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ABSTRACT

The study of iron-based superconductors exists at the intersection of some
of the most fascinating disciplines in physical sciences, with avenues to
reach illuminating conclusions in the study of magnetism, quantum physics,
materials science, and applications at the forefront of technical engineering.
The youth of the field is apparent, having only been discovered in 2008,
with many open questions as to how the many facets of their normal-state
and superconducting properties intermingle, and behave under the extreme
conditions made imperative by their significant promise of applicability in

magnet technologies.

This thesis hones in on the study of BaFe;As; and the way in which isova-
lent doping with phosphorous, charge doping with nickel, and the appli-
cation of intermediate amounts of hydrostatic pressure (1.2 GPa) affect it’s
superconducting critical current density (J.) and superconducting critical
temperature (Tc). This avenue of study already provides a multitude of in-

teresting results.

We uncover a significantly orientation dependent sharp peak in the Ni-
doping dependent phase diagram, coincident with a large increase in the
susceptibility of J. to applied pressure. Pressure applied at the optimal
doping of Ba(Feo.95Nio.05)2As2 result in increases of 300 %, drastically up
from 50 % Ba(Fep 95Nip 048)2As;, exemplifying a behaviour correlated with
the posited quantum critical point (QCP) at this doping. The fact that this
striking behaviour only manifests in a field oriented perpendicular to the
materials ab-plane at ambient pressure, reinforced by the application of

Dew-Hughes and strong pinning models, makes a strong case for it being



a phenomena dependent on the coexistence of both 5T, and &; forms of

pinning.

The behaviour of the phosphorous doped material is immediately contrast-
ing, with changes in J. completely correlated with changes in T.. The be-
haviour of T, under applied pressures illuminates a non-linear response at
low pressures due to the difference in compressibility of orthogonal lattice
parameters along the ¢ and a axes. This effect results in huge suppression
of T, with the optimally doped sample displaying a shift from T, = 29 to
15.5 K at a rate of 35 K/GPa. Further analysis shows that this may be re-
lated to a softening in the structural lattice induced by the P-doping.

This work exemplifies the complex nature of the interacting material and
superconducting properties of BaFe;As;, and will prove useful to any fu-
ture research attempting to optimise BaFe;As; for future application as
well as filling out the body of work necessary to understand the nature of

superconductivity in iron-based superconductors.
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ACRONYMS
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INTRODUCTION

Superconductivity is a field periodically overturned by startling, seemingly
fortuitous, and out-of-the blue discoveries - it’s discovery in 1908 being sim-
ply the first in a long line of experiments puzzling the minds of theoretical

physicists, now for over a century.

The discovery of zero resistivity below 4 in mercury at the Leiden Physics
Laboratory was a result of investigation into the possible theories of low
temperature resistivity in metals - of which, a sudden drop to zero resis-
tivity was in no way considered as a candidate. At the time, Kamerleigh
Onnes owned a monopoly on the production of liquid helium worldwide,
a reasonable prize for the amount of time and effort that had been poured
into the problem. From the time he was appointed the first chair in physics
at the University of Leiden, it had taken Onnes and his cohort of techni-
cians and students 25 years to successfully liquefy helium, and it was yet
another 15 years before another lab managed to replicate the effort. Thus,

the hidden gem of superconductivity was his for the taking.

Onnes commissioned a student named Gilles Holst to undertake high-precision
measurements of the low temperature resistivity of mercury, in an attempt
to distinguish between the different predominant theories of what happens
to resistivity at low temperatures. In particular, Albert Einstein’s theory
of quantum oscillators which posited the existence of thermal oscillations
which impeded the flow of current, an effect which would diminish at low
temperatures thus explaining the diminishing of resistivity in metals. How-

ever, what was observed was a sharp drop from a value of 0.08 Q) above 4
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K to a value south of the sensitivity limits of the experiment which were

approximately 3 x10° K.

Further intrigue followed an experiment conducted by Walther Meissner
and Robert Oschenfeld in 1933, in which they had been attempting to as-
certain whether currents in a superconductor flowed in the surface or bulk
of the material. Results of the experiment showed that the magnetic field
between two single-crystal cylinders of tin increased upon cooling through
the superconducting transition temperature, even with no applied current.
This effect of expulsion of magnetic flux from the interior of a superconduc-

tor i.e. perfect diamagnetism was dubbed the "Meissner Effect’.

These two characteristics - perfect conductivity, and perfect diamagnetism -
are now the two fundamental characteristics of a superconducting material,
and immediately stimulated the imagination of many physicists and engi-

neers with the seemingly boundless possibility of useful application.

Fast forward to now - the introduction of iron-based superconductors as
the newest family of high-temperature superconductors only a decade ago
[1] ensure that the study of superconductivity continues to inspire and con-
found. Materials containing iron, once thought of as antithetical to the
existence of superconductivity, provide significant promise for supercon-
ducting applications. Significantly easier to manufacture into tapes and
wires than the cuprate superconductors - the current gold standard in su-
perconductivity - a myriad papers have been published trying to get to the

bottom of how they work, why they work, and what we can do with them.

Iron-based superconductors occupy an important place in the realm of su-
perconducting research, providing a new playground, for experimentalists
and theorists alike, to interrogate what it means to be a superconductor.

Iron-based superconductors fit unambiguously under the umbrella of "un-
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conventional superconductivity” with much to be uncovered in terms of
what mechanism is responsible, what sort of transition temperatures can
be achieved, and how much current they can drive. The fact that they are
able to exist, and operate, in huge external magnetic fields is another one

of their properties which makes them extremely attractive.

One particular avenue of research which has yet to be fully explored in
iron-based superconductivity is how the application of external pressures
can affect their superconducting properties. The significance of applied
pressure has been demonstrated in many ways - many materials only su-
perconduct under applied pressure, including 23 of the elemental solids,
record high values of T. have been induced in carbonaceous sulfur hydride
at 287 K [2], and studies have reported increases as high as 100-fold in

NaFeAs [3] induced by hydrostatic pressure.

In this thesis, we will present a study into the way in which hydrostatic
pressure affects the critical current density (J.) and superconducting tran-
sition temperatures (T.) in one particular material - BaFe;As; (Ba122). The
undoped material manifests a superconducting transition at ~ 30 K [4, 5]
under applied pressures, and also (at varying values of T.) upon doping
with K on the Ba site, Co, Ni, Pd or Rh doping on the Fe site, and isovalent
P doping on the As [6, 7]. This plethora of doping possibilities means there
is a huge parameter space to uncover, and provides the means to isolate dif-
ferent contributions to the superconductivity. Thus, Ba122 is an important

material to have the body of literature filled out.

To this end we will be performing magnetic measurements of J. and T, on
two series of crystals: Ba(Fej_4Nix),As; and BaFe;(As;_Px),. We have ac-
cess to single crystals ranging from underdoped through to the overdoped
regions of the parameter space, as well as an MPMS compatible pressure

cell capable of applying pressures as high as 1.2 GPa. Measurements will
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be performed in an applied field ranging up to 7 T, applied along two dif-

ferent sample orientations, and in temperature environments as low as 2 K.

After a brief introduction to the theories of superconductivity in Chapter
2, and an outline of the experimental methods in Chapter 3, we will ex-
plore three chapters of experimental results. Chapter 4 is primarily focused
on the effect of applying hydrostatic pressure to BaFe;(As;_Pyx); single
crystals. This chapter provides insight into some of the unexpected effects
of applying hydrostatic pressure to Bai22, uncovering a non-linear depen-
dence of T. on pressure which is important for future pressure dependent

measurements.

Chapter 4 is focused on the doping dependence of superconductivity in
Ba(Fe;_«Niy),As; single crystals. This avenue of research highlights the im-
portance of field orientation for magnetic J. measurements, and provides a
baseline for the parameters which affect . in this material. Lastly, we will
present pressure dependent measurements on these same Ba(Fe;_Niy),As;
crystals, bringing together what we have learnt from the previous two chap-
ters in order to interpret the often convoluted results of pressure dependent
Jc measurements, and determine how effectively pressure can be used to in-

crease J. in Ba122.



THEORY/LITERATURE REVIEW

The study of materials science often results in measurements of quantities
dependent on a great deal of interconnected parameters. In particular, for
this study, the behaviour of the superconducting properties of BaFe;As;
can be appreciably affected by various aspects of the physical structure,
electronic structure, Fermi surface topology, and immediate environment
quite broadly. Therefore, it is necessary to have some introduction to exis-
tence of these factors and throughout this section I will attempt to review
a range of ideas that are potentially pertinent. The idea is not to immedi-
ately insinuate that these factors are of unequivocal importance, more that
it would be unwise to ignore their existence. To this end, this theory section

will be broken up as follows:

Section 2.1 is an introduction to basic superconductivity, with a focus on
the two main properties we are interested in evaluating - critical current
density (J.) and superconducting transition temperature (Tc) - and touch-
ing on other superconducting properties which have the ability to affect
these measurements. The existence of vortices, and their effect on our mea-
surements of J. is a large enough topic to warrant its own section, where
we will focus on two main paradigms for the treatment of vortex pinning

(strong/weak collective pinning, and the Dew-Hughes model) - Section 2.2.

This will be followed by an overview in Section 2.3 of the important char-
acteristics of the various members of the iron-based superconductor family
(FeSCs), and the way in which their normal-state magnetic and structural

parameters are linked to the existence of superconductivity. This is followed
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by an overview of the previous studies of pressure dependent (2.4) prop-
erties of FeSCs. In these sections we will also touch upon similarities with
the cuprate superconductors, as these studies provide a skeleton road-map

for the direction of future studies.

2.1 BASIC SUPERCONDUCTIVITY

The key characteristics of superconductivity (being perfect conductivity
and diamagnetism) are awfully blatant, the fact that they exhibit some ex-
treme properties makes it easy to underestimate the nuance involved, and

even a macroscopic understanding of how these characteristics come to be

H
T>T¢ T<T¢

Figure 2.1: When cooled below a characteristic temperature (T.), a superconduc-
tor will expel any field previously present in its interior. This is the
Meissner effect.

requires some careful thought.

H

A

First, we will describe the broad ideas that have been used to explain how
superconductivity is at all possible, then we will introduce the key param-
eters which arise when thinking about these behaviours and finally link
these parameters to the predominant theories which are used to underpin

the interpretation of experimental investigations into superconductivity.
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2.1.1 Penetration depth and Coherence Length

For a long time, the only clues superconductivity researchers had to go
on were the known properties of zero resistance (perfect conductivity), and
perfect diamagnetism i.e. complete expulsion of any applied magnetic field,
illustrated in Figures 2.1 and 2.2, respectively. These behaviours become
visible as a material is cooled through its superconducting transition tem-
perature (T.), and could resist the application of applied field only up to a

critical field (H.), often referred to as the thermodynamic critical field.

The first milestone task on the path towards a full description of these
materials was a macroscopic theory to solidify the link between the perfect

diamagnetism and perfect conductivity.

8 superconductor
=

<

N

5]

RZ

qu) non-

superconductor
>
TC
Temperature

Figure 2.2: At the superconducting critical temperature, as well as exhibiting the
Meissner effect, shown in Figure 2.1, a superconducting material will
display a sharp drop from finite to zero resistivity.

The London brothers in 1935 successfully produced an intuitive description
of how the Meissner effect manifests [8, 9], building upon the existing idea

of treating the superconductor as being comprised of two fluids of super-
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conducting electrons with density (n;) and normal state electrons (n,) with

total density such that

m_ (1)

Thus, seeing as we have the superconducting electron density, we can arrive

at an expression for the supercurrent density J,

J

—evgNnyg (3)

by differentiating and utilising Newtons second law we arrive at;

o] eng

I (e

ot
B a“:\ (4)
—a( J)

where A =
en

Next, plugging this into Faraday’s Law we find,
0
a[CVx(/\J)-l-B]:O (5)

This equation rests solely on the existence of a density of conduction elec-

trons equal to ns.
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However, the London brothers looked at restricting the set of solutions to
this differential equation to only those satisfying the tighter constraint that
the quantity within the square brackets equals zero. This set of solutions
reproduces the Meissner effect behaviour, somewhat empirically finding a

set of equations describing superconducting materials.

Thus, by solving the equation,

B=-—cVxAJ (6)

we arrive at the solutions for B and J the form;

V?B = B/A2, V] = J/A¢ (7)

Solutions to equations of this form are well known to be an exponential
decay with a decay constant of A;. Thus, this provides a nice picture of how
a superconductor acts when placed in a magnetic field: the field penetration
into the superconductor decays exponentially over a length scale Ar, the
field being screened by a current density that flows around the surface of
the conductor with the same exponential decay constant as shown in Figure
2.3.

