused for two reasons: 1) LL formation in the density of

states and 2) charge carriers follow cyclotron orbits in in-field measurements

[87]. Therefore, one suggestion is that at low fields frozen ADWs actually

act to decrease the resistivity by producing long range paths for high mo-

bility transport, this could of course be related to the inhomogeneous SC.

However, in higher fields the carriers cannot follow the ADWs due to cy-

clotron motion so the ADWs act as scattering centres. Furthermore, it may

also be possible that the application of the magnetic field leads to the ADWs

becoming mobile leading to a general scattering increase in both resistance

configurations. Therefore, the advent at around 20 K of increased high field

and decreased low field scattering would be related to the freezing of DWs.

Finally, the conducted NMR experiments clearly exhibit changes in the

magnetic state due to c-axis magnetic field application. This is most clearly

seen by Xiao et al [18] in the T−1
1 coefficient. As shown in Fig. 5.20 A),

with increasing applied magnetic field the peak T−1
1 coefficient is gradually
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in Fig. 5.20 c). This would suggest that when a c-axis magnetic field is

applied, ADWs are formed to reduce the As moment which face anti-parallel

to the direction of the applied magnetic field. This provides a mechanism

for the manipulation of the ADWs. However, it should be noted that the

exact structure of Fe moments in the vicinity of an ADW is not completely

established [18]

In conclusion, the ADWs explanation for the sub-20 K phenomena pro-

vides an intuitive and potentially important rationalisation for the be-

haviour observed in the low temperature regime. In favour of the ADW

explanation is the clear experimental and theoretical background already

established in the ferropnictides. However, a hypothesis exclusively con-

cerned with ADWs has two major difficulties. Firstly, the configuration

dependence of the hysteresis observed has no obvious solution within the

idealised ADW picture, (although, this remains a challenge for any explana-

tion). Secondly, the hysteretic thermodynamics and exact properties of the

ADWs are still not fully understood leading to only basic magnetotransport

justifications for the hysteretic behaviour.

5.5. AC Susceptibility

Figure 5.21.: A) Temperature dependence of χ′ during in-field cooling with a
variety of applied AC fields. B) Variation between cooling and
heating response in χ′′ using 3 Oe AC field and AC frequency
of 10 kHZ.
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The low temperature properties have been further studied by looking at

the much larger TAPE3 sample using AC susceptibility derived from the

G18b batch. These experiments were conducted by the Ghivelder group at

the Federal University of Rio de Janeiro. In AC susceptibility experiments,

an AC magnetic field is superimposed on top of a DC magnetic field and

the generated time-dependent moment is measured. AC susceptibility is

extremely sensitive to small changes in the magnetisation which is essen-

tial for the small samples considered in this work (volumes of ∼ 4 × 10−4

cm3). The AC susceptibility can be separated into the real part (χ′) which
is related to the slope of the magnetisation and the imaginary part (χ′′)
which indicates the dissipative processes. Furthermore, AC susceptibility is

extremely sensitive to thermodynamic phase changes with the existence of

superconducting phase displayed as a negative χ′ due to diamagnetism.

In Fig. 5.21, the temperature dependence of χ′ is shown for a range of

applied DC fields (0.05 Oe - 15 Oe) with an AC frequency of 10 kHz. At

around 20 K, a clear negative χ′ becomes apparent which indicates SC in

TAPE3 at these temperatures. This temperature scale ties directly into the

low temperature resistivity drop seen in ρ0 vs. T data and the hysteresis

observed in the MR. In addition, the observed suppression of the SC with

increasing AC field follows the behaviour of AC susceptibility experiments

on granular superconductors [230].

To consider the nature of this diamagnetic signal, experiments which pro-

gressively increasing magnetic field at a fixed temperature were conducted.

It was hoped that this procedure would mimic the sweeped magnetic field

magnetotransport experiments. In addition, previous experimental evidence

in granular cuprates have observed distinctive χ′ signatures [231]. However,

there was no observed magnetic field dependence and no magnetic hysteresis

in these preliminary experiments.

In contrast, thermal hysteresis becomes apparent, as shown in Fig. 5.21

B) for χ′′. This manifests itself at temperatures above the superconduct-

ing state as a reproducible area of increased noise during warming. No

clear explanation for this behaviour has been outlined. However, due to the

magnetic nature of the measurement it appears likely that this signature

corresponds to the movement or creation of magnetic structures. There-
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fore, the correlation between this observation and the magnetic domains

outlined in section 5.4.3 is an area requiring attention. Furthermore, the

close relationship between this area and the superconducting response adds

to the suggestion of a close link between the AFM order and SC. It appears

that AC susceptibility may provide a further handle to understand the ori-

gin of both the SC and hysteresis in these samples and extensive additional

experiments will be conducted.

5.6. Conclusion and Future Work

The basic magnetotransport properties in the IBS still remain relatively

unknown with many fundamental questions unanswered. To add to this

situation, unusual low temperature variations have been noted previously

[21] and often linked to inhomogeneous SC [232]. However, in the samples

derived for the G18b batch of crystals discussed in this chapter this low

temperature behaviour has manifested itself in an unusual form: the MR

shows clear magnetic hysteresis in only a single VDP configuration. This

magnetic hysteresis displays itself in 3 ways: an unique virgin resistance

state lost after magnetic sweeping (5.2.2.1), a clear magnetic variation at a

temperature dependent critical field (5.2.1) and reproducible variations in

the resistance response related to the exact magnetic history of the sample

(5.2.2.2). In section 5.1, a comparison to the FM116 crystals discussed in

Chapter 4 was presented. It is clear that the samples show similar behaviour

in the Hall resistivity and MR but that the zero field resistivity is higher and

the linked structural and magnetic transitions occur at a slightly lower tem-

perature in the G18b samples. This transition temperature has been linked

to sample quality, with higher values being symptomatic of improved crys-

tal quality. Therefore, the basic transport properties of the G18b samples

indicate increased scattering.

As the sample preparation and experimental set-up was identical between

batches it is clear that the hysteresis is not an artifact originating from

the experimental procedure. Therefore, the question remains regarding the

uniqueness of the G18b samples. We tentatively propose that the hysteresis

is related to the air exposure phenomenon observed in the ferropnictides.
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Groups have shown that exposure to H2O can lead to SC through a still

unknown mechanism [22]. Due to the extended period of time from crystal

growth to measurement it appears likely that the G18b crystals have been

exposed sufficiently to cause the inhomogeneous SC seen by Saha et al [21]

and Xiao et al [232]. It is also possible that the process of micromechan-

ical exfoliation after an extended period of H2O exposure may also play

a role, particularly in light of the thickness dependence observed in other

potentially inhomogeneous superconductors, such as the HFs [195].

Whilst it appears clear that environmental factors play a significant role

in inducing the hysteretic behaviour, the actual mechanism is not defini-

tively known. Three potential avenues have been discussed: inhomogeneous

SC, nanotwins and ADWs. The inhomogeneous SC appears the most likely.

Previous studies have shown both magnetic hysteresis in the magnetotrans-

port response [23] and a clear current dependence for this behaviour [211].

However, the theoretical models which have been used to explain this model

rely on weak Josephson junctions generated in these granular superconduc-

tors. However, granular superconductors display structural properties very

different to the single crystal ferropnictides considered in this work. There-

fore, establishing the validity of the inhomogeneous SC hypothesis and the

similarity of the inhomogeneous SC to the granular superconductors is es-

sential. Other experimental techniques such as microwave loss experiments

which have been shown to probe the Josephson junction structure of the

granular superconductors [210] may be able to reveal the correlation, if any,

between the G18b samples and granular superconductors.