This derivation includes the introduction of the concept of a superconduc-
tors penetration depth Ar, a parameter of fundamental importance and is

given by

TTLC2

~ 4mnge?

(8)

AL

The penetration depth is one of two characteristic lengths associated with

a superconducting material, the other is the coherence length, denoted &,

11
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Figure 2.3: A sample material, placed in a magnetic field H, will incorporate cur-
rents only in the region within one A of its surface, where A is the
superconducting penetration depth.

which is a measure of the decay of the superconducting carrier states wave-
function [8, 10]. The idea of & came about in 1953 when Pippard noticed
discrepancies in the experimentally measured values of A, where the val-
ues appeared to be more sensitively dependant on the amount of alloying

when compared to other superconducting properties T. and H..

In order to address this problem Pippard [11] utilised a non-local model
where the superconducting current density is not calculated at a point but
instead takes into account nearby electric fields by integrating over a vol-
ume determined by &. The value of & is sensitive to the addition of impu-
rities into the material and is thus related to the mean free path, 1, by the

equation

1 1T 1
E_i_o+T ()

where & is the coherence length of the pure material. This equation illus-
trates what is referred to as the ‘dirty” and ’clean’ limit, in a superconduct-

ing material, terms which are commonly found when trying to compare
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experimental measurements of £, A; and related properties. The dirty limit
refers to a material where 1 << &, and thus & =~ 1, whereas the clean limit
is when &y > 1 - this distinction between dirty and clean limits arises later

in formulae used to approximate & from measurements of Hc..

These two properties (A, and &), as well as being integral to defining the
nature of superconductivity in a given material at a microscopic level, will
also prove particularly important for us to consider because of another rea-
son. That is, they are instrumental in describing the nature of interactions
at superconducting /non-superconducting interfaces, providing us with de-
cay constants for penetration of magnetic fields, and the superconducting
wavefunctions across such interfaces. The most common situation we will
encounter where this is relevant is when we begin to admit the existence of
‘vortices” - normal regions which admit a single quantised flux line through

the interior of the superconductor.

2.1.2 Macroscopic parameters

To reiterate, upon entering the Meissner state, a superconducting material
will exhibit zero resistance where any current present can exist absolutely
unimpeded, and perfect diamagnetism, where any and all applied mag-
netic field will be prevented from penetrating into the material by virtue of
arbitrarily large induced screening currents. Each of these characteristics
provide a method in which the transition from a normal to superconduct-
ing state can easily be observed. It can be seen through cooling a supercon-
ductor in a small applied field, measuring the macroscopic moment of the
sample and observing the large jump in susceptibility associated with the
Meissner effect or, of course, measuring the resistivity of the material and

observing the drop to zero associated with perfect conductivity.

13
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But what makes this transition possible? Furthermore, to what extent is it
robust against the application of external fields? First and foremost is the
obvious question as to how we can realise dissipation-free resistance at all.
After some 50 years of theoretical and experimental work on superconduc-
tivity, the first microscopic theory of superconductivity was proposed by

Bardeen, Cooper and Schrieffer (BCS) in 1956 [12].

It is clear that, in order to set up a sufficient screening current to expel
the applied magnetic field, energy must be spent. This energy comes from
the difference in Gibbs free energy between normal and superconducting
states, an expression of which can be obtained via Ginzberg-Landau theory
[10]. Equating this expression to the amount of energy stored in a magnetic
tield, it is found there is a maximum field that can be applied before break-
ing the superconducting properties of a material. This field is commonly
known as the thermodynamic critical field (H). Thus, a magnetization (M)
versus applied field (H) plot will look something like that shown in Figure
2.4. The superconducting critical current density (J.) is simply the current
that can be put through a superconductor before producing a field equal to

HC-

Unfortunately, for the sake of simplicity, everything up until this point is
focused solely on what are now known as ‘type 1" superconductors. When
we extend the conversation to include the other “type 2’ superconductors
(one example of which this current research is focused on), significantly

more refinement of the details becomes necessary.

In type 2 superconductors there exists both areas of superconducting and
normal state simultaneously — a mixed state in which it is energetically
tavourable to allow the penetration of quantised magnetic flux lines (re-
ferred to as vortices) into the material resulting in small normal cores sur-

rounded by the superconducting bulk. The introduction of these vortices
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»

Type 1

- He

Magnetisation (-emu)

Applied Field (T)

Figure 2.4: Magnetisation versus applied magnetic field behaviour for a type 1 su-
perconductor. Magnetisation increases steadily up until the applied
tield H = H;where superconductivity is immediately suppressed.

begins once an applied field is greater than the ‘lower critical field” (H¢,)
and continue to be pushed into the system until the normal cores ‘overlap’

and the entire material becomes normal at the “upper critical field” (Hc,).

The size of these vortices, and the distance they penetrate into the material
are governed by the parameters London penetration depth (A) and coher-
ence length of the material (£), respectively. Values of the Ginzberg-Landau
parameter k = % are used to delineate between type 1 and type 2 supercon-

ductors. This behaviour results in a M versus H plot more like the Figure

2.5.

This picture severely complicates the concept of a critical current because
one consequence of the introduction of vortices is that J. becomes signif-
icantly applied field-dependent. A simple picture of a vortex is a single
electron pair circulating and screening only enough of the superconductor
to allow through a single quantum of flux (see, Figure 2.6). Thus, these vor-
tices, when placed in a magnetic field will feel a Lorentz force and begin

to move. It is this movement of vortices that sets up a resistive potential

15
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»

= ——

= Type 2

?

g - Hel Hc2

2 . .

& N ;

< R -

= b
Applied Field (T)

Figure 2.5: Magnetisation versus applied magnetic field behaviour for a type 2 su-
perconductor. Unlike, type 1 superconductors, type 2 have a broad
region over which dissipation is re-introduced. This ‘Meissner” state
begins at H = H;, and ends at H = Hc,- dubbed the lower and upper
critical field respectively.

within the superconductor, resulting in dissipation of energy. So, a higher

field will result in more dissipation, and thus a lower J..

Because we are primarily interested in increasing the amount of current
we can put through our superconducting materials, we need to prevent the
movement of these vortices. The way of doing this is by a process called

‘vortex/flux pinning” on which we will now elaborate.

2.2 VORTICES AND PINNING MODELS

In order to maximise current carrying capability for a type 2 superconduct-
ing material, it is necessary to prevent the movement of vortices which
re-establishes a mechanism for the dissipation of energy from the supercur-
rents present. In order to have a full understanding of the many ways this
effect can be achieved, researchers have attempted to articulate the mech-
anisms by which a vortex can become "pinned’, having been an avenue of

research interest since the prediction of vortices in 1964 by A. Abrikosov
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Figure 2.6: Type 2 superconductors allow the penetration of singular flux lines
through the bulk of the material. These flux lines are referred to as
vortices, and play an important part in determining the current carry-
ing properties of a superconducting sample.

[13].

There are several key aspects to this problem. First of all is the problem of
how to describe the behaviour of a single vortex line within the periodic
potential of a physical lattice. Next, we must admit forms of inter-vortex
interactions which lead to different forms of ‘vortex matter” i.e. a vortex
lattice, a vortex glass, or a vortex liquid. Simultaneously, we must consider
what sort of mechanisms allow the pinning of a vortex to be energetically
tavourable, and what sort of inclusions/defects/features of a superconduct-

ing materials structure allow for such interactions to exist.

In the existing literature, there are a few models which have gained widespread

integration into the process of characterising the types of pinning present
in superconductors, particularly the works of Dew-Hughes [14], and Blatter
et al. [15] which have each garnered thousands of citations. It is on these

models that we will attempt to focus our energies. However, by no means

17
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will this provide a comprehensive overview of all the theories present in

the current superconducting communities body of work.

2.2.1  Single Vortex Pinning

A vortex can be considered analogous to an elastic string, extending through
our sample along the axis in the direction of the applied magnetic field. Ac-
cording to the review on vortices in HTS materials by Blatter et al. [15]

there are 3 classes of forces acting upon a single vortex:

* A Lorentz force due to the laminar current flow within the sample

* Microscopic scattering processes in an otherwise homogeneous sys-

tem

* And, a pinning force associated with defects present in an inhomoge-

neous system

The Lorentz force felt by a flux-line is of the form

fi = %(] X n) (10)

In a homogeneous system, this is balanced against a friction force, and a
Hall force associated with scattering processes to arrive at an equation of
motion for the vortex. However, in the present case, we are more interested
in preventing the movement of vortices, and thus balance the Lorentz force
against pinning forces associated with whatever form of disorder we have

present in the material.

The strength of disorder is described via three dimensionless parameters.
First, the parameter jo = J./Jo, where ], is an upper limit on current density

derived from the force required to pull apart a Cooper pair, often referred
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to as the depairing or pair-breaking current [16, 17]. This gives an intuitive
measure of the strength of pinning, and describes the strength of a system’s
quenched disorder i.e. the depth of a potential well associated with poten-
tial pinning sites. Left to their own devices this quenched disorder can
re-establish dissipation free current flow dependent on the applied mag-
netic field. However, this order can be overcome via thermal or quantum
fluctuations, re-introducing vortex motion by virtue of thermally or quan-
tum activated flux creep where the vortices are provided enough energy to

break free of the confining potential.

The strength of thermal fluctuations are described via the parameter Gi.
Gi, the Ginzburg number, is defined as measure of the relative size of
the zero temperature condensation energy in a coherence volume and T
(Gi = [T,/ H%(O)eéﬁ(O)]z /2), here € describes the intrinsic anisotropy of the
material. Fluctuations cause the oscillation of flux-lines about their equi-
librium position, and if the magnitude of these oscillations reach a certain
fraction of the flux-line lattice constant (defined by the Lindemann criterion
[18]), we observe melting of the vortex lattice. A similar concept exists for
the case of quantum fluctuation, with the key parameter being designated
Qu, or the quantum resistance. Because quantum process involve complex
time dependencies the definition of Qu differs, dependent on the nature of

the system’s dynamics (damped, overdamped etc.) [15, 19].

For a single straight vortex in an environment of random pinning centres,
the individual forces will compete with one another. Consequently, for a
vortex segment of length L, and pin density of n then the total pinning force

is given by [15, 20]

Fpin(L) & (f,n&L)/2 (11)
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where fpi;, is the average pinning force of a single pinning centre.

The key observation in this situation is that F,;, scales as V'L, whereas the
Lorentz force felt by the vortex scales linearly in L. This means that a rigid
vortex will not be able to scale to arrive at a situation where Fp;,, will be
large enough to prevent it being overcome by the Lorentz force. Thus, it is
absolutely necessary to consider the ability of a vortex to undergo physical
deformations, in order to re-orient itself to achieve a non-random summa-

tion of pinning forces.

Within the single vortex regime we can further bifurcate into two significant
subregimes: weak-collective pinning, and strong pinning. The distinction be-
tween these two regimes relies on the magnitude of the pinning energy (uy)
associated with each individual pinning centre. In weak-collective pinning,
deformations caused by the flux-line-pin interaction induces only elastic de-
formations of the vortex whereas if pinning centres present in the material
have the ability to deform vortex lines on the order of a, the lattice constant
of the unperturbed vortex lattice, then we begin to introduce plastic defor-
mations of the vortex lines. This definition leads to a condition on strong
versus weak pinning centres based on the curvature of the flux line referred

to as the Labusch criterion [21, 22].

2.2.2  Weak-collective Pinning

So, in weak-collective pinning, we admit a situation where pinning centres
only induce elastic deformations. This results in a picture where segments
of length L, referred to as the Larkin length, pin individually from one
another, with the length determined by balancing the elastic force created
by its distance from the equilibrium position of the vortex, and the pinning
force on that segment. A well-known expression for this quantity is found

by doing exactly that [20]; finding the differences in the pinning energy and
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elastic energy:

.
SE(L) = eﬁ&f’ —\/npLlriu, (12)

and minimising with respect to L:

€T 2/3
L.~ <—1 P ) (13)
VTpUp

where 1, is the transverse displacement of the length L i.e. the ‘range’ of the
pinning centre, n, is the density of pins, wu, is the typical pinning energy.

€1 is the line energy of the vortex.

Once we have an expression for L. we can obtain one for J. by equating the

Lorentz force per unit length to the pinning force (y/npLru,/1p) acting on

a volume Lr% per unit length (L) when L =L, i.e.

A

TpLle

- ot (14)

Because we are working in the regime of a single vortex, this result is irre-
spective of the applied magnetic field - ] is proportional only to the pinning

energy of each site, and the density of pins.
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Figure 2.7: Collective pinning of a single vortex (left) by many weak, point-like pin-
ning centres. Minimising the energy difference in the pinning and elas-
tic forces leads to sections of length L. (Larkin lengths) being pinned in-
dividually of one another by fluctuations in the pin density. For larger
fields (right) more pinning sites are occupied and intervortex interac-
tions become important. As long as the fluctuations about equilibrium
remain less than a, we still remain in the elastic, weak pinning regime.

Once we are no longer in the single vortex regime, it is necessary to be-
gin considering ‘vortex bundles’, with a transverse trapping area of short
range order of the vortex lattice. This transverse area is often referred to as
Rc, and is always larger than a. Introducing this notion of the trapping vol-
ume also reintroduces a dependence on the local flux density, B, due to the
trapping volume being unequivocally linked to the shear and tilt moduli
of the vortex lattice which are proportional to B and B? respectively. These

two regimes of weak pinning are illustrated in Figure 2.7.

The same procedure as for the single vortex is presented in reference [20],

and produces the result:

exp(—B3/2/np) A >R

Je o
1/B3 A <R
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2.2.3 Strong Pinning

If pinning centres are strong enough to induce plastic deformations, the
situation changes slightly. A pinning centre has the ability to keep a section
L of the vortex pinned, and instead of obtaining L by equating elastic and
Lorentz forces, the length it pins is determined by the nature of the vortex-
pin interaction and the line tension of the vortex. At slightly higher fields,
the interaction between vortices also becomes an interaction which must be

taken into account. If the individual pin requires a force f;, to break, then

“Jen L (15)

For a single vortex, there are two relations used to estimate the trapped
length. First, the longitudinal trapping distance 1, in the direction of vortex
motion, is known via the pin-breaking criteria, i.e. by comparing the force
exerted by the pin on a segment of length L with the restoring force defined

by the line tension exerted for a displacement .

ey = fpL (16)
and further, by insisting that we consider the length L to be only pinned by
one site:

nyLluu =1 (17)

where w; is the trapping distance transverse to the vortex motion.

In reality, these trapping distances are defined by the nature of the pin-

vortex interaction. If the interaction requires the vortex to collide with the
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pin in order to be captured then we estimate u; to simply be the size of the
pin in that dimension. Interactions which can act over a distance, such as
those present with pins associated with magnetic inclusions require more

treatment.

From these two equations, in the case of a direct collision, we can approx-
imate uy = b, where b is the size of the pin in the direction transverse to
vortex motion. Then, by utilising equations 16 and 17, we can obtain an

expression for L and substitute into equation 15 for J.:

[n,b
Je oc £/ “€L (18)
1

Again, extending this type of treatment to higher fields, involves the intro-
duction of the shear moduli of the vortex line. The interactions between
vortices contribute to a significantly more complex form for the determi-
nation of w;. But for a direct collision, the restoring force is given by Cu,

where,

_ 5 | @
CNZ 47TB€0€] (19)

if we generalise equation 15 to include the possibility of including multiple
pins in the trapping volume, and equate the restoring force u;C with the

pin breaking force as a criteria for J. then we find:

2
- cfpnpb
¢ ®,C

where we know C is proportional to 1/v/B.
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When considering the possibility that we have pin-vortex interactions which
can act at a distance, the result from reference [23] shows that this depen-

dence should be expected to be proportional to B—>/% instead.

It is important to note, that in the strong pinning regime, extending to
slightly higher fields is not the same as treating vortex bundles as was
done for the weak collective pinning. Thus, the results of equation 20 are
not insisting on being outside of the single vortex regime, i.e. involving a
trapping distance larger than the inter-vortex distance, but simply taking

into account the competition between vortices to attach to pinning sites.

From these theories, we have obtained expressions for J. with a specific
dependence on the magnetic field. Thus, when we are performing magnetic
measurements of ], the observed behaviour of J. versus H should provide
us with some insight into both the nature of the pinning sites present, and

the density of pins available in a certain range of fields.

2.2.4 Dew-Hughes Theory

Next, we will briefly describe the model of Dew-Hughes, who takes a very
simplified approach to describe measurable differences in types of pinning.
The Dew-Hughes model begins by considering only the amount of work
done to move a vortex from a pinned to a non-pinned position. This has
the advantage of being the foundation of a theory which does not need to
introduce the concept of flux line elasticity. Thus, the Dew-Hughes model
can be utilised to infer results about the geometry of a pinning landscape,
but is unable to resolve the different behaviours expected for changes in the

state of the flux lattice itself.

In this theory there are two ways in which a vortex can be energetically

favoured to lie on a pinning site; by virtue of what are referred to as the
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magnetic interaction, and the core interaction. Which of these interactions
proves dominant for a given pinning landscape is dependent on the spacing

between centers, as illustrated in Figure 2.8.

a>\
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Figure 2.8: Dew-Hughes distinguishes between two pinning mechanisms, depen-
dent on the spacing between pinning centres. If A < a (top) then local
induction B differs between pinning sites and superconducting bulk,
causing pinning via Bean-Livingston barriers. If A > a, B attains an
mean value, and pinning is caused by the difference in condensation
energy between pinning sites and the superconducting bulk (bottom).

When pinning centres are adequately spaced apart (further than a few pene-
tration depths), magnetic induction is afforded the space to reach an equilib-
rium value, resulting in a spatially modulating B and a Bean-Livingstone
barrier to flux motion at the interface between the pin and surrounding
lattice. This is the magnetic interaction. When pinning centres are more
tightly packed, magnetic induction is forced to assume an appropriate
mean value and, consequently, the difference in condensation energy be-
tween flux lines in the superconducting bulk and on the pinning centres

prevents flow. This is the core interaction.
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Type of interaction

Geometry of pin

Type of centre

Position of maxima

Magnetic Volume Normal h =0.33
AK h=o0.17,1
Core Volume Normal -
Ak h=o0.5
Surface Normal h=o0.2
Ax h =06
Point Normal h=0.33
Ax h =o0.67

Table 1: Table showing the positions of h=H/Hj,, expected from Dew-Hughes the-
ory [14]. Pins are divided into different types depending on the geometry,
pinning mechanism (core or magnetic) and type of pinning centre (nor-
mal or Ak. 'Normal’ refers to a non-superconducting inclusion, whereas
Ak refers to a region with a difference in the Ginzberg-Landau parameter

K.

This model leads to a scaling behaviour of the quantity pinning force per

unit volume (F, = J. x H). Dew-Hughes reasons this quantity to be ex-

pressed as follows:

_ nLAW
X

Fp

(21)

Where L is the total length of a flux line, AW is the work needed to move a

unit length of flux line from a pinning centre to its closest, non-pinned po-

sition, x is the range of the pinning interaction and n is an efficiency factor

related to the strength of interactions between flux-lines. Considerations

of the nature of the pinning interaction and the dimension of the pinning

centre result in a table of expected behaviours of pinning force density as a

function of h = H/Hy; [14]:

Thus, this theory provides a relatively straight forward way to experimen-

tally characterise the type of pinning present in a material.
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2.2.5 8T and 8l pinning

Griessen et al. [24] have also provided an oft-utilised model to illuminate
the nature of pinning centres in type 2 superconductors. According to their
1994 paper, building upon the work of Blatter et al. they obtained expres-
sions for normalised J. as a function of reduced temperature (t = T/T.)

which distinguish two basic classifications of pinning centres.

Griessen proposed that the nature of pins could be divided into those which
result from local variation in the T. (8T.) or in the mean free path (61) of a
material. An important distinction to make between these two types of
pinning is that the defects in 6T. pinning cause pair-breaking scattering
whereas 51 defects do not [20]. Thus, disorder caused by these distinct
processes have different dependencies on the coherence length (i.e. size of

vortices) leading to two distinct equations for J..

2.3 IRON-BASED SUPERCONDUCTORS

Now we will move on to a review of the relevant superconducting and nor-
mal state properties of FeSCs, in order to provide context for the measure-
ments in this study which are performed on the specific material BaFe;As;

(Ba122).

Iron-based superconductors were discovered in 2008, as a result of work by
Kamihara et al. [1], and have garnered a huge amount of attention since.
This attention is owing in no small part to the desire of the community
to coalesce their existence and theoretical underpinnings with those of the
cuprate superconductors [25, 26], discovered in 1986 [27]. The discovery of
FeSCs promised to be a significant boon to the study of unconventional su-

perconductivity, i.e. superconductors which do not fit into the traditional
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BCS framework, as they provide a direct avenue to interrogate the theo-
ries of superconducting cuprates, and define which of the properties of
superconductors discovered up until this point are sufficient, and which

are necessary.

2.3.1 Structure

There has been a huge number of different FeSCs uncovered, each of which
can generally be sorted into different groups based on their chemical stoi-
chiometry. For example, LaFeAsQO is a member of what is referred to as the
1111 family. Other often cited groups are the 11 (FeSe, FeTe), 111 (NaFeAs,
LiFeAs) and 122 (AFe;As;), where A = Ba, Sr, Eu, etc.), although there do
exist more exotic structures. Each of these groups have a similar layered
structure where FeAs or FeSe planes (analogous to CuO planes in cuprate
superconductors), are separated with various spacer molecules. Figure 2.9

shows representative examples of each main structure family.

As a subset of the FeSCs, the 122 structural family has attracted a great
deal of attention in a research capacity. This is largely due to their high
upper critical fields (H¢;), low anisotropy (y), and relatively high J. at
high magnetic fields making the 122 family a promising candidate for in-
dustrial, high magnetic field application [28-33]. A number of properties
also promise applicability in a research environment: the relative ease with
which we are able to fabricate high quality large single crystals using a
self-flux method [34], and the rich array of substitution possibilities [35] (in-
cluding hole doping, electron doping, and isovalent substitution) provides
versatility in the choice of chemical tuning parameters and thus, scope for
more intricate probing of the nature of superconducting properties in these

materials.
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Figure 2.9: All of the various FeSC structures are comprised of FeAs (or FeSe/FeTe)
planes with different amounts of 'spacer’ layers in between. This is
closely analogous to the cuprate family of superconductors with their
common CuO planes.

Each structure family of FeSCs have garnered studies on samples of single
crystal, polycrystalline, and wire/tape forms, and each of these types of
sample display unique advantages, disadvantages, and peculiarities. For
the purpose of our studies we are confining ourselves to single crystal sam-

ples unless otherwise stated.

There are several avenues of study which have point to structural parame-
ters being important for the determination of superconducting properties.
For example, early on, it was noticed that the T. of representative examples
of each structure family scaled with c-axis length [35] - FeSe;_y (T.=8 K,
549 A) [36], LiFeAs (Tc = 18 K, 6.36 A) [37], BaosKoaFerAs; (Tc = 38 K,
6.65 A) [38], SmFeAsO;_Fy (Te = 55 K, 8.44 A) [39] - leading to attempts at

increasing T, via introduction of larger spacer layers.

Numerous studies on the cuprate superconductors have found that an in-
crease in critical temperature is linked to increasing the inter-planar dis-
tance (or c-axis lattice parameter), and decreasing the area of the CuO
planes [40]. This leads to the reasonable intuition that there is a signif-
icant, and reliable connection between the value of T. and the ratio c/q,

as proposed in reference [41]. Reference [42] used strain dependent mea-
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surements of T. to elucidate a similar behaviour in P-doped Ba122, however

these measurements were only done up to values of approximately 20 MPa.

Thus, it is reasonably taken for granted that the measurement of super-
conducting properties, T. in particular, has an immediate interpretation in
terms of the structural parameters and makeup of the material itself. How-
ever, it is far from clear as to whether it is in fact, the lattice parameters
themselves that are the determining factor or whether it is some particular
ratio related to a different physical parameter. For example, perhaps more
fundamental than the value of ¢/a is the electronic of the Fe site in these
materials. The nearest neighbour distance in these compounds is short, gen-
erally less than 3.0 A, ensuring that the Fe 3d electrons dominate the DOS
at the Fermi energy and, thus, the character of the Fe-3d electrons, and con-

sequently the structure of the Fe-As planes, is of significant consequence.