Purely magnetism related explanations for the hysteresis were also dis-

cussed. These stem from the previous experimental and theoretical studies

which have displayed the existence of TBs, nanotwins and/or ADWs. The

most developed of these is the ADWs hypothesis. ADWs have been theo-

retically predicted to occur below the magnetic transition and are related

to the small energy differences between the AFM ordered states in the fer-

ropnictides [44]. Furthermore, they have been suggested to explain the

discrepancy between the simulated and experimental local moment in the

ferropnictides [44]. Recent Scanning Tunnelling Microscopy (STM) experi-

ments have illustrated the presence of ADWs in the ferropnictides [233, 234].

Furthermore, NMR experiments have indicated low temperature anomalies
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in the ADW behaviour which closely matches the temperature scale of the

hysteretic behaviour [18]. Unlike the inhomogeneous SC approach, however,

there is no clear understanding on how ADWs may effect magnetotransport

properties of the ferropnictides. Therefore, only a simple heuristic model

for the hysteresis was presented. Clearly, more substantial theoretical work

is necessary to create a coherent model for ADW mediated transport.

Preliminary AC susceptibility experiments have been undertaken. These

experiments illustrate clear SC signal in the 20 K range combined with in-

creased noise at temperatures above this region. This seemingly indicates

both inhomogeneous SC and unexpected magnetic behaviour. The contin-

uation of these magnetic experiments may prove essential in understanding

the interplay between the magnetotransport, AFM order and inhomoge-

neous SC.



6. Magnetotransport in proton

irradiated BaFe1.96Co0.04As2

In this chapter, the properties of superconducting under-doped single crystals

of the BaFe2−xCoxAs2 family (x = 0.04) will be investigated through mag-

netotransport. Initially, an overview of the superconducting properties in

BaFe2−xCoxAs2 will be discussed. Then the magnetotransport response of

three BaFe1.96Co0.04As2 proton irradiated single crystals will be considered.

The influence of proton irradiation on Tc, TN , μ0Hirr and the magneto-

transport responses are examined.

The series of crystals consists of a pristine sample and two proton irra-

diated samples: irradiated at 0.5 × 1016 cm−2 and 1.5 × 1016 cm−2 doses.

Throughout this chapter, the samples will be named using solely their irra-

diation dose. Following the structure of previous chapters, initially the zero

field resistivity ρ0 vs. T will be discussed. The in-field magnetotransport will

then be introduced and the Kohler scaling techniques applied to the undoped

and 1.5 % Co doped samples will be considered.

6.1. Overview

For homogeneous SC to occur in the IBSs the structural and magnetic

transitions must be suppressed either by doping or by external pressure

[1]. Furthermore, there exists an optimal doping level which produces the

highest Tc; this is dependent on both the parent material and doping ele-

ment [61]. The 4% Co doped Ba-122 compound considered in this work,

lies in an intriguing area of the IBS phase diagram. As shown in Fig. 6.1

C), BaFe1.96Co0.04As2 exists in the regime where the AFM order and SC

are observed. How this coexistence of the AFM order and SC is mani-

156
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fested is highly debated topic. Some experimental probes in the electron

doped BaFe2As2 family have indicated both homogeneous coexistence of

the AFM order and SC [235] while others imply a microscopic separation

of these phases [236]. Recent NMR studies by Dioguardi et al [227] have

indicated that the magnetic order is in fact spatial distributed in a cluster

spin-glass phase although the details of this phase are not well understood.

Similar behaviour has been observed in the cuprates [237] and it has been

suggested that it can be generated intrinsically from competing magnetic

and electronic orders [238]. BaFe1.96Co0.04As2 composition is also of inter-

est because of the behaviour of the lower doped Co crystals discussed in

Chapter 4. Furthermore, as illustrated in Fig. 6.1 C), BaFe1.96Co0.04As2

also displays TBs which are progressively lost with increasing Co doping.

Therefore, BaFe1.96Co0.04As2 represents a model system where the proper-

ties of the undoped compound coexists with SC.

Here we examine the influence of irradiation on BaFe1.96Co0.04As2. On

the fundamental physics side, the origin of SC in all high temperature super-

conductors (HTSs) remains an unanswered question. Beyond the origin, the

nature of the superconducting order parameter (OP) remains an intriguing

question within the IBSs. Two forms of OP symmetry have been experimen-

tally observed in the IBSs: d -wave and s± state. In both cases, variations

in the superconducting gap phase are detected, leading to the creation of

‘nodes’ in the OP where the superconducting gap goes to zero, see Fig. 6.1

A) and B) for schematic depiction of this behaviour. These nodes can be

related to an anisotropic pairing interaction (accidental) or fundamentally

imposed by the pairing state symmetry. It was initially predicted that the

IBSs would have a s± state character, due to the inter-band interactions

between the hole and electron FSs. This leads to opposite phases on the

different FSs and also within a particular band [28, 239], see Fig. 6.1 B).

However, recent experimental studies have indicated that a transition to

d -wave SC may occur with doping [28]. Importantly, the behaviour of these

two OP symmetries is strongly affected by atomic-scale disorder. In par-

ticular, inter-band scattering has been shown to be pair-breaking and leads

to strong suppression of the Tc and alterations to the London penetration

depth [240].

The existence of the phase sign changes in the IBSs strongly implies that
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The introduction of defects can be achieved in two fashions: chemical

doping [242] and energetic particle bombardment [239, 243]. However, as

illustrated by the experimental evidence for d-wave SC in certain IBS, chem-

ical substitution not only introduces defects but also fundamentally alters

the structural and electronic properties. Therefore, irradiation appears to

offer the best opportunity to explore the Tc suppression. Recent experi-

ments have utilised a variety of irradiation types to explore this behaviour:

α [243], electron [239], proton [134, 139, 244] and heavy ions [19]. Lighter

particles are beneficial for studies of this kind as they produce less defect

cascades and clusters which may influence the SC properties in different

fashions [135].

6.2. Resistivity vs. Temperature

In Fig. 6.2 A), the normalised sub-100 K ρ0 vs. T for all samples is shown.

Both the magnetic (TN ) and structural (TS) transitions are still visible in

the ρ0 v. T data at this doping level, as labeled in Fig. 6.2 A). As expected,

the temperature of these transitions (66 K) is significantly lower than the

undoped compound (134 K) which indicates the diminishing strength of the

AFM order. Furthermore, in all samples the transition to a full supercon-

ducting state is observed. The behaviour of the transition temperatures

with irradiation dose will be discussed below. However, it is observed that

the superconducting transition width expands with proton irradiation. This

can be most clearly seen by considering the temperature differential of ρ0,

as shown in Fig. 6.2 B). It can be seen that the superconducting transi-

tion expands from ∼ 5.2 K to ∼ 7.4 K. This illustrates that, in addition

to suppressing Tc the proton irradiation has also increased the width of the

superconducting transition intimating a change in the vortex dynamics or

increased inhomogeneity.

Unlike other studies, where progressive irradiation is conducted on a single

crystal [30], in this work each irradiation dose corresponds to a separately

cleaved sample. As shown in the Fig. 6.2 A), the expected increase in

ρ0 is not observed. This behaviour appears to be related to the crystal

origin of the samples and variation in the intrinsic defect profile between
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Figure 6.2.: A) Collated VDP normalised ρ0 vs. T for all samples. Dashed
lines ρ0 + AT 2 fit for 20 – 40 K. B) dρ

dT for unirradiated and
1.5 × 1016 cm−2 near Tc. Inset: Comparison between data pre-
sented and work of Nakajima et al [30] on BaFe1.955Co0.045As2.

Nakajima: ; our data: C) ρ0(T )
ρ−0(100K vs. T for all samples.