The Fe-As bond angles and lengths have immediate flow on effects for the
magnetic moment of the Fe electrons and the symmetry of electrons partic-
ipating in the pairing. Reports [43] show that the effect of hybridisation of
As 4p and Fe 3d electrons results in a lifting of the dy - dyx degeneracy of
the Fe 3d orbitals and can alter the ground state energy enough to induce a
structural transition [43]. Even more fundamental is that this hybridisation
means the Fe magnetic moment is immediately dependent on Fe-As bond
length [44, 45], providing a direct means to affect the magnetic ordering,
and magnetic quasi-particles which may be responsible for the supercon-

ducting transition in the first place.

Thus, these structural parameters, which have been experimentally demon-
strated to be directly affected by hole [38], electron [46], and isovalent dop-
ing [47] as well as applied hydrostatic [48] pressure in the Ba122 family.
Thus, these are interesting markers to keep track of when detailing changes

in the superconducting properties. For example, it was found that for a
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large range of FeSC materials taken from the 1111 and 122 families, that T
found a peak centered at & = 109.47° [49], (Where « is the Fe-As-Fe bond
angle) and peaked at a consistent value of the anion height in the Fe-As
planes [50]. Indicating that the interaction between Fe and As atoms are

important for the mediation of superconductivity in this material.

To make matters slightly more complicated, results of pressure based mea-
surements of iron-based superconductors have been shown to be very de-
pendent on the pressure medium used [40, 51, 52]. This highlights the
pivotal role of understanding the way in which structural parameters are
being affected when applying hydrostatic pressure in particular, as the hy-
drostatic limits of a given fluid can be reached at varying pressures, and
the strains induced even when confidently applying hydrostatic pressure
are not trivial due to the anisotropic elastic moduli of many iron based su-

perconductors.

2.3.2 Higher temperature transitions

To complicate this picture even further, all the iron-based superconductors
exhibit higher temperature magnetic and structural transitions which are
eagerly dependent on the lattice parameters. The family of FeSCs exist in
a tetragonal structure and almost all undergo a tetragonal to orthorhombic
structural transition at T = Ts. In undoped, and unstrained, parent com-
pounds, the value of Ts usually lies in the range of 155 K for LaFeAsO to
140 K in BaFe;As; and is readily suppressed by hole, electron, or isovalent

doping as well as external applied pressures.

This structural distortion is sometimes followed by a transition to a col-
lapsed tetragonal phases under large pressures (e.g 17 GPa in undoped

Ba122 and always accompanied by a transition from paramagnetic to anti-
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ferromagnetic order at the Neel temperature (Ty). This AFM order is also
pushed to lower temperatures with applied pressure and doping. However,
whilst these transitions usually occur at the same temperature in the par-
ent compound, some materials show a separation of the transitions as they
move to lower temperatures. The degree to which these transitions occur

at the same time affects the strength /behaviour of any magneto-elastic cou-

pling.

In particular regard to the Ba122, each of these features are well exempli-
tied. The parent compound, BaFe;As; exhibits paramagnetic to antiferro-
magnetic and tetragonal I4/mmm to orthorhombic Fmmm transitions [6,
53] at 140 K, which are shown to be suppressed by doping on the Fe, As,
and Ba sites, application of hydrostatic pressures, or the introduction of
an applied magnetic field [6, 35]. In doped Ba122 [54], the two transitions
have been shown to separate under each of these operations, a phenom-
ena possibly linked to the establishment of a intermediary nematic order
parameter. Neutron diffraction studies have indicated a suppression of the
magnetic order parameter and the orthorhombic structure below T, reveal-

ing both the possibility to coexist and compete with superconducting order.

One particular feature related to the existence of these transitions that we
tind important is the presence of a magneto-elastic coupling. Studies of
this coupling, which include exploration both through theoretical DFT and
experimental means, establishes not only that the magnetic and structural
normal state properties of the iron pnictides can not be treated as separate
phenomena, but also that the strength of this coupling is dependent on
dopant, doping levels [54], and applied external pressure [55]. For exam-
ple, it has been demonstrated that the structural and magnetic transitions
remain coincident when K doping on the Ba site, P doping on the As site
and Ru doping on the Fe site of the BaFe;As; parent compound whereas

doping with Co, Ni, Rh, Pt, or Pd results in a separation of the two transi-
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tion temperatures [54].

Another feature of intrigue is the fact that the superconducting dome ap-
pears to be centered around the point on the doping axis of their phase di-
agram where these transitions appear to be pushed to o K. This behaviour
is not unique to FeSCs - it has been seen with a number of materials, partic-
ularly those exhibiting non-Fermi liquid behaviours. For example, cuprate
superconductors with the normal state pseudogap playing the analogue of
AFM/structural transitions [56] and heavy fermion superconductors under
applied pressure [57], both present similar features in their phase diagrams.
The temptation to associate this phenomena with quantum critical fluctua-
tions being responsible for the unconventional superconductivity is great,
and there has been plenty of research attempting to uncover thermody-

namic critical behaviour in order to lend credibility to this avenue.

2.3.3 Quantum Critical Points

To briefly elaborate on the point above, a quantum critical point (QCP) rep-
resents a phase transition occurring within a material at o K, see Figure 2.10,
during which the state of the system is determined not by thermal fluctu-
ations in the material, but a disordered motion driven by Heisenberg’s un-
certainty principle [58]. A large amount of intrigue has followed the idea of
QCPs in superconducting materials as a result of its potential for providing
a mechanism to mediate the existence of superconductivity in unconven-

tional superconductors [7, 59].

In the Ba(Fe;_«Niy)2As; system, the doping levels x=0.05 and 0.0y have
been shown, by virtue of NMR measurements [61], to correspond to the
existence of two critical points potentially associated with significant quan-
tum fluctuations. In similar materials, a QCP has been shown to be related

to seemingly anomalous behaviour of physical properties, such as the diver-
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Figure 2.10: Quantum critical/non-Fermi liquid behaviours are found in the pa-
rameter space emanating from the point of transition between two
phases at o K. The point is referred to as the quantum critical point
(QCP). QCPs are believed to exist under the superconducting dome
of some unconventional superconductors including BaFe;(Asi_«Px)2
[60] and Ba(Fe;_4xNiy)2As, [61].

gent effective mass [62], London penetration depth [63] and lower critical
tield [60] in BaFe;(As1_«Px)2. Therefore, the variation of any or all tuning
parameters (doping, pressure, and magnetic field) provides an interesting
and broad avenue for research into the nature of unconventional supercon-

ductivity.

There are a number of behaviours considered to be signatures of quantum
critical superconductors. At an optimal value of a given tuning parameter
(doping fraction, pressure etc.) both electrical resistivity (p) and the elec-
tronic specific heat coefficient (y = C/T) have been found to disobey the
predicted behaviour for Landau-Fermi liquids [64]. In particular, p does
not obey the standard T2-dependence, whereas y tends to diverge instead
of saturate with decreasing temperatures. In heavy-fermion superconduc-
tors, and some FeSCs these behaviours are related to the existence of a QCP
hidden inside the SC dome at this critical doping. Thus, these are some of
the behaviours we will be keeping an eye out for during the process of

characterising this material over the course of my studies.
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So, we can see that there a great deal of different characteristics of FeSCs
which need to be taken into account when we are attempting to study super-
conducting parameters. To quickly recap we have briefly covered the effect
of antiferromagnetic and structural transitions, the possibility of QCPs, the
existence of doping incurred pinning sites, different forms of doping (hole,
electron, and isovalent), and changes to the Fermi surface, DOS of the Fe

3d orbitals, and Fe local magnetic moment.

In order to move forward with some cohesive direction, and motivated by
the fact that a large portion of the current study is centred around the effect
of externally applied pressures, we will continue forward largely framing
the changes we observe in terms of two distinct avenues: 1) the effect on
material parameters, particularly T., which can be related to distortions of
the structural lattice parameters ¢ and a, and 2) changes to the pinning

landscape/behaviour through the lens of observed changes in J..

2.4 PRESSURE STUDIES

When it comes to applied pressure studies, there are two significantly differ-
ent avenues down which the field has grown: the application of hydrostatic
has quantitatively different effects than uniaxial pressures. Experimentally,
hydrostatic pressures provide the easiest avenue of research, once an appro-
priate hydrostatic fluid is found, as it does not involve precise alignment of
crystal structures with the pressure application axis. However, the way in
which hydrostatic pressures correspond to strains in the lattice axes them-
selves is non-trivial, and immediately dependent on the elastic moduli and

whether or not the structure itself is amenable to shear stresses.

Application of uniaxial pressures results in significant changes to the super-
conducting and normal-state properties of a particular structure, and are

able to be more immediately linked to changes in a particular lattice con-
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stant. However, these experimental conditions are less convenient. Despite
this there are a number of studies which have successfully revealed distinc-

tive effects on the superconducting properties.

Pressure results in a dome-like behaviour of T. in all the major FeSC fami-
lies, see Figure 2.11, but they all reach a maximum T, values at very differ-
ent pressures. In fact, some examples such as SmFeAsQOy g5, NaFeAs, and
NdFeAsQOy¢ clearly show maximum T, at ambient pressure. Kimber et al.
[65] demonstrate that, just as in the case for ambient pressure and vary-
ing doping levels, the pressure for maximum values in T. relate to those

resulting in a regular tetrahedron angle of 109.45° for the Fe-As bonds.
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Figure 2.11: T vs applied pressure for a wide range of iron-based superconductors
show large variation in the maximum T. and the pressure at which this
value is attained. Data for this plot was compiled in the the review "Su-
perconductivity in Iron Compounds’ by G R Stewart [35], and includes

studies from references [4, 66—71] .

2.4.1 Induced superconductivity in parent compounds
In Figure 2.11, the data of Mani et al. [4] demonstrates an onset of supercon-
ductivity in the parent compound BaFe;As; around 1 GPa and a maximum

value of T. of 35 K at 1.5 GPa. However there is significant disagreement
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about how much pressure is needed to induce superconductivity and reach
maximum T, in many of the FeSC representatives. The most likely source of

this disagreement is simply the validity of the hydrostaticity of each study.

As is to be expected, the application of external pressures has an immedi-
ate effect on the lattice parameters of 122 superconductors. Furthermore,
from previous sections, we know that this will immediately translate to
a shift of the transition temperature for the magneto-structural transitions
present in the parent compound. A high pressure neutron diffraction study
performed by Jorgenson and Hansen [72] demonstrates that application of
pressures up to 6.5 GPa results in compression of the a and c-axis lattice
parameters by 2.49 and 3.66 %, respectively. Consequently, the Fe-As and
Fe-Fe atomic bond lengths decrease by the same amount also. From these
observations the bulk modulus By was calculated as 59 GPa, which for
comparison is marginally lower than that measured for CaFe,As; (60 GPa)
and SrFe;As; (61.7 GPa), and significantly lower than that measured for a

BSCCO superconductor (73 GPa) [73].

Reports of the pressure value of maximum T, vary from T., P = 29 K, 4.5
GPa [74], 31 K, 5.5 GPa to as far afield as 13 K, 11.5 GPa [75]. This is a partic-
ularly stark example of the difference hydrostaticity can make. This occurs
wholly because of the susceptibility of the c-axis in particular to changes
under pressure, and subsequent changes in the pnictogen height, a param-
eter which has been shown to have significant effects on the Fermi surface
topology and density of states thus directly affecting the superconducting

pairing.

2.4.2 Effect on T, and ],

During the last few years, extremely high values of T. have been achieved

by virtue of applying large pressures as high as hundreds of GPa [76]. Sig-
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nificant J. improvements in members of the 111 [3], 21311 [77] and 122
[78] FeSCs have been reported after applying comparatively low pressures
around 1.2 GPa. In addition, a pressure induced change in the pinning

mechanism present in superconducting MgB; [79] has been observed.

Pressure studies on K-doped BaFe;As; (hole-doping) have been undertaken
and found to have positive effects on J. and T, but, as of yet, very little
in the way of J.-pressure studies on electron doped Ba122 have been per-
formed. Determination of asymmetry, or lack thereof, between electron and
hole doped pressure dependence is an important step in revealing poten-
tial commonalities and/or differences with the well-documented cuprate

behaviours [80].

2.5 RESEARCH QUESTIONS

Now, with some idea of the factors surrounding pressure studies on iron-
based superconductors, we are in a place to present the questions we intend

to address over the course of this thesis:

1. How do the basic superconducting properties of Ba(Fe;_4Niy);As;
evolve as a function of applied hydrostatic pressure. In particular,
does the possibility of quantum critical behaviours around the pro-
posed critical doping of x = 0.050 introduce complicating factors which

can be discerned by pressure effects on T. and/or J.?

2. How does the application of pressure effect the nature of pinning in
Ba(Fej_xNiy);As;? Do previously observed changes to pinning char-
acteristics of other Ba122 systems translate to Ni-doping, and are they

consistent over the pressure range of o-1.2 GPa?

3. Can a comparison between isovalent doping, with P on the As site,
and electron doping, with Ni on the Fe site, provide extra insight into

the complex interaction of pressure with J. and T. in the Ba122 family?
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After a description of the experimental methods, the following results chap-

ters are laid out in an order as to provide some continuity in the logic.

First, Chapter 4 presents pressure studies on the BaFe;(Asi_Px); single
crystals first, as they provide some immediate insight into the way pres-
sure is translated to strains in the crystal structure and how this effects T

in our samples.

Chapter 5 presents doping dependent measurements on the Ba(Fe;_Niy),As;
single crystals, so as to establish some of the already interesting proper-
ties of this series before they are convoluted by the application of pressure.
Finally, Chapter 6 presents our pressure dependent measurements on se-

lected crystals from the same Ba(Fe;_Niy),As; series.



EXPERIMENTAL METHODS

3.1 SAMPLES

Samples of nickel doped BaFe;As; were obtained for this experimental pro-
gram via a collaboration with Michael A. Susner, Materials and Manufactur-
ing Directorate, and Timothy Haugan at the Air Force Research Laboratory,
Wright-Patterson Air Force Base, Ohio 45433 USA. The samples are single
crystals, grown using a self-flux method described below, and characterised
using EDS analysis with a Bruker solid state detector paired with a JEOL
SEM. The following descriptions were provided by Michael Susner.
Samples of phosphorous doped BaFe,As; were obtained for this experimen-
tal program via collaborations with Dr Yuta Mizukami and Prof. Shibauchi
from University of Tokyo Japan, and Dr Shigeru Kasahara and Prof. Yuji
Matsuda from Kyoto University, Japan.

3.1.1  Self-flux Methods

Synthesis of the single crystal materials was accomplished through a self-
flux growth. Fe;_yNiyAs was synthesized through reaction of pure ele-
ments in sealed quartz ampoules under vacuum at 1050°C for 24 hrs. These
materials were sintered ground and placed together with Ba (molar ratio
1 Ba: 5 Fe;_yNiyAs) into an Al;O3 crucible. The ampoules were heated to
900°C over 30 hours, held for 20 hours, heated to 1195°C over 60 hours,
held for 10 hours, and finally cooled to 1040°C over 78 hours. The sealed
ampoules were pulled from the box furnace and centrifuged to decant the

Fe;_yNiyAs flux. Compositions were determined through energy disper-
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sive spectroscopy (EDS) analysis of at least three discrete spots on three

separate crystals.

Single crystals of BaFe,(P1_<Asy), were grown from stoichiometric mix-
tures of Ba flakes, and FeAs, Fe, P, or FeP (powders) placed in an alu-
mina crucible, and sealed in an evacuated quartz tube. It was heated up
to 1150-1200 °C, kept for 12 hours, and then cooled slowly down to 8oo
°C at the rate of 1.5 °C/h. Platelet crystals with a shiny [0o1] surface were
extracted, and the x values were determined by an energy dispersive x-ray

analyzer.

3.1.2 Lattice Parameter Determination

A Bruker D8 Discover DaVinci system was used with either Cu K« (1.540590
A) or Co K« (1.78919 A) radiation. Low temperature measurements were
performed from 70- 300 K on an Oxford Instruments Chimera system. All
analysis was accomplished via LeBail fits to the c-axis reflections using the
FullProf software package [81] using the widely-available BaFe;As; cif file
as a starting reference. Uncertainties were determined by probing 3-4 spots
on each of 3-4 crystals from each batch. Standard error propagation was
used to convert the range in measurement results into uncertainties on the

doping of each batch.

3.1.3 Resistive measurements

Resistive measurements were performed on a Quantum Design Evercool®
Physical Property Measurement System (PPMS) using a standard 4-point
technique. Samples were mounted on cigarette paper using VGE-7031 var-
nish (Lakeshore Cryotronics). Copper leads were attached to the single

crystal specimens using silver paint. Resistive data was taken from 2-300 K
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under magnetic fields ranging from o-9 T in both heating and cooling con-
tigurations. Heating/cooling rates were kept to 0.2 K/min, or less when

going through the superconducting transition.
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Figure 3.1: Phase diagram of the Ba(Fej_«Niy)2As, system as elucidated from
measurements on our single crystal specimens. T. and Ty were taken
from resistivity versus temperature measurements; structural transition
temperatures were estimated from XRD measurements taken as a func-
tion of temperature (see inset). The points denoted by the star symbol
denote the samples subjected to ]. investigation as the focus of this
study. The linear extrapolations point to potential critical concentra-
tions within the superconducting dome.

These measurements were used to create Figure 3.1; a doping phase dia-
gram establishing the trends in the antiferromagnetic and structural tran-
sition temperatures (Ty and Ts, respectively). These trends, when extrap-
olated through the superconducting dome estimate the doping concentra-
tion of potential quantum critical points in the material and consequently,
samples in the vicinity of these concentrations were chosen for further in-

vestigation of J..
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3.2 MAGNETIC MEASUREMENTS

Further measurements to establish the superconducting properties as a
function of doping and pressure from magnetic measurements provide the

original experimental data for this research program.

—— H//c
—— H // ab

(N

It

=

Figure 3.2: Diagram of relative orientations of a sample. Red and green lines rep-
resent the supercurrents induced by fields applied parallel to the c-axis
and b-axis, respectively. This change in orientation is achieved physi-
cally in our measurements by changing the physical orientation of the
sample, not the field.

Qs

b

Magnetic measurements were taken using a Quantum Design Magnetic
Property Measurement System (MPMS) [82]. Samples measured in the
MPMS were cut from the post-processed large samples into a rectangu-
lar shape with typical dimensions of 1.5 x 1 x 0.1 mm and typical mass of
approximately 1-2 mg for the doping dependent measurements. As shown
in Figure 3.2, the c-axis is normal to the large surface of the sample, which

is characterised as the ab-plane.

Each sample was placed in a gel cap, held between the side walls of each
part of the cap in order to maintain an orientation parallel to the applied
tield. For perpendicular orientation, the same sample was placed in a PPMS
VSM capsule, and allowed to lay flat. These capsules were placed in a straw,

and kept in place by straw segments of equal length and shape in order to
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avoid asymmetric background contributions. For pressure cell measure-
ments, the sample needed to be cut smaller in order to fit into the 2.67-mm
outer diameter Teflon capsule. Samples were cut from samples used in the
doping dependent measurement series, and had a typical dimensions of 1.0

X 0.5 x 0.1 mm, and a typical mass of approximately 0.5 mg.

Values for the magnetic moment associated with a sample are obtained via
measuring the voltage induced in a SQUID (Superconducting QUantum
Interference Device) magnetometer (illustrated in Figure 3.3), when phys-
ically moving the sample through the middle of the SQUID coils over a
specified range. The MPMS has the capability to perform measurements

with an applied field ranging up to 7 T, and temperatures as low as 2 K.

drinking straw u
I Vsoquip
! sample | )
SQUID

Position (x)

pick-up coils \7

-06 -05 -04 -03 -02 -04 00 0.1 02
Voltage(V)

Figure 3.3: Samples are placed in a symmetric drinking straw and attached to the
relevant transport system. A positional sweep through the SQUID pick
up coils produces an output voltage.

The raw measured voltage is processed in two ways before being used to
fit to an equation representing a perfect dipole and returning a value for
the magnetic moment of the sample. Before fitting, the raw voltage is de-
meaned, meaning that the average of all values over the position range
is subtracted from each point. Next, in order to account for any drift in

voltage induced in the SQUID, the position range is swept twice and used
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to determine a linear drift in the voltage signal and subtracted. Figure 3.4
shows a representative example of the signal at the unprocessed, demeaned,

and detrended stages of this process.

Figure 3.4 is the output when using the reciprocating sample option (RSO)
which was used for all doping dependent investigations. Due to the weight
of the MPMS compatible pressure cell, for pressure dependent measure-

ments, the ‘standard transport” option was used.

Once the detrended and demeaned voltages are obtained, each measure-

ment is fit with an equation of the form [83]:

V(Z) = X; + X, x z+x3{z[R2+ (Z+X4)1 2

— [RE+ (A +(Z+Xq)]

—[R2+ (A + (z+x4))2]*3/2} (22)

Where Z is the sample position, A and R are geometric calibration param-
eters. X; and X; are the parameters associated with a vertical offset, and
linear drift, respectively. These two parameters should be very small, as
they have been theoretically accounted for by the signal processing. X3 is
the value used to derive a magnetic moment whereas X4 corresponds to a
vertical offset of the sample - fits will struggle to converge to an appropriate

result if this value is too far from zero.

The form of equation 22 is associated with a perfect dipole located in the
center of the 5 cm positional sweep range. The insistence that the sample
is in the center of the positional range is dealt with via a centering proce-

dure consisting of running the sample through a full positional sweep, and
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conflating the local extrema (minima in the case of a perfect diamagnetic
signal) with the sample being in the center of the SQUID magnetometer.

This also minimises the value of X4, allowing the best possible fit.

Standard Transport Scan

RSO Scan
10 1 e, 720 |
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Figure 3.4: The output voltage obtained from a positional sweep of the SQUID
outputs a signal from which a vertical offset, and a linear drift are
compensated for (left). This signal is then fit using equation 22, with a
derived parameter for the magnetic moment of the sample.

For measurements using the RSO transport option, each data point consists
of 2 scans, from which a value for the magnetic moment, and a standard
deviation of those values is calculated. This value of the standard deviation

was calculated according to the standard definition [84]:

1 o 1, o

This value of SD provides a measure with which to identify potentially

awry data points, and was used to filter out such points.

For measurements using the pressure cell set-up, the MPMS standard trans-
port option was used. For these measurements, the sample was moved
through a positional range of only 1 cm for the sake of the condition of the

motor. Additionally, because of the smaller scan length, the presence of the

47



48

EXPERIMENTAL METHODS

pressure cell and having to use smaller samples, the signal is significantly
noisier. To account for this, the number of scans in each data point was

doubled to 4.

3.2.1 Zero-Field Cooled (ZFC) measurements

In order to obtain values for the T. and volume fraction of each of our sam-
ples, we performed a series of measurements where the sample is cooled,
in zero field, to 2.0 K (significantly below T.) and consequently placed in
a small magnetic field (H = 0.5 mT) to have the magnetic moment of the
sample tracked as it is warmed through the superconducting transition. At
the lowest temperature point of this sweep, the sample is fully supercon-
ducting, and produces a large diamagnetic signal if placed in a magnetic
field. This signal is what is used to center the sample in the scan length as

previously discussed.

The field used for the ZFC measurements is as small as possible (0.5 mT) in
order to avoid broadening the superconducting transition and thus obtain-
ing as accurate a value for T. as possible. In order to obtain such a small
tield, the magnet was degaussed using a field oscillating between +1 T and
reset by briefly heating the magnet between each set of measurements (i.e.
between swapping samples). If this was not done, residual fields would
manifest in a complication of the centering signal, quite often in the form

of producing a ferromagnetic, instead of diamagnetic, signal.

Tc was obtained from the ZFC curve by Tc-crossover calculations. A straight
line is fit to the transition region, and extrapolated out to intersect a con-
stant fit to the values above T.. An example of this method is illustrated in
Figure 3.5. Uncertainties in T. measurements were obtained via calculating

a standard deviation on the value of the zero line, and varying the points
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Figure 3.5: T. was estimated by extrapolating a linear fit of the critical region to a
zero line extrapolated from points above the onset of the transition.

used for the fit to the transition area, and taking the maximum deviation

from the optimal fit.

3.2.2 Hysteresis Measurements and Bean Model

Measurements of J. were obtained using magnetic hysteresis measurements

and converted to values of J. via the Bean Critical State Model. This is done
by ramping the sample through a closed magnetic field loop with maxi-
mum value of 7 T obtainable in the MPMS. An example is shown below, in

Figure 3.6, of the stereotypical raw data obtained from a single run of one

of these hysteresis measurements.