ρ0(T )
ρ0(100K) vs. T for all samples. D) TN and Tc against irradiation
dose.

single crystals. Both the unirradiated and 0.5 × 1016 cm−2 samples were

cleaved consecutively from the same single crystal while the 1.5 × 1016 cm−2

sample was cleaved at a later date from a separate crystal from within the

same batch. Careful consideration of this issue must be accounted for when

studying the effects of irradiation. Similar issues were observed by Murphy

et al [245] when considering the effects of heavy ion irradiation on overdoped

BaFe2−xCoxAs2 crystals. To counteract changes in ρ0 related to geometric

factors they scaled the ρ0 vs. T response with a room temperature value.

To replicate this approach we have normalised the ρ0 vs. T data by dividing

through with ρ0(100K), the results of this analysis can be seen in 6.2 C). The

normalised ρ0 illustrates that systematic changes have been caused by the

proton irradiation with both the magnetic and superconducting transitions

are suppressed by increasing irradiation dose. We determined the Tc as the

location of 90 % of ρ0(30K) as in previous studies [139].

In 6.2 D), the H+ irradiation dose dependence for the suppression of both
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TN and Tc is displayed. For both transition temperatures we observe a

linear decrease with irradiation dose. Following Nakajima et al [30], the

0 K residual resistivity (ρ0(0K)) was calculated by fitting the ρ0 vs. T

data between 20 – 40 K with the formula ρ0(0K) + AT 2, as shown by the

dashed lines in 6.2 D). We note that the negative A values derived from this

method imply that this formula may be inaccurately applied in the case

of BaFe1.955Co0.045As2, it allows a systematic methodology for calculating

ρ0(0K). Furthermore, it allows direct comparison to the results of Nakajima

et al [246] who observed identical behaviour.

Therefore, using the ρ0(0K) values for the unirradiated and 0.5 × 1016

cm−2 sample, which were cleaved from the same origin crystal, it is possible

to quantify the change in residual resistivity (Δρ0(0K)) caused by the irra-

diation. This was found to be 0.26 μΩm which is comparable but slightly

higher than earlier studies [30]. Furthermore, using Δρ0(0K) the irradiation

dependence of the Tc suppression (ΔTc) can be determined. Using ΔTc
Δρ0(0K)

for the unirradiated and 0.5 × 1016 cm−2 sample a value of -0.02 K(μΩcm)−1

is obtained. This is significantly lower than the -0.08 K(μΩcm)−1 calculated

by Nakajima et al [30] on BaFe1.955Co0.045As2. Possibly the effects of ther-

mal annealing may play a role. In this work, the irradiation was conducted

at room temperature while in comparable studies low temperature proton

irradiation (50 K) was utilised. Taen et al [139] have suggested that the

random point defects generated by the irradiation may be annealed out of

the structure at room temperature. Therefore, the ΔTc
Δρ0(0K) magnitude vari-

ation may be related to different defect profiles caused by these temperature

differences.

However, it is possible to compare the magnitude of the Tc variations

to that of the expected behaviour of the s± and d wave superconducting

order scenarios scenarios. The predicted scattering rate derived from the

Abrikosov-Gor’kov formula is significantly more than the -0.02 K(μΩcm)−1

obtained from this work which suggests that neither the s± or d wave states

are realised in the BaFe2As2 family. However, as the irradiation has pro-

duced significant Tc broadening and potential inhomogeneous SC, in addi-

tion to the anomalously large Δρ0(0K), it would be unwise to draw strong

conclusions.
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Figure 6.3.: A), B) and C) Sub-100 K ρ0 vs. T displaying R1, R2 and VDP
normalised data for unirradiated, 0.5 × 1016 cm−2 and 1.5 ×
1016 cm−2 samples respectively. D) Low temperature R2 vs. T
for all samples.

In Figs. 6.3 A), B) and C), ρ0 vs. T is shown for the unirradiated, 0.5 ×
1016 cm−2 and 1.5 × 1016 cm−2 proton irradiated samples respectively for

both characteristic MR configurations, R1 and R2. There are variations in

the MR characteristic configurations. One of these can be observed in Fig.

6.3 D) where the sub-22 K ρ0 vs. T data is shown for the R2 configuration.

All samples display an upturn near Tc in this configuration. To allow simple

comparison between samples in this section, the characteristic MR configu-

rations have been defined by this low temperature behaviour with the MR

configuration displaying this upturn being labeled R2.

In addition to this upturn, the Tc shows a suppression in the R2 configu-

ration in comparison to the R1 data, as can be most clearly seen in Fig. 6.3

C). This behaviour is equivalent to cuprate studies where the VDP method

has been utilised, such as Martin et al [247] and Mosqueira et al [248],

and in a variety of other superconductors [249–251]. Tc inhomogeneities

appears the most likely explanation for a number of reasons. Firstly, it can

be reasonably applied to almost any superconducting system. Secondly, the
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resistor model developed from this concept has been shown to quantitatively

reproduce this behaviour [248]. Thirdly, a weak correlation between increas-

ing irradiation dose and the magnitude of the low temperature resistivity

peak is observed. This fits the naive expectation that proton irradiation is

leading to an increase Tc inhomogeneity.

By applying the VDP normalisation the R2 ρ0 upturn is eradicated, as

shown in Fig. 6.3 A), B) and C). This occurs as the location of the peak

in R2 directly corresponds to the superconducting state in R1. It should be

noted that the lack of an upturn in the normalised resistivity appears to rule

out the possibility that it is related to magnetic Kondo spin-flip scatterers.

Tarantini et al [243] observed a similar low temperature resistivity peak in

1111-type IBSs irradiated by α particles which they related to Kondo spin-

flip scatterers generated by the irradiation. The loss of the resistivity peak

with normalisation therefore appears fits with the Tc inhomogeneity model.

It should be noted that the oscillations in the normalised 0.5 × 1016 cm−2

data are caused by this discrepancy in Tc between configurations. These

oscillations originate from fluctuations in the VDP factor caused by the Tc

variation between R1 and R2.

Figure 6.4.: Arrhenius plots of the ρ0 for all samples.

At the onset of SC, it is commonly assumed that the resistivity can be

expressed within the thermally activated flux flow (TAFF) model [252, 253].

Within the TAFF model, by making a number of assumptions, the temper-

ature dependence of the resistivity can be written as:
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R = (
2RcU

T
)e−

U
T (6.1)

where U is the thermal activation energy and Rc is the critical resistance.

Furthermore, by assuming 2RcU
T is temperature independent and U = U0(1−

T
Tc
), the equation 6.1 can be written in the Arrhenius form:

lnR(T, μ0H) = lnR0 − U0

T
(6.2)

Therefore, the flux pinning activation energy (U0) can be calculated by

the linear section of an Arrhenius plot of the resistivity. In Fig. 6.4, the

remnant field resistivity is presented in the Arrhenius form. The linear fits

conducted near Tc are shown by the dashed lines in Fig. 6.4 for all sam-

ples. The magnitude of the activation energy derived from this method, see

table in Fig. 6.4, is of a similar order of magnitude to previous studies on

similar materials [254, 255]. It can be seen that, as expected, the low field

U0 increases with irradiation [254]. However, it should be noted that the

temperature dependence of the 1.5 × 1016 cm−2 sample is significantly dif-

ferent to the other samples, making accurate determination of the activation

energy difficult. It also suggests that the TAFF model may be contravened

with increasing irradiation dose.

6.3. Magnetoresistance

The resistance configuration variations discussed in section 6.2 are also ap-

parent in the MR data. This can be seen by considering the variations in

response illustrated in Figs. 6.5, 6.6 and 6.7 for the unirradiated, 0.5 × 1016

cm2 and 1.5 × 1016 cm2 samples respectively. In each of these figures the

MR response for both configurations are shown: in Figs. A) and C) the

sub- and supra-12 K data is displayed for the R1 configuration while Figs.

B) and D) show the equivalent data for the R2 configuration.