The key assumption of the Bean model is that all current flowing in the
interior of the sample flows at the critical value (J.), that is analogous to
saying that the gradient of magnetic induction B, penetrating into the inte-
rior of the sample is constant. The magnetic field at the surface interface of

the sample is equal to the applied field, H, and as this is increased the field
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Figure 3.6: An example of a raw hysteresis loop measurement at 2 K which were
undertaken to produce values of J. versus H.

penetrates deeper into the interior of the sample.

From the Bean model we obtain an estimate for the distribution of cur-
rents within the superconducting sample, as illustrated in Figure 3.7, which
demonstrates the evolution of magnetic field for the increasing field branch

of a hysteresis loop.

By virtue of integrating the currents present in our sample over its dimen-
sions we can arrive at a generic expression for the magnetic moment created
by the sample at a given field. For example, in a cylinder shaped sample of

radius R:

-1 (R 5
M= 1oz ), )
However, you will notice in Figure 3.7 that there is a particular field H = H*
where the field penetrates fully into the middle of this sample. This corre-
sponds to the field where we have a current induced everywhere in our

sample equal to J.. This means that any further applied field will result in
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the introduction of dissipative currents into our system.
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Figure 3.7: The Bean model stipulates a constant gradient of H into the interior of a
sample. This means that, as H is increased, the induced supercurrents,
which all flow at a value J., penetrate further into the interior of the
sample.

Thus, at this particular point, if we were to measure the magnetic moment
of our sample, assume a constant J.(r), then simply dividing by the width
of this spatial dimension would give us J.. But for points before, and after
this particular H*, we must first subtract the contribution from the dissipa-

tive currents. Thus, generically:

N v
MT(H)—-M (H)) (25)

Rert

Je(H) = A (

where R¢¢r and A are factors determined from the shape of the given sam-

ple.
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In our case, we are dealing with samples in the slab geometry, and the
standard result of geometry considerations leads to using equation 26 to

calculate critical current densities from each measurement.

AM

where a and b are the width and length of the sample (a < b) and AM is

]c =20 (26)

the difference in volume magnetization for increasing and decreasing fields.

3.3 PRESSURE METHODS

Each sample was loaded in a 2.67-mm-diameter, 9-mm-long Teflon capsule
along with Fluorinert FC70 and FCyy7 mixed in 1:1 ratio as a cryogenic
hydrostatic pressure medium. The sample capsule was then placed in a
miniature home-built nonmagnetic Be-Cu Mico Metal, 97.75 % Cu and 2 %
Be piston clamp cell (dimensions of 8.8 mm diameter, 65 mm length) with
cobalt-free tungsten carbide pistons, see Figure 3.8. The pistons of this cell
are lightly tapered using electric-discharge machining. To apply pressure,
the cell was pre-loaded before clamping at room temperature using a lab-
oratory press with calibrated digital pressure gauge Ashcroft model 2089,
0.05 % accuracy. A more detailed description of this pressure cell can be
found in reference [85].

Uncertainty the applied pressure were estimated by taking a monitoring
the pressure before and after the tightening of the locking nuts. Quoted

values are taken as the average of these two values.

3.3.1 Calibration

The applied pressure was calibrated by observation of reported shifts in

Tc of lead at zero field [85]. Figure 3.9 shows the result of measurements
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Figure 3.8: Experimental set-up for the pressure dependent measurements. sam-
ples are placed in a Teflon capsule, and pressure applied using a labo-
ratory pressure through the top locking nut before tightening.

using the pressure cell, GPa(T.) versus nominal applied pressure. Values of
T are converted to GPa using the results in [86], which provide verification
of a linear relationship up to 5 GPa, well above the max pressure of our
measurements. A linear trend is observed and provides us with the means

to convert our observed values in psi to a reliable value in GPa.

Figure 3.9 shows the nominal pressure values of 1150 Psi do not maintain
the linear trend. This is due to approaching either the limits of the tensile
strength of the Be-Cu body of the cell, or the hydrostaticity limits of the Flu-
oroinert mixture pressure medium. The hydrostaticity limits are important
to consider, as uniaxial pressures have been shown to induce measurably

different rates of dT./dP when compared to that of hydrostatic pressure
[51].

A study of various pressure mediums by Tatiewa et al. [87] monitored hy-

drostaticity via the breadth of the ruby R; fluorescence line as a function
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Figure 3.9: A linear trend between nominal applied pressure and the pressure as-
sociated with measured values of the T. of a Pb sample.

of nominal applied pressures and found broadening at room temperature
began at 1.2 GPa. Thus, it is likely that this final data point at nominal
pressure of 1150 psi, fails to fall on the linear trend due to broadening of

the superconducting transition induced by non-hydrostatic effects.

Thus, any data taken at this pressure should be considered to present effects
expected of a uniaxial component of pressure. In BaFe;As; this corresponds
to a more sensitive dependence of the the c-axis lattice parameter, and con-
sequently a more rapid suppression of the higher temperature transitions.
This will directly affect the value of T, and ], although we have little to
suggest that the pinning landscape should be affected.

3.3.2 Background Measurements

Background measurements were used to identify potential spurious con-
tributions to the hysteresis measurements. Because we are measuring J.
magnetically, using equation 26, only sources that contribute to the hystere-

sis between ascending and descending field branches of the loop will result
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Figure 3.10: An example of a background hysteresis loop taken above T.. This par-
ticular measurement was of the x = 0.29 phosphorous doped sample
at 1 GPa. No hysteresis is observed, only a small diamagnetic signal
associated with the copper gaskets and/or BeCu housing, leaving the
Jc measurement unaffected.

in a difference to the value of J..

Figure 3.10 shows a representative measurement for the x = 0.29 BaFe,(As;_Px)>
sample at ~ 1 GPa. This clearly shows that the hysteresis contributing to
the Bean model measurement of J. is completely provided by the super-
conducting effects, even at high pressures. The background measurement
displays no hysteresis, only a small diamagnetic signal attributable to the

Cu and CuBe components of the pressure cell set-up.






PRESSURE EFFECTS ON ISOVALENTLY DOPED
BaFe;(As1-xPx)2

This first results chapter centres around measurements of an isovalently
doped BaFe,(As1_Px); series of samples, both as a function of doping and
applied hydrostatic pressure. In terms of doping dependence, we have four
samples with x = 0.25, 0.29, 0.35, and 0.38 ranging from firmly underdoped
to overdoped, with optimal doping occurring at x ~ 0.33 [88, 89]. Follow-
ing magnetic determination of the T. and J. characteristics as a function
of doping, one sample was chosen from each region of the phase diagram
(underdoped, optimally doped, and overdoped) and thus, the x = 0.25, 0.29,
and o0.35 samples were measured again as a function of pressure, ranging

from o to 1.2 GPa.

These pressure studies unveiled a number of interesting phenomena. A
large decrease in T, at pressures ~ 0.2-0.4 GPa, corresponding to percent-
age changes as high as 50 %, was observed in every sample, with the great-
est decrease in T, occurring for the critically doped x = 0.29. This initial
decrease was followed by a recovery in each sample to at least the initial

value of T, or even higher in the case of the underdoped sample.

The trend observed in the T. behaviour dominates the corresponding mea-
surements of ], resulting in significant suppression of J. at low pressures.
We posit that this behaviour can be explained as a non-linear response of

the structural lattice strains to applied hydrostatic pressure.
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4.1 DOPING DEPENDENT MEASUREMENTS

In this initial section, we will present the first examples of our magnetic
measurements, which consist of measuring magnetisation as a function of
temperature and field for samples at different phosphorous doping frac-
tions. In the course of doing so, we will define and elaborate on some of
the features of magnetisation curves that will pervade the measurements
in all the subsequent chapters. First, however, we need to briefly expand
upon what changes we expect to be brought about by isovalent doping with

phosphorous.

We know that the isovalent doping provides no extra charge carriers to the
material, meaning that isovalent doping should largely provide the effects
associated with the chemical pressure induced by substituting with atoms
of smaller effective radii. A previous study of the crystal structure of P-
doped Ba122 shows a resulting reorganisation of the crystal structure [47],

not solely a difference in the pnictogen height.

Thus, naively we do expect to see less effects associated with the charge
doping of Ni, or Co on the iron site, such as shifting of the Fermi energy
[90, 91], and introduction of pair-breaking pinning centres [25]. Instead,
phosphorous doping seems more likely to favour effects associated with
changes to the crystal structure, such as altering lattice parameters, and the
consequent effect of changing the Fe magnetic moment. However, the lat-
tice and electronic structures are intimately linked in 122 superconductors,
and ARPES measurements have shown that the Fermi surface characteris-

tics are significantly altered by phosphorous doping [92].

We do know that isoelectronic doping induces superconductivity in BaFe;As;,
with phosphorous doping resulting in maximum values around 30.0 K [88,

89]. T. values attained by P doping are larger than those attained by elec-
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tron doping on the Fe site (Co doping gives max T. around 24 K [93], Ni
- 20.5 K [94]), and less than that obtained via hole doping on the Ba site
(K doping results in T. ~ 38 K [38]), or by external pressure applied to the
undoped parent compound (T. =~ 35 K [4]).
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Figure 4.1: Susceptibility versus temperature for each phosphorous doped sample
with field oriented parallel (a), and perpendicular (b) to the ab-plane.
Curves measured with field in parallel orientation all show values | |
> 0.8 indicating reliable bulk superconductivity.

The common thread in all these observations is the importance of struc-
tural parameters in determining T. for BaFe;As; samples [35, 40]. Thus, a
change to lattice parameters is immediately the most likely culprit for any

behaviours we see in our subsequent results.

4.1.1  Temperature Dependent Magnetisation

Figure 4.1a shows the susceptibility (x) versus temperature for each of the
phosphorous doped samples in the parallel field orientation. These ZFC
curves should theoretically have no demagnetisation effects, and show all
samples reaching close to the perfect diamagnetic value of -1 corresponding
to consistent bulk superconductivity. The lowest value occurs in the most
overdoped sample at 0.8 - this is indicative of a reliable series of supercon-

ducting samples.
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Demagnetisation

The difference in values between ZFC curves taken with field oriented par-
allel (4.1a) and perpendicular (4.1b) to the ab-plane of our samples is due
to the effect of demagnetisation i.e. the redistribution of magnetic field

density incident on our sample due to the geometry.
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Figure 4.2: A plot of the anisotropy of magnetic susceptibility versus doping shows
a distinct change as doping increases beyond the quantum critical point
at x = 0.3. Values are taken from fits at 2 and 4 K

Demagnetisation in the parallel orientation should theoretically be negligi-
ble, whereas we expect a significant difference for perpendicular orienta-
tion. Therefore, we have corrected for this via calculations of the expected
demagnetisation factor in all perpendicular measurements. We have ap-
proximated this factor via calculations presented in references [95] and [96],

each based on different assumptions about the sample geometry.

There is still an intrinsic anisotropy present between the values of suscep-
tibility after the demagnetisation correction, presented in Figure 4.2. Mag-
netic anisotropy has been observed in a range of superconducting materials
including (but not limited to) representatives YBa,Cu3O7 , and Nd;_,Ce,CuO4
from the cuprate family [97, 98], and FeSe [99], SrFe;As; [100] from the
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realm of iron-based superconductors.

In terms of BaFe;As; superconductors, this anisotropy has been observed
in the electron doped [101], hole doped [102], strained [103], and undoped
[37] material. These reports vary as to whether the anisotropy is observed
in or out of plane. Nevertheless, this anisotropy is related to the establish-
ment of some orbital or spin ordering [101, 104] being established below
the normal state magnetic/structural transitions, and contributing differ-
ently to susceptibility dependent on the sample orientation. In our data we
can see clearly the distinct change in x as we increase doping through the

critical doping at x = 0.3, indicating a change in magnetic ordering.

Superconducting transition width

A feature of the ZFC curves which will be of interest throughout this the-
sis is the width of the superconducting transition, which we will denote as
AT.. The breadth of a superconducting transition is unavoidable and arises,
initially, from statistical variation in the superconducting order parameter,
1, in Ginzberg-Landau theory (or equivalently, the energy gap A in BCS
theory [10]). However, this fundamental contribution predicts only a width
of 107 -107" K. In reality, even in the most perfect crystal, the natural vari-
ation in isotopes present will provide a larger contribution, as much as ~
10> K. Any observed AT, larger than this must be attributed to imperfec-

tions in the sample quality, such as impurities or polycrystalline structure

[105].