The two configurations display significant variations in their in-field be-

haviour. This is most clearly displayed by the observation of a low field peak

in the R2 MR data, as illustrated Figs. 6.5, 6.6 and 6.7 D). The peak in the
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Figure 6.5.: Raw MR response for unirradiated sample. A) and B) low
temperature (2 K- 12 K) MR for configurations R1 and R2

respectively. C) and D) high temperature (12 K- 150 K) MR
for configurations R1 and R2 respectively.

MR correlates to the peak observed in ρ0 vs. T data in the R2 configuration,

as shown in Fig. 6.3 D). It interesting to note that despite numerous stud-

ies illustrating the presence of configuration dependent ρ0 [248, 251, 256] no

work has studied the MR response.

As in the ρ0 vs. T data, the magnitude of this low field peak appears

correlated to the irradiation dose. This can be observed as the two irradiated

samples illustrate sustained and significant regions of increased low field

resistivity, see in particular Fig. 6.6 D). This behaviour, therefore, appears

related to the Tc inhomogeneity model discussed previously.

In Figs 6.8 A), B) and C), the low temperature (sub-15 K) VDP nor-

malised MR responses are displayed for the unirradiated, 0.5 × 1016 cm2

and 1.5 × 1016 cm2 samples respectively. As in section 6.2, the anomalous

low resistivity upturn is eradicated by the normalisation process. In con-

trast to the earlier chapters, high-field quasi-linear MR is never observed

in these samples. Instead, above the SC suppression region, a conventional

parabolic response is observed, as shown in Fig. 6.8 D). However, while
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Figure 6.6.: Raw MR response for 0.5 × 1016 cm2 proton irradiated sample.
A) and B) low temperature (2 K- 12 K) MR for configurations
R1 and R2 respectively. C) and D) high temperature (12 K-
100 K) MR for configurations R1 and R2 respectively.

the responses in the unirradiated and 0.5 × 1016 cm2 samples remain very

similar in the 1.5 × 1016 cm2 sample with a clear variation in shape near

Tc. This can be seen in Fig. 6.9 A).

This variation in shape is interesting; however, MR is a relatively rarely

studied property in superconducting samples as the flux flow regime is gen-

erally considered using fixed field measurements. To our knowledge, only

one paper has been published considering the effects of irradiation on the

IBSs MR response: Chong et al [19]. However, while SC is observed in

that study, it is in stoichiometric samples and therefore more closely related

to the G18b samples discussed in chapter 5. In fact, the work which most

closely follows the observed changes in the low field MR response in the 1.5

× 1016 cm2 sample were observed by Vanacken et al [257] in a cuprate su-

perconductor, YBa2Cu3Ox. With increasing O content they observed both

alterations in the low field behaviour and crossing of the MR response (im-

perfect nesting of the MR with increasing temperature), as can be seen in

Fig. 6.9 A). These variations remained unexplained but appear related to
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Figure 6.7.: Raw MR response for 1.5 × 1016 cm2 proton irradiated sample.
A) and B) low temperature (2 K- 12 K) MR for configurations
R1 and R2 respectively. C) and D) high temperature (12 K-
100 K) MR for configurations R1 and R2 respectively.

the increase in disorder caused by increasing O content in their samples.

This process appears to fit the effects of proton irradiation in this work.

Additional studies considering the flux flow regime using magnetotransport

and proton irradiation are clearly necessary; particularly, in light of the

potential inhomogeneities observed in these samples.

Finally, we have considered the location of the irreversibility field

(μ0Hirr). Conventionally, μ0Hirr is considered the location where the irre-

versible magnetisation becomes zero [193]. It corresponds to the magnetic

field where the thermal fluctuations are sufficiently strong so that flux pin-

ning tends to zero. In this state, despite the normal state not being realised,

currents cannot flow without losses. We have, therefore, interpreted the lo-

cation where the zero resistance state is lost as the location of μ0Hirr. In

Fig. 6.9 B), the temperature dependence of μ0Hirr is shown for all sam-

ples. μ0Hirr is lowered by the irradiation. This is unexpected as irradiation

would be expected to increase μ0Hirr as increased defects should lead to

increased vortex pinning and extend the vortex pinned range [258]. Fur-
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Figure 6.8.: Symmetrised VDP low temperature (< 15 K) MR response for
unirradiated (A)), 0.5 × 1016 cm2 (B)) and 1.5 × 1016 cm2 (C))
proton irradiated samples. D) MR response for 1.5 × 1016 cm2

sample at 40 K.

thermore, this appears inconsistent with U0 derived using the TAFF model.

Further studies applying magnetometry are clearly necessary to understand

this phenomenon.

Figure 6.9.: A) Symmetrised MR response for all samples at 11 K. B)
Temperature dependence of MR derived irreversibility field
(μ0Hirr).
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6.4. Hall Effect

In Fig. 6.10 A), the temperature dependence of the Hall coefficient for all

4% Co doped samples is shown. Above Tc, the Hall coefficient is negative il-

lustrating the expected electron dominance. Furthermore, it shows a strong

temperature dependence until TN but unlike the lower doped samples re-

tains a significant temperature response even above this temperature. This

behaviour of the Hall coefficient is equivalent to previous studies [259].

As in the lower doped samples, there appears to be no change in Hall

coefficient related to the irradiation at temperatures away from Tc, as shown

in Fig. 6.10 A). With the electron doping caused by the Co, it may be

expected that the Hall resistivity will be increasingly determined by simple

single carrier physics. In Fig. 6.10 B), the temperature dependence of the

Hall coefficient for unirradiated samples from all compounds is displayed.

As in previous studies, the 1.5 % Co doped samples display the largest Hall

coefficient, the undoped the intermediate and the 4% Co doped the smallest.

Therefore, unlike the 1.5% Co doped samples the 4 % display the expected

Hall coefficient behaviour with increasing electron doping: a decreasing Hall

coefficient indicative of increased carrier density. However, as discussed in

detail in chapter 4, there is no definitive answer to the unexpected Hall

coefficient temperature dependence.

In Figs. 6.11 A), B) and C), the low temperature (8 -15 K) Hall resistivity

Figure 6.10.: A) Hall coefficient at 1 T against T for all BaFe1.96Co0.04As2
samples. B) Hall coefficient at 1 T against T for all unirradi-
ated samples.
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Figure 6.11.: A), B) and C) Sub-15 K Hall resistivity for unirradiated, 0.5
× 1016 cm2 and 1.5 × 1016 cm2 samples respectively.

(ρxy(μ0H)) is shown for the unirradiated, 0.5 × 1016 cm2 and 1.5 × 1016 cm2

samples respectively. The temperature dependence of ρxy(μ0H) displays

a number of notable features in this low temperature range. Firstly, the

depression of Tc caused by the irradiation is apparent. It is particularly

noticeable in the 1.5 × 1016 cm2 sample. For instance, the suppression of Tc

in this sample leads to the ρxy(μ0H) at 5 K in the (dashed line in Fig. 6.11

C)) becoming almost identical to the response at 8 K in the unirradiated

sample. Secondly, as in the MR the suppression of the SC with magnetic

field can be observed near Tc. As shown in Figs. 6.11 A), B) and C), for

temperatures near Tc there often exists a magnetic field where a transition

from zero to non-zero ρxy can be observed. As in the MR, we have defined

this field as the irreversibility field (μ0Hirr). The temperature dependence

of μ0Hirr will be discussed below but it is interesting to note that there is a

clear curvature in ρxy(μ0H) at fields near μ0Hirr. Whether this is related to
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Figure 6.12.: A), B) and C) Supra-15 K Hall resistivity for unirradiated,
0.5 × 1016 cm2 and 1.5 × 1016 cm2 samples respectively. D)
ρxy(μ0H) at 20 K for all unirradiated compounds.

the flux-flow Hall effect which occurs in the vortex liquid phase is unknown

[252].

However, above this low field and temperature curvature the ρxy(μ0H)

appears perfectly linear. This can be seen in Figs. 6.12 A), B) and C)

where the supra-15 K ρxy(μ0H) is shown for all samples. As extensively

discussed in section 4.4, understanding the nature of ρxy(μ0H) in the IBS

family remains an open question. A comparison to the lower doped samples

is shown in Fig. 6.12 D) where the increasing progression to towards a linear

Hall resistivity with Co doping can be observed. This behaviour has been

previously shown in other studies [40].

The movement to linear ρxy(μ0H) may be simply explained by simple

considerations of the charge doping in the BaFe1.96Co0.04As2 compounds.

With increasing electron doping, as expected by Co doping, it is should be

expected that the magnetotransport properties will be increasingly domi-

nated by electrons. With single carrier dominance the ρxy(μ0H) response is
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Figure 6.13.: A) Temperature dependence of Hall derived μ0Hirr. B) Com-
parison of temperature dependence of the Hall and MR derived
μ0Hirr for all samples. Closed symbols for MR and open for
Hall derived μ0Hirr.

expected to be linear. However, as will be shown in section 6.5, it appears

that more exotic explanations for the Hall response are still necessary for

the BaFe1.96Co0.04As2 compound.

Finally, the temperature dependence of Hall derived μ0Hirr is displayed in

Fig. 6.13 A). This was derived in the same fashion as the MR: the location

where a non-zero Hall resistivity is measured. As shown in Fig. 6.13 A), a

similar irradiation response is observed to the MR derived μ0Hirr with the

location of μ0Hirr clearly suppressed by the irradiation. This contradicts the

U0 derived from the TAFF model which would suggest increased pinning.

It is clear therefore, that our samples have been altered in unusual fashion

by the proton irradiation. There is also systematic discrepancy between the

μ0Hirr derived from the MR and Hall response. As shown in Fig. 6.13 B),

μ0Hirr occurs at higher temperatures in the Hall resistivity. This discrep-

ancy between measurement techniques and may be tied the complexity of

electronic experiments in superconductors [260] .

6.5. Kohler Scaling

Scaling techniques of the magnetotransport responses are often applied due

to the complexity of understanding the transport mechanisms. These tech-
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niques can allow further insight into the processes driving the behaviour

[261]. As other studies [262, 263] have indicated the simple concept of the

Kohler rule does not capture the magnetotransport behaviour in the ferrop-

nictides, as shown in Fig. 6.14 A). This indicates that single carrier physics

is not correct despite the linear Hall resistivity in BaFe1.96Co0.04As2. How-

ever, as in the BaFe1.985Co0.015As2 samples, the modified Kohler plot does

show some indication of scaling, although the temperature dependence of

this effect is more complex. At temperatures near Tc (sub-20 K), the modi-

fied Kohler rule does not lead to the consistent scaling, as shown in Fig.6.14

B). In contrast, above these temperatures, the modified Kohler scaling does

appear to be satisfied.

To our knowledge, this is the first time the modified Kohler’s rule has been

shown in BaFe1.96Co0.04As2 and in light of similar behaviour in the lightly

Co doped BaFe1.985Co0.015As2 appears to suggest that AFM fluctuations

play the defining role rather than the static magnetic order. This appears to

tie into the observations of Muschler et al [163] who used Raman scattering

to illustrate anisotropic scattering within the FS in the BaFe2−xCoxAs2

(x = 0.061and 0.085) family. This provides evidence of the AQS model

but it is clearly essential to explore these properties and relate them to

magnetotransport experiments in a systematic fashion.

Figure 6.14.: A) Kohler plot for unirradiated sample. B) Modified Kohler
plot for unirradiated sample.
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6.6. Conclusion and Future Work

In conclusion, the normal state and superconducting magnetotransport

properties of BaFe1.96Co0.04As2 have been explored. The main observations

are summarised below:

1. Structural, magnetic and superconducting transitions sup-

pressed by proton irradiation: we observe separated structural

and magnetic transitions at around 60 K followed by a superconduct-

ing state near 13 K. All of these transitions are suppressed by proton

irradiation. However, the SC suppression is significantly less than the

expected rate for both the s±- and d-wave states. Other studies have

observed similar small rates of suppression. Further work studying

the effects of proton irradiation on a systematic set of samples over

wide region of the phase diagram appears necessary to understand the

nature of the superconducting order parameter.

2. Evidence of inhomogeneity with proton irradiation: while the

transport derived activation energies U0 display the expected increase

with irradiation, the irreversibilty fields (both derived from the MR

and Hall in-field data) display an anomalous decrease with proton

irradiation. Furthermore, both the Tc transition width and shape is

significantly altered in the 1.5 × 1016 cm2 sample. These observations

imply that the SC may be inhomogeneously spatially distributed in

these samples leading to inconsistent magnetotransport data.

3. Anisotropic electronic response between VDP configurations:

clear variations between MR configurations in both the ρ0 vs. T and

MR are observed. This manifests itself in two forms in the ρ0 vs. T

data: an ρ0 upturn in a single MR configuration near Tc and a dis-

parity in the Tc between the configurations. Similar behaviour has

been observed in a variety of superconductors normally when unusual

measurement geometries are utilised [249–251]. This behaviour has

been ascribed to a range of potential explanations, however, Tc in-

homogeneities have been shown to be provide a quantitative solution

[248]. To our knowledge, sweeped magnetic field MR experiments have

not been conducted on samples displaying this anisotropic configura-
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tion response previously. We observe that the configuration variations

correlate to distinctive MR responses. Due to the expected sample de-

pendence of the Tc inhomogeneity model, further studies on a variety

of samples should establish the validity of this model. These observa-

tions illustrate that the VDP method must carefully applied during

measurements of superconducting samples.

4. Alteration of the normalised MR response with proton ir-

radiation: after VDP normalisation the expected MR response is

obtained: near Tc we see a low field dip in the MR which is related

to the magnetic suppression of SC. Above this region, a conventional

parabolic shape is recorded with a significantly decreased magnitude

in comparison to the lower doped ferropnictides. At the highest pro-

ton irradiation dose (1.5 × 1016 cm−2), a variation in the MR shape

is observed with a plateauing at moderate fields. This behaviour has

not been discerned in the IBSs and, in fact, no IBS study has consid-

ered the effects of controlled defect creation on the MR in the super-

conducting state. Similar observations have been related to varying

oxygen content in cuprates [257] but undoubtedly the effects of defect

introduction on the MR response remain a relatively under-scrutinised

topic. In light of the potential inhomogeneity, these observations need

to be carefully considered.

5. Hall response robust to proton irradiation: the temperature and

proton irradiation dependence of the Hall resistivity was considered.

Near Tc, the suppression of the SC by the magnetic field is observed.

Above this region, the ρxy(μ0H) is linear. This follows the progression

outlined in section 4.4, which indicated that increasing Co doping leads

ρxy(μ0H) to exhibit a linear response. This strongly intimates that

the non-linearity is related to the AFM order. It should be noted that

clear evidence exists that Co doping leads to increasingly anisotropic

and magnetic scattering in the IBSs and it may be expected that

this scattering would increase the influence of the AHE. Therefore,

the observed linearity appears to contradict the usage of AHE in the

IBSs.

6. Modified Kohler scaling observed: as in the lower doped com-
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pounds, the Kohler rule is not satisfied strongly intimating that either

multi-carrier or magnetic effects play a significant role. However, the

modified Kohler is weakly adhered to in the superconducting samples

indicating an intriguing dichotomy between the non-linear response

and the modified Kohler rule. Further studies considering a variety

of compounds may help to understand this phenomenon. the mod-

ified Kohler scaling observed in the 1.5 % Co doped is replicated in

all BaFe1.96Co0.04As2 samples at temperatures away from Tc. This is

despite the ρxy(μ0H) displaying linearity. The modified Kohler rule

has been considered as indicative of magnetic influences on the mag-

netotransport properties. Therefore, the observation that Co doping

is required to produce the scaling appears initially counterintuitive as

the AFM order is increasingly suppressed by Co doping. We suggest,

therefore, that the satisfaction of the modified Kohler rule either im-

plies that the AFM fluctuations may be determining this behaviour.