Weak Links

Further broadening of magnetisation curves is often analysed in the paradigm

of ‘'weak-links’. In this context, ‘'weak-links’ can refer to a couple of differ-
ent phenomena. They can be thought of as areas with lower T., which
could be a result of inhomogeniety in the doping of the sample, stacking

faults or even the existence of the non-superconducting Ba spacer layers.
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Figure 4.3: Normalised magnetic moments vs temperature for each sample high-
light the difference in width of the superconducting transition. Per-
pendicular field orientation (a) shows a decreasing AT. with doping,
whereas the parallel orientation measurements (b) shows a large in-
crease at optimal doping. All measurements taken in a field of H = 25
mT.

Suppression of the T. of these weak-link regions will result in broadening
of the superconducting transition as the sample as a whole will need these
regions to transition in order to be fully connected and provide a suscepti-

bility value of -1 associated with bulk superconductivity.

Weak links can also refer to a more concise phenomena of a 'conduct-
ing junction between bulk superconducting specimens’ [106]. These junc-
tions manifest in single crystals as either intrinsic intra-unit-cell weak-links,
for example, a Josephson junction coupling between CuO oxide planes in
cuprate superconductors, or inter-unit-cell weak-links such as those found
in layered cuprate single crystals [107]. The presence of weak-links in a
magnetic field is commonly associated with an increase in AT.. AT, for
each of our samples, demonstrated in Figure 4.3, shows a significant level
of variance, with the x = 0.25, 0.29 samples in particular displaying signifi-

cant broadening.

The value of AT, calculated as the difference between T. and the tempera-

ture at which o.1 times the susceptibility above T. was reached, can be seen
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in the inset figures of Figure 4.3. The critically doped sample displays a
AT, of approximately 6 K, about 3 times the size of the other samples when
in the parallel field orientation. There appears to be no direct correlation
between the width of the transition and the value of T, nor any monotonic
behaviour as a function of doping. Values obtained for T lie around 15 K
for the underdoped sample, and between 27 K and 29 K for the optimally

to overdoped side of the phase diagram.

4.1.2  Transition Temperature versus Doping

Figure 4.4 shows the results of the T. measurements as a function of doping.
The three samples at x = 0.29, 0.35, and 0.38 manifest very similar values
of 28.9, 29.1, and 29.2 K, respectively. This is representative of the very
broad peak in the T.-doping phase diagram, and slow changes to T. on the
overdoped side, found in previous reports [43, 89]. To be consistent with
previous literature, we will refer to the samples as underdoped (x = 0.25),
critically doped (x = 0.29), near-optimally doped (x = 0.35), and overdoped
(x = 0.38).
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Figure 4.4: T. as a function of doping for our series of crystals shows good agree-
ment with that in study by Klintberg et al. [108], by comparison we
can place our samples as underdoped (x = 0.25), critically doped (0.29),
near optimally doped (0.35), and overdoped (0.38). The dashed line is
a guide to the eye.

63



64

PRESSURE EFFECTS ON ISOVALENTLY DOPED BaFe;(AS]_xPy)2

4.1.3 Magnetic Hysteresis Loops
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Figure 4.5: Hysteresis loops ranging from 2 K to T. for each sample in perpen-
dicular (left) and parallel (right) field orientation. A strong anisotropy
in current characteristics result in a reduction of the observed moment
as high as ten-fold for the parallel orientation. The second magnetisa-
tion peak becomes less distinct in parallel orientation, and the low-field
irreversibility line manifests as a dip at low-fields in the low-temp, per-
pendicular orientation loops.
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In order to investigate the J. characteristics of our samples, we measured
hysteresis loops for each sample in applied fields ranging from o T to 7 T,
and temperatures from 2 K up to 25 K. Additionally, each set of measure-
ments was done separately in fields oriented perpendicular and parallel to
the ab-plane. The immediate results of these measurements can be seen in
Figure 4.5. All the measurements manifest the stereotypical shape associ-

ated with hysteresis in most cuprate and iron-based superconductors.

We will now spend some time identifying some of the key features of this
field dependence, and what we can then infer. These next features are

illustrated in Figure 4.6.

Low-field Peak

The existence of a low-field peak is consistent with samples exhibiting pin-
ning centres with strong individual pinning forces. This makes qualitative
sense, when interpreted in the context of the Bean model, as strong pin-
ning centres will prevent the exit of vortices pushed into the interior of the
sample as we reach maximum applied field, resulting in a large remnant

magnetisation enhanced by the lower likelihood of thermal creep.

The breadth and position of the low-field peak can be correlated to the ‘ef-
fective radius’ of the sample introduced in basic Bean model considerations
[109], and thus, attempting to gather any quantitative conclusions from its
relative size, breadth, or position (it has been observed to shift to fields
higher than o T in a range of materials) would have to be taken with a
rather large grain of salt, as the control over sample size was not systematic

in this study.

The breadth of the low-field peak is consistently wider for the parallel ori-
entation. At first thought this makes little sense, as the currents circulating

in the ac-plane will be of smaller effective radius than those in the ab-plane,
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and thus we would expect a sharper peak. However, this particular broad-
ening is another symptom of the lack of demagnetisation in the parallel
orientation, resulting in larger H¢;, and staving off penetration of vortices

until a higher field.

Irreversibility Field

The point at which the field loop closes corresponds to having no lossless
transport of current in the material. Another way of saying this is that we
have pushed the sample into a regime where we have melted the flux line
lattice, restoring their ability to move freely under the Lorentz forces and
resulting in a resistive current flow. This is generally referred to as the irre-

versibility field (Hj).

For the majority of loops we have measured, H;,, is not accessible due to
the high critical fields in iron-based superconductors, and our applied fields
being limited to 7 T. However, the critical fields scale with reduced temper-
ature, t = T/T., and thus, for temperatures close to T. we will be able to
access approximate values of Hj; by introducing a criterion for the value of

Jc when H = Hj;;,. For the remainder of this thesis, this criteria will be:

Hirr ~ H(Jc = T000A /cm?) (27)

One other feature became prevalent at low temperatures, where we see a
large dip in the magnetisation at low fields. These low-field features are in
fact a manifestation of the low-field analogue of Hj,,. This phenomena has
also been referred to as 'vortex line wandering’ [110, 111]. Because we have
introduced only a small number of vortices at low fields, the intervortex
distance is significantly larger than the London penetration depth and thus,

the intervortex interaction reduces to near zero and, consequently, so does
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the vortex shear modulus, cgg [15].

i.e.

Ces x expl(ao/A) (28)

Thus the fact that we are seeing this low-field melting behaviour is indica-
tive of either a decreased penetration depth, or increased vortex lattice con-
stant when compared to samples which do not behave in this way. In Figure
4.8 we can see that this melting can only be seen in the 2 K measurements,

and moves to higher H with increased doping.

Second Magnetisation Peak (SMP)

Another distinct feature which is of particular interest is the prominence
of a second local maximum in the field dependence. This feature is com-
monly referred to as the second magnetisation peak (SMP) or the fishtail
effect, characterised by an increase in magnetisation at fields beyond the ini-
tial low-field peak. The SMP is definitely visible in 4.5, however it becomes

much more apparent in the log-scale plots of J. data further on (Figure 4.8).

We can observe that the peak is significantly suppressed in the parallel field
orientation at low temperatures when compared to that of the perpendic-
ular field orientation. This observation agrees with the measurements of
Ishida et al. [112] where the reduction in J. values coincided with the dis-

appearance of SMP in their hysteresis loops.

A commonly cited reason for the existence of an SMP is a crossover from
weak to strong forms of pinning [113], meaning that the vortex matter has
changed to a phase which allows larger dislocations of the vortex from its

equilibrium position and consequently increases the current restoring ca-
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pability of the pinning force. This changeover could either be related to a
change in the pinning strength of individual pinning centres, or a soften-
ing of the vortex lattice itself. The distinction between these two regimes is
formalised in pinning theories of HTS vortices where the key concept is the
need to balance the elastic forces of the vortex line itself with forces exerted

by the Lorentz force and the potential well of the pinning site.

The fact our SMP is significantly diminished in the parallel orientation
points to the possibility of a source of pinning which is invisible to some,
or all, of the vortices when laying parallel to the ab-plane, and provides
the force to restore high J. values in the perpendicular field doping phase
diagram. In the context of HTS pinning models, this would translate to a

difference in the transverse trapping distance when changing orientation.
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Figure 4.6: A plot of an exemplar hysteresis loop, pointing out standard features
in each of our measurements. Each sample shows a high magnetisation
at low-fields, followed by a plateau or second magnetisation peak. The
point at which the loop closes is the irreversibility field of the sample.

The breadth of the low-field peak is very small in the underdoped sample,
a feature which coincides with the smallest T. by a factor of 2, and also
being the only sample which does not exhibit the low-field irreversibility
phenomena. These features of the loops are likely all connected and simply

a result of the improved superconducting properties of the optimally and



4.1 DOPING DEPENDENT MEASUREMENTS

overdoped samples resulting in larger lower critical fields and thus broader
peaks, and consequently smaller numbers of vortices present for a given

applied field value.

4.1.4 Critical Current Density versus Applied Field

Figure 4.8 presents the J. versus applied field plots for each sample and
orientation after transforming the hysteresis data via the Bean critical state
model. In this series of samples we achieve a maximum of 0.93 MA/cm?,
occurring in the x = 0.29 sample at 2 K. These numbers come in close to
those presented in previous reports of ] in P-doped Ba122 which find peaks
in the critical current density on the order of 1 MA/cm? at the doping x
= 0.030 [112, 114] associated with a quantum critical point and consequent
divergent values for the superfluid density, penetration depth and charge

carrier effective mass [60, 62, 63].
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Figure 4.7: An exemplar of the J. vs H plots displaying the four different regions
related to different pinning regimes. i) is the initial, field independent
region where all flux lines are successfully pinned individually, ii) is a
power-law region where the Lorenz force is strong enough to overcome
the pinning force of these pinning centres. iii) represents the onset of
collective pinning as a simple plateau, often accompanied by an SM-
P/fishtail effect, and iv) relates to the onset of depinned bundles of
vortices causing large amounts off dissipation.
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Field Dependent Pinning Regimes

Each of the key loop features split our field dependence into 4 reasonably
distinct regimes which can be identified from each of the plots in Figure

4.8, and have been highlighted in Figure 4.7.

Region I

In Region I we have a flat, field independent region which maintains the
same value for the ], i.e. the increase in field in this region corresponds to

no noticeable uptick in the amount of flux creep induced dissipation.

The field up until which this behaviour is valid will be related to both the
strength of the pinning centres as well as the number of vortices which
are present in the material and thus, will be proportional to H¢;(0) of the
material as well as U. The dependence on the orientation of this field due to
demagnetisation effects is highlighted by the presence of 0 in this quantity,
but it is useful to remember that these materials do also possess a more
intrinsic anisotropy related to their layered, quasi-2D structure. Values for
the lower critical field of this material generally sit around 25 mT, and have

a field orientation anisotropy of between 1-3.

Region II - Strong Pinning Regime

Region II is the oft-cited strong pinning "power-law region’. This is a fea-
ture most commonly associated with the presence of strong pinning centres,
and thus the power-law exponent obtained when fitting to this region is pre-

dicted to be related to the strength of introduced pinning centres [20, 23].

Theoretically, this region exists because of the way in which a vortex re-
mains pinned. A vortex which is considered rigid, i.e. without the ability

to deform along its length, can not be reliably pinned due to its inability to
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deform and optimise the pinning force along its length.

Consequently, in order to pin a vortex, we must balance the forces keeping
a section of a vortex at a pinning site and the elastic energy associated with
the deformation of that vortex. This logic results in the following equation

for J. vs H:

2
oy fpb

In other words, the critical current in a material is proportional to one over
the effective ‘spring constant’ of a vortex (C) which, in the case of pinning

centres strong enough to pin a vortex by itself, is inversely proportional to

VB.

Dy

-~ 5
Cr -y ——
4\ 4nBepeq

(30)

Here @ is the flux quantum, B the local magnetic field, €7 the vortex line

energy, and € = @3/ (47\)%.