Therefore, while some intriguing results have been observed and the im-

portance of Tc inhomogeneities in effecting the magnetotransport measure-

ments in superconducting samples established, more work is necessary to

understand the effects of proton irradiation in the IBSs. To this end, ex-

amination of higher doped Co samples may allow further understanding of

a variety of these unusual observations. The behaviour of the configuration

anisotropy and modified Kohler scaling seem particularly appropriate for

this investigation. Higher doped Co compounds may also allow a compre-

hension of whether the predicted anisotropic scattering caused by Co doping

drive these observations [264–266].

Furthermore, while the magnetotransport experiments are useful, it is

clear that magnetic experiments are essential to fully comprehend the vortex

behaviour in these materials. In light of the 1.5 × 1016 cm−2 MR data

strongly indicating the modification of the scattering profile with proton

irradiation, studies are currently in motion to understand the nature and

physics of these defects.



7. Conclusion and Future Work

In this thesis, the magnetotransport properties of three members of the

BaFe2As2 ferropnictide family were investigated. Three distinct aspects

were explored: the normal state magnetotransport properties of BaFe2As2,

BaFe1.985Co0.015As2 and BaFe1.96Co0.04As2, magnetic hysteresis in stoi-

chiometric BaFe2As2 and the superconducting state magnetotransport be-

haviour of BaFe1.96Co0.04As2.

The initial inspiration for this work was to test the legitimacy of the quan-

tum linear magnetoresistance (QLM) model in the iron based superconduc-

tors (IBSs). The QLM model is used to explain the linear magnetoresistance

(MR) observed in the low doped ferropnictides. We see linear MR in both

BaFe2As2 and BaFe1.985Co0.015As2 but by 4 % Co doping only a parabolic

response is observed, at least for the 7.5 T fields applied in this work. By

utilising proton irradiation, we were able to establish that the linear MR

in BaFe2As2 and BaFe1.985Co0.015As2 does not display the expected defect

dependence, strongly suggesting that the QLM, at least in its current form,

cannot explain this behaviour. Therefore, the use of the QLM model must

be re-evaluated in the IBSs.

The Hall response of these compounds was also considered. In BaFe2As2

and BaFe1.985Co0.015As2 three unusual observations are made: non-linear

Hall resistivity (ρxy(μ0H)), and the unexpected doping and temperature de-

pendence of the Hall coefficient. Despite significant experimental [89, 160]

and theoretical [168] studies no single consistent explanation for this be-

haviour has been identified. The Hall response is also unaffected by proton

irradiation. Two models were introduced to understand the Hall coefficient

behaviour: the anisotropic quasiparticle scattering (AQS) and current ver-

tex. The AQS, in particular, is extremely interesting and has been applied

to other HTSs [189]. In addition, linear MR has been theoretically predicted

177
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using the same mechanisms driving the AQS Hall models [188], potentially

suggesting a correlation between the MR and Hall responses.

To attempt to further understand these properties, we applied both

Kohler and modified Kohler scaling. In all compounds, Kohler scaling does

not work, however, the modified Kohler rule is satisfied in the both the

1.5% and 4% Co doped compounds. This is unexpected as modified Kohler

scaling implies the influence of the magnetic order on the magnetotrans-

port. As the antiferromagnetic (AFM) magnetic order is suppressed by Co

doping this dependence shows the opposite response to expectation. In-

stead, we tentatively suggest that the AFM fluctuations may be driving the

modified Kohler rule in the IBSs. Correlation to the AQS model discussed

above seems like a potentially fruitful avenue for theoretical investigation.

Furthermore, the non-linear ρxy(μ0H) is also suppressed by Co doping and

understanding whether the anomalous Hall Effect (AHE) can explain this

behaviour is an open question. Co doping can be viewed as a magnetic im-

purity if there is site disorder in the doping. This may be a way to reconcile

these observations.

The superconducting state was also explored in the 4 % Co doping. Tc was

suppressed by proton irradiation but the rate is significantly less than the

theoretical suppression rate for both the s±- and d-wave superconducting

states. However, the anisotropic and potentially inhomogeneous electronic

state observed in this work hints that the BaFe1.96Co0.04As2 samples have

been significantly altered by the proton irradiation. Therefore, drawing fun-

damental conclusions about gap symmetry does not appear sensible. The

anisotropy manifests itself as variations between MR configurations in both

the ρ0 vs. T and MR. Similar behaviour has been observed in a variety of su-

perconductors normally when unusual measurement geometries are utilised

[249–251]. The only quantitative model is related to Tc inhomogeneities

leading to resistor network. While it is currently impossible to definitively

prove this model, our work has clearly illustrated that the van der Pauw

(VDP) method must be carefully applied in superconducting samples.

The most unusual observation in this thesis is magnetic hysteresis in the

MR of stoichiometric BaFe2As2 crystals. We tentatively propose that the

hysteresis is physically related to increased air exposure. However, the fun-
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damental driving force for the magnetic hysteresis is still unknown but it

appears highly likely that inhomogeneous superconductivty (SC) plays a sig-

nificant role. This is suggested for three reasons. Firstly, extremely similar

hysteretic behaviour has been seen in granular superconductors. Secondly,

the observed current dependence is predicted by inhomogenous SC models.

Thirdly, preliminary AC susceptibility experiments have shown a clear dia-

magnetic signal, indicative of SC, with the same temperature range as the

hysteresis. However, in the granular superconductors, this behaviour has

been tied to weak Josephson junctions originating at grain boundaries. In

the single crystals considered in this work, regions of SC in close proximity

would need to exist. This is physically plausible as the air exposure mech-

anism may be leading to a inhomogeneously distributed superconducting

state.

7.1. Future Work

The experimental findings can be separated into three sections: the normal

state magnetotransport properties, the magnetic hysteresis and the effects

of irradiation on superconducting properties. Future work is possible in

each of these avenues.

7.1.1. Normal state magnetotransport properties

Having established that the QLM model appears to have been applied in-

correctly in the IBSs it is evident that the linear MR must be further in-

vestigated. In this thesis, only twinned single crystals have been analysed

and, considering the anisotropic electronic state in the IBSs [7, 190], un-

derstanding the MR response for the different crystallographic directions

appears essential. Surprisingly, to our knowledge, only Jiao et al [267] have

investigated the transverse MR response in detwinned IBSs. They observe

a linear high MR response irrespective of crystallographic direction but also

a distinct anisotropy in MR. This is intriguing as computational studies

indicate that Dirac Cones (DCs) are positioned solely along the b-axis [7].

This would suggest that the DCs do not play a direct role in the linear MR

providing further evidence that the QLM model should not be applied in
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IBSs. However, it is clear that a systematic study of the low temperature

MR in detwinned crystals is necessary to fully comprehend the situation. To

this end, some very preliminary experiments with a home-made mechanical

detwinning device have already been conducted. But much more needs to

be done.

Furthermore, our work has shown that the magnetotransport properties of

the 122-type IBSs are intimately tied to the exact nature of defects. Explor-

ing the interplay between the structural and transport properties remains

an essential question. In particular, the introduction of magnetic defects

into the ferropnictides should simultaneously allow a greater understanding

of whether the nature of defects can alter the linear MR or Hall response.

Indeed, both explanations (AQS and AHE) for the Hall response rely on

the influence of the magnetic properties. Implantation of magnetic defects

might resolve this issue.

Finally, understanding why isovalent doping and proton irradiation in-

duce different responses may prove essential in understanding the nature

of the normal state magnetotransport properties and SC. Isovalently doped

crystals have been shown to induce SC without charge doping [268], how-

ever, it is clear that the normal state electronic properties are also strongly

affected [159]. Therefore, combining proton irradiation with isovalent dop-

ing may reveal how these two modifications alter the structural, electronic

and magnetic properties. To this end, we have already proton irradiated

a selection of Ru doped BaFe2As2 crystals for which the magnetotransport

analysis replicated.

7.1.2. Exploration of the magnetic hysteresis

The magnetic hysteresis observed in the G18b batch of samples appears to

originate from inhomogeneous SC. However, the concepts which have been

used to explain this phenomenon rely on a weak link structure that is not

obviously apparent in the single crystals used in this study. While magneto-

transport can provide some evidence for this behaviour it is clear that other

experimental techniques are necessary to truly understand the hysteresis.

The preliminary AC susceptibility experiments have seemingly established

that SC emerges at sub-20 K temperatures but the extremely small size of
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the samples may limit its capabilities. Therefore, other techniques which

have been shown to reveal the weak link structure of granular superconduc-

tors, such as microwave loss experiments [210], should help to both solidify

the connection between these materials and establish the nature of the in-

homogeneous SC. In addition, understanding whether the AFM order or

structural twin boundaries play a role in this hysteresis may prove inter-

esting. This could be a directly, by mediating the SC, or indirectly, by

generating the inhomogeneous electronic state.

Furthermore, definitively establishing the reason why the G18b batch

display this behaviour while the newer FM116 batch do not is necessary.

Air exposure appears to play the major role, as illustrated by the generation

of a hysteretic signature in an air exposed FM116 sample, but a systematic

investigation of the structural and electronic effects of air exposure should

help to expose the mechanism creating a superconducting state in these

crystals. This may then tie into a wider understanding of the SC in the

IBSs.

7.1.3. Proton irradiation and superconductivity

Systematic defect creation in superconductors can play a significant role in

establishing the superconducting order parameter in superconducting ma-

terials. The magnetotransport experiments tie into the previous studies by

indicating that the Tc suppression rate is less than for the expected ex-

pected s± or d-wave superconducting order parameters. However, the large

increase the Tc transition width and the anomalous decrease in μ0Hirr with

proton irradiation imply that the samples may have been altered much

more substantially than expected by the irradiation. Therefore, utilising

magnetometry to understand the effects of the proton irradiation is essen-

tial. However, in light of the 1.5 × 1016 cm−2 MR data which has indicated

interesting behaviour, more systematic repeated proton irradiation using

the same crystal should be conducted to establish the effects of irradiation

on the magnetotransport properties.
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[169] B. P. Stojković and D. Pines, “Theory of the longitudinal and Hall

conductivities of the cuprate superconductors,” Physical Review B,

vol. 55, pp. 8576–8595, Apr. 1997.



202 Bibliography

[170] S. Onari and H. Kontani, “Non-Fermi-liquid transport phenomena

and superconductivity driven by orbital fluctuations in iron pnictides:

Analysis by fluctuation-exchange approximation,” Physical Review B,

vol. 85, p. 134507, Apr. 2012.

[171] Y. Nakajima, H. Shishido, H. Nakai, T. Shibauchi, K. Behnia,

K. Izawa, M. Hedo, Y. Uwatoko, T. Matsumoto, R. Settai, Y. Onuki,

H. Kontani, and Y. Matsuda, “Non-Fermi Liquid Behavior in the

Magnetotransport of CeMIn5 (M: Co and Rh): Striking Similar-

ity between Quasi Two-Dimensional Heavy Fermion and High- Tc

Cuprates,” Journal of the Physical Society of Japan, vol. 76, p. 024703,

Jan. 2007.

[172] S. Kambe, A. Huxley, J. Flouquet, A. G. M. Jansen, and P. Wyder,

“Hall resistivity in the heavy Fermion normal state of up to 26 T,”

Journal of Physics: Condensed Matter, vol. 11, p. 221, 1999.

[173] R. Singh, R. Lal, U. Upreti, and D. Suri, “Superconductivity in

Zn-doped tetragonal LaBaCaCu3O7−δ systems,” Physical Review B,

vol. 55, no. 2, pp. 1216–1222, 1997.

[174] M. K. Chan, M. J. Veit, C. J. Dorow, Y. Ge, Y. Li, W. Tabis, Y. Tang,

X. Zhao, N. Barǐsić, and M. Greven, “Validity of Kohler’s rule in the

pseudogap phase of the cuprate superconductors,” arXiv: 1402.4472.

[175] X. Ding, Y. Pan, H. Yang, and H.-H. Wen, “Strong and nonmono-

tonic temperature dependence of Hall coefficient in superconducting

KxFe2−ySe2 single crystals,” Physical Review B, vol. 89, p. 224515,

June 2014.

[176] J. M. Harris, Y. F. Yan, P. Matl, N. P. Ong, P. W. Anderson,

T. Kimura, and K. Kitazawa, “Violation of Kohler’s Rule in the

Normal-State Magnetoresistance of YBa2Cu3O7−δ and La2SrxCuO4,”

Physical Review Letters, vol. 75, no. 7, pp. 1391–1394, 1995.

[177] Y. Nakajima, K. Izawa, Y. Matsuda, S. Uji, T. Terashima,

H. Shishido, R. Settai, Y. Onuki, and H. Kontani, “Normal-state Hall

Angle and Magnetoresistance in Quasi-2D Heavy Fermion CeCoIn5

near a Quantum Critical Point,” Journal of the Physics Society Japan,

vol. 73, pp. 5–8, Jan. 2004.



Bibliography 203

[178] M. N. Gastiasoro, P. J. Hirschfeld, and B. M. Andersen, “Impurity

states and cooperative magnetic order in Fe-based superconductors,”

Physical Review B, vol. 88, p. 220509, Dec. 2013.

[179] A. D. Rata, V. Kataev, D. Khomskii, and T. Hibma, “Giant positive

magnetoresistance in metallic VOx thin films,” Physical Review B,

vol. 68, p. 220403, Dec. 2003.

[180] M. Lee, T. F. Rosenbaum, M. L. Saboungi, and H. S. Schny-

ders, “Band-Gap Tuning and Linear Magnetoresistance in the Silver

Chalcogenides,” Physical Review Letters, vol. 88, p. 066602, Jan. 2002.

[181] A. L. Friedman, J. L. Tedesco, P. M. Campbell, J. C. Culbert-

son, E. Aifer, F. K. Perkins, R. L. Myers-Ward, J. K. Hite, C. R.

Eddy, G. G. Jernigan, and D. K. Gaskill, “Quantum linear magne-

toresistance in multilayer epitaxial graphene.,” Nano Letters, vol. 10,

pp. 3962–5, Oct. 2010.

[182] C. M. Wang and X. L. Lei, “Linear magnetoresistance on the topo-

logical surface,” Physical Review B, vol. 86, p. 035442, July 2012.

[183] X. L. Lei and C. S. Ting, “Theory of nonlinear electron transport for

solids in a strong electric field,” Phys. Rev. B, vol. 30, pp. 4809–4812,

Oct 1984.

[184] J. J. Ying, T. Wu, Q. J. Zheng, Y. He, G. Wu, Q. J. Li, Y. J. Yan,

Y. L. Xie, R. H. Liu, X. F. Wang, and X. H. Chen, “Electron spin res-

onance in EuFe2−xCoxAs2 single crystals,” Physical Review B, vol. 81,

p. 052503, Feb. 2010.

[185] C. Shekhar, S. Ouardi, G. H. Fecher, A. Kumar Nayak, C. Felser,

and E. Ikenaga, “Electronic structure and linear magnetoresistance

of the gapless topological insulator PtLuSb,” Applied Physics Letters,

vol. 100, no. 25, p. 252109, 2012.