Thus, for each sample we fit the J. vs H data to a simple power law equation

ie.:

Je(H) = JeoH™ (31)

From our J. data, we can obtain p as a function of doping and compare
to equation 29, with a value of 0.5 being indicative of strong pinning [23,
115, 116]. The value of u = 0.5 is the result of theory which assumes that

vortices are pinned only by direct collision with pinning centres. Extending
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Figure 4.8: ] vs applied field for each doping in perpendicular (left) and parallel
(right) field orientations show a number of distinct features. In perpen-
dicular field, the SMP becomes more distinct with increased doping,
and moves to lower fields with increased temperature. The power-law
region also becomes visible to higher fields with increased doping. In
parallel orientation, the second magnetisation peak is not visible for the
critical doping and beyond, and the strong pinning region becomes less
distinct.
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the theory to pinning cites that have the ability to interact with vortices
via long-range interactions, i.e. a magnetic interaction or extended pinning

centres, results in a prediction of u = 5/8 = 0.625 [20].

- Hy =
0.65 -
- Hy e
5 0.60 /’/ ,/’/
- 4 td
[} e "
% 0.55 ; WO L Lt e
= 2
© 7/
o ,//
z 0.501 o
© .
— Sy
—_ -
b} 0.45 ,'///
2 S
E /7 7
0.40 A A’

0.35 ,_IL'

024 026 028 030 032 034 036 038 040
Doping Fraction (P)

Figure 4.9: This plot of the parameter p from 31 shows a shift at the critical doping
to values consistent with what is expected for strong pinning centres:
o.5 for strong pins [20], and 0.625 associated with strong pins with long-
range interactions [23]. These values were taken from fits to the 2 K and
4 K measurements of each sample.

Figure 4.9 presents the value of p obtained for each sample. These values
are the result of fitting to measurements at 2 K and 4 K, in order to stay
in the single vortex regime where this analysis is valid, and uncertainties
were calculated from the difference in results from these two temperatures.
We see quite clearly that the underdoped sample returns values below 0.4,
indicating that we do not have strong pinning for this sample. However,

once we increase the doping we obtain values above o.5.

This can be interpreted in terms of the increase in vortex core energy ob-
served at x = 0.3 [60] in BaFe;(As;_Px)2 . This change in the vortex core
energy appears to result in stronger pinning. Furthermore, as doping in-
creases, | continues to increase, indicating that the pinning centres induced
by P-doping are resulting in long range pinning. Pinning in BaFe;(As;_4Px)>

has been shown to have a strong contribution from variations in local T¢
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[112]. Thus, our observation can be interpreted as increased doping result-
ing in higher inhomogeniety and, consequently, larger regions of different

T responsible for the main pinning mechanism in our samples.

Region III - Collective pinning

Region III marks the divergence of J. characteristics from a single vortex
regime. Collective pinning interactions result in a plateau in J. vs H, and

quite often also produce the high field peak at Hspp.

When looking at the hysteresis loops, it appears that this series of crystals
only exhibits a definitive SMP in the underdoped sample. However, the
plots of J. versus field on log-log scale show a very distinct and large SMP
occurring at high fields. The robustness of this SMP leads to . being higher
at 20 K than at 15 K for the x = 0.38 sample at 6 T. This is a much larger
effect than anything seen in the Ni-doped series, and coincides well with

other studies performed by Ishida [112].

It is also easier to see that the amount of doping is having a significant effect
on the magnitude of the SMP. The underdoped sample clearly displays
the fishtail effect in both field orientations, whereas all the other samples
show an almost complete suppression of a second peak in the H || ab-plane

orientation, except for at T = 25 K for the x = 0.35 sample.

Region IV - Vortex bundles

Finally, Region IV is characterised by a large suppression of J., quickly
moving towards o A/cm?. This occurs when the Lorenz force acting on the
vortices are sufficient to overcome the collective pinning forces associated
with Region III. Once this occurs, bundles of vortices begin moving freely

as a unit, resulting in a large increase in dissipation with increasing field.
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4.1.5 J. versus Doping

Figure 4.10 shows the evolution of ]. as a function of doping for this series
of samples in both perpendicular (left) and parallel field (right). In perpen-
dicular field we observe a peak in J. which occurs at the critical doping,
with a maximum value of 0.9 MA /cm?, rather than the optimal doping as
one might initially expect. This value coincides very well with that mea-
sured by Ishida et al. [112], who obtained a value of 1.0 MA/ cm? at a

doping fraction of x = 0.30.
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Figure 4.10: J. vs x for our phosphorous doped sample shows a distinct maximum
at x = 0.29 in perpendicular field orientation, whereas a parallel field
orientation shows very similar values for the critically doped (0.29)
and the most overdoped samples.

This observation of extreme values of J. coincides with observations of
other superconducting properties at the critical doping, although the vast
majority of doping dependent J. studies of BaFe,(As;_,Px), have been per-
formed on thin films. In single crystals, BaFe;(Asj_yPx); samples have
been shown to also have peaks in the vortex core energy [60] and supercon-
ducting penetration depth [63, 117], which will lead to both an increased
strength and range of pinning in the material. Thus, these measurements

appear to be a further manifestation of the quantum critical behaviours of
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BaFe;(As1_«Px)2 samples.

It is interesting to note that this peak is less prominent in the parallel field
orientation, also coinciding with much smaller values of J., with a peak
value just over 0.1 MA/ cm?. A number of studies in doped BaFe;As; sin-
gle crystals have found that there is a coexistence of 51 and 8T, pinning [112,
118, 119] thus, this difference could be interpreted as each orientation hav-
ing a dominant contribution from different pinning mechanisms, and the

quantum critical behaviour is favouring improvement in one of the two.

4.2 PRESSURE DEPENDENCE

Next, we took respective samples from the underdoped, critically doped
and optimally/slightly overdoped region of our doping series, and looked
into the effect we are returned when applying hydrostatic pressure up to
values of 1.2 GPa. This method does not provide a means to reliably change
the orientation of the sample within the pressure cell. Thus, all measure-
ments involve pushing the sample flat, to the bottom of the capsule, result-
ing in a field oriented perpendicular to the ab-plane. Thus, any compar-
isons between these measurements with previous RSO measurements will

be taken from the perpendicular RSO data.

4.2.1  Effects of a Pressurisation Cycle on Samples

For the sake of keeping track of the various ways in which the process of
applying pressure can affect our measurements, we have taken ZFC and
Jc measurements at o GPa before and after application of pressures up to
1.2 GPa. Over the course of this research program, it became clear that the
pressurisation procedure had the ability to affect the experimental condi-

tions, such as sample orientation and hydrostaticity, on a quite individual
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basis. So, we present here first, the results of our pressure measurements

individually, sample by sample.
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Figure 4.11: The underdoped pressure sample (x = 0.25) displays a decrease in H;;,
and increase in J. at low fields as a result of the pressurisation cycle
(a). The ZFC measurements (b) show an increase in demagnetisation
factor, meaning this sample was pushed to a more perpendicular ori-
entation upon pressurisation.

As shown in Figure 4.11, there is an observable change in the ZFC and J.
characteristics before and after the the application of pressure. The initial
Jc measurement returned a value of only 10,000 A/cm? at 25 mT, which
correlates much closer to values obtained for the parallel field orientation
values obtained outside of the pressure cell. This value is ameliorated by a
factor of 3 after the pressure cycle was finished, and also coincides with a

change in H;;; which is approximately doubled during this process.

This all points to a movement from parallel to perpendicular field orienta-
tion over the course of the measurements. This is reinforced by the ZFC
measurements, which show a slight shift to a larger susceptibility, Thus, it
seems likely that upon pressurisation, the sample will have been pushed

flat inside the Teflon capsule.
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Critical doping (x = 0.29)
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Figure 4.12: The x = 0.29 sample shows a large change in magnetisation (b) at
o GPa before and after a pressurisation. This corresponds to much
larger measured values of J. (a). The orange dashed line shows a J.
measurement in the perpendicular orientation outside of the pressure
cell.

For the x = 0.29 sample, it seems the situation is pretty clear as seen in
Figure 4.12. The sample shows a massive change in demagnetisation factor
after the application of pressure, and coincides with a massive improve-

ment in J.. However, again, this picture is not quite as simple.

First of all, the magnitude of the low temperature susceptibility value (-2.5)
is much larger than what we would expect for a sample in either orienta-
tion. Nor do the values of J. point toward a change in orientation. For the
initial measurement of J. in the pressure cell, the value of 1.5 MA/cm? is
already larger than the the value of 1 MA/cm? observed in our measure-
ments before placing in the cell. If the sample were indeed parallel to begin

with, we would expect J. values to be an order of magnitude lower.

The other explanation for the change in the measured moment of our sam-
ples as we increase the pressure from o GPa is that the pressure is ho-
mogenising our samples, connecting regions which were previously dis-

connected by weak-links in the sample growth structure. This is a possible
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interpretation of the behaviour we have seen here, as encouraging improved
connection means that the area around which a continuous screening cur-

rent can flow increases, resulting in a larger measured magnetic moment.
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Figure 4.13: Plots of normalised moment for x = 0.25 (left) and 0.29 (right) show the
superconducting transitions changing before and after pressurisation.
The samples display less weak-link type behaviour post pressurisa-
tion, indicating an increased connectivity of the superconducting bulk
potentially responsible for the observed increase in J..

This behaviour should be visible in a reduction of weak-link behaviour in
the ZFC curves where weak-links are associated with a broadening of the
curve. As shown in Figure 4.13, each of these samples initially show show

a larger AT, - indicating that this interpretation could indeed be the case.

Because these changes are related to the quality of the sample, when com-
paring to other pressures, we will use the final (post-pressurisation) values
of J. at 0 GPa so as to be sure we are comparing measurements in the same

field orientation.

Optimally Doped (x = 0.35)

The final pressure dependent sample does not display any of the peculiari-
ties seen in the previous two samples. There is a slight improvement in J.
after the pressure cycle which coincides with a small increase in the mag-

nitude of demagnetisation, consistent with a slight change in orientation
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caused by the applied pressure. This sample also shows no change in the
ZFC profile, with before and after curves lying almost completely on top of

one another (Figure 4.19).
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Figure 4.14: The x = 0.35 sample shows very consistent behaviour before and after
pressurisation. Low temperature values of susceptibility remain very
similar (b), as do the J. measurements (a).

These observations make interpretation of data from this sample the most
reliable. It is a distinct possibility that this improved homogeneity is related
to the fact that this sample is doped further from the QCP making the for-
mation of alternate phases within the sample less likely. In the next section
we will look at the ZFC and T characteristics as a function of pressure in

order to elucidate the differences in these samples.

4.2.2 Transition Temperature versus Pressure

Upon applying pressures to the P-doped single crystals, we immediately
observe very significant changes to the superconducting properties, partic-
ular in reference to the T. of each sample. All three samples exhibited signif-
icant decreases in T at very low pressures, as demonstrated in Figure 4.15.
Immediately upon applying 0.2 GPa of pressure we observed decreases of
6.0 K, 12.7 K, and 6.6 K for the x = 0.25, 0.29, and 0.35 samples respectively.

These losses correspond to percentage decreases of 50, 46, and 22 % of the
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Figure 4.15: ZFC curves (left) and T. (right) as a function of applied pressure
present massive changes upon pressurisation to 0.2 GPa. T. decreases
immediately and consistently for all samples, by as much as 50 % in
the critically doped sample. Lower values of T. correspond to broader
transition widths. The negative trend then reverses and, at approxi-
mately 0.8 GPa, each sample returns to more traditional pressure de-
pendence.
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unpressurised T values.

Upon further pressurisation of the samples T, continues to decrease, until
approximately 0.4-0.6 GPa where the trend reverses and T. begins to im-
prove. The underdoped sample achieves a value of 21.2 K, which is 9.2 K
(77 %) higher than its o GPa value and corresponds to an overall dT./dP
of 7.6 K/GPa. This is significantly larger than that found for a sample of
similar doping (x = 0.23) in reference [108]. The optimally doped samples
only reach values of T. very similar to their initial values, reiterating the fact
that the maximum in pressure dependent phase diagrams becomes more
shallow for higher doping. The fact that the underdoped sample improves
so much more in Tcis also related to the superconducting dome being sig-

nificantly steeper at the value x = 0.25.

Our proposed explanation of this data is as follows: At zero pressure we
can, trivially, assume the strains applied to our sample to be isotropic. How-
ever, as we apply pressure, contractions along the c-axis will be favoured,
causing a decrease in T. up until contraction along this axis is saturated.
Subsequently, pressure will begin to favour contraction along the a-axis,

restoring values in T. when an equilibrium is reached.

This explanation relies on a direct correlation between T., and the ratio