[186] C. Shekhar, S. Ouardi, A. K. Nayak, G. H. Fecher, W. Schnelle, and

C. Felser, “Ultrahigh mobility and nonsaturating magnetoresistance in

Heusler topological insulators,” Physical Review B, vol. 86, p. 155314,

Oct. 2012.



204 Bibliography

[187] H. G. Johnson, S. P. Bennett, R. Barua, L. H. Lewis, and D. Heiman,

“Universal properties of linear magnetoresistance in strongly disor-

dered MnAs-GaAs composite semiconductors,” Physical Review B,

vol. 82, p. 085202, Aug. 2010.

[188] L. Falicov and H. Smith, “Linear Magnetoresistance and Anisotropic

Quantum Fluctuations,” Physical Review Letters, vol. 29, no. 2,

pp. 124–127, 1972.

[189] M. Abdel-Jawad, M. P. Kennett, L. Balicas, A. Carrington, A. P.

Mackenzie, R. H. McKenzie, and N. E. Hussey, “Anisotropic scat-

tering and anomalous normal-state transport in a high-temperature

superconductor,” Nature Physics, vol. 2, pp. 821–825, Nov. 2006.

[190] I. R. Fisher, L. Degiorgi, and Z. X. Shen, “In-plane electronic

anisotropy of underdoped ‘122’ Fe-arsenide superconductors revealed

by measurements of detwinned single crystals,” Reports on Progress

in Physics, vol. 74, p. 124506, Dec. 2011.

[191] A. D. Kent, U. Ruediger, J. Yu, S. Zhang, P. M. Levy, Y. Zhong, and

S. S. P. Parkin, “Magnetoresistance due to domain walls in micron

scale Fe wires with stripe domains,” IEEE Transactions on Magnetics,

vol. 34, pp. 900–902, July 1998.

[192] N. D. Mathur, P. B. Littlewood, N. K. Todd, S. P. Isaac, B.-S. Teo,

D.-J. Kang, E. J. Tarte, Z. H. Barber, J. E. Evetts, and M. G. Blamire,

“Resistance of a domain wall in La0.7Ca0.3MnO3,” Journal of Applied

Physics, vol. 86, no. 11, p. 6287, 1999.

[193] G. Krabbes, G. Fuchs, W.-R. Canders, H. May, and R. Palka, High

Temperature Superconductor Bulk Materials: Fundamentals, Process-

ing, Properties Control, Application Aspect. John Wiley & Sons, 2006.

[194] H. Xiao, T. Hu, S. K. He, B. Shen, W. J. Zhang, B. Xu, K. F. He,

J. Han, Y. P. Singh, H. H. Wen, X. G. Qiu, C. Panagopoulos, and C. C.

Almasan, “Filamentary superconductivity across the phase diagram

of Ba(Fe,Co)2As2,” Physical Review B, vol. 86, p. 064521, Aug. 2012.

[195] T. Park, H. Lee, I. Martin, X. Lu, V. A. Sidorov, K. Gofryk, F. Ron-

ning, E. D. Bauer, and J. D. Thompson, “Textured Superconduct-



Bibliography 205

ing Phase in the Heavy Fermion CeRhIn5,” Physical Review Letters,

vol. 108, p. 077003, Feb. 2012.

[196] C. Dhital, Z. Yamani, W. Tian, J. Zeretsky, A. S. Sefat, Z. Wang,

R. J. Birgeneau, and S. D. Wilson, “Effect of Uniaxial Strain on the

Structural and Magnetic Phase Transitions in BaFe2As2,” Physical

Review Letters, vol. 108, p. 087001, Feb. 2012.

[197] Z. Ping, C. Gen-Fu, L. Zheng, H. Wan-Zheng, D. Jing, L. Gang,

W. Nan-Lin, and L. Jian-Lin, “Magnetoresistance in Parent Pnictide

AFe2As2 (A = Sr, Ba),” Chinese Physics Letters, vol. 26, p. 107401,

Oct. 2009.

[198] B. Li, J. Li, K. E. Bassler, and C. S. Ting, “Magnetic domain walls

induced by twin boundaries in low doped Fe-pnictides,” New Journal

of Physics, vol. 15, p. 103018, Oct. 2013.

[199] J. S. Kim, T. D. Blasius, E. G. Kim, and G. R. Stewart, “Supercon-

ductivity in undoped single crystals of BaFe2As2: field and current de-

pendence.,” Journal of Physics: Condensed Matter, vol. 21, p. 342201,

Aug. 2009.

[200] X. Lu, W. K. Park, H. Q. Yuan, G. F. Chen, G. L. Luo, N. L. Wang,

A. S. Sefat, M. A. McGuire, R. Jin, B. C. Sales, D. Mandrus, J. Gillett,

S. E. Sebastian, and L. H. Greene, “Point-contact spectroscopic stud-

ies on normal and superconducting AFe2As2-type iron pnictide single

crystals,” Superconductor Science and Technology, vol. 23, p. 054009,

May 2010.

[201] N. Spyrison, M. A. Tanatar, K. Cho, Y. Song, P. Dai, C. Zhang, and

R. Prozorov, “Environmental stability and anisotropic resistivity of

Co-doped Na1−δFe1−xCoxAs,” Physical Review B, vol. 86, p. 144528,

Oct. 2012.

[202] M. A. Tanatar, N. Spyrison, K. Cho, E. C. Blomberg, G. Tan, P. Dai,

C. Zhang, and R. Prozorov, “Evolution of normal and superconduct-

ing properties of single crystals of Na1−δFeAs upon interaction with

environment,” Physical Review B, vol. 85, p. 014510, Jan. 2012.



206 Bibliography

[203] Y. Mizuguchi, K. Deguchi, S. Tsuda, T. Yamaguchi, and Y. Takano,

“Moisture-induced superconductivity in FeTe0.8S0.2,” Physical Review

B, vol. 81, p. 214510, June 2010.

[204] K. Deguchi, Y. Mizuguchi, S. Ogawara, T. Watanabe, S. Tsuda,

T. Yamaguchi, and Y. Takano, “Air-exposure effects of superconduc-

tivity in Fe(Te, S),” Physica C: Superconductivity, vol. 470, pp. S340–

S341, Dec. 2010.

[205] K. Deguchi, T. Okuda, H. Hara, S. Demura, T. Watanabe, H. Okazaki,

M. Fujioka, S. J. Denholme, T. Ozaki, T. Yamaguchi, H. Takeya,

F. Saito, M. Hisamoto, and Y. Takano, “Tartaric acid in red wine

as one of the key factors to induce superconductivity in FeTe0.8S0.2,”

Physica C: Superconductivity, vol. 487, pp. 16–18, Apr. 2013.

[206] S. R. Saha, T. Drye, K. Kirshenbaum, N. P. Butch, P. Y. Zavalij, and

J. Paglione, “Superconductivity at 23 K in Pt doped BaFe2As2 single

crystals.,” Journal of Physics: Condensed Matter, vol. 22, p. 072204,

Feb. 2010.

[207] A. Hamrita, F. Ben Azzouz, A. Madani, and M. Ben Salem, “Magne-

toresistivity and microstructure of YBa2Cu3Oy prepared using plan-

etary ball milling,” Physica C: Superconductivity, vol. 472, pp. 34–38,

Jan. 2012.
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C. Lin, “Charge Segregation, Cluster Spin Glass, and Superconduc-

tivity in La1.94Sr0.06CuO4,” Physical Review Letters, vol. 83, pp. 604–

607, July 1999.

[238] Z. Nussinov, I. Vekhter, and A. Balatsky, “Nonuniform glassy elec-

tronic phases from competing local orders,” Physical Review B, vol. 79,

p. 165122, Apr. 2009.

[239] C. J. van der Beek, S. Demirdiş, D. Colson, F. Rullier-Albenque,
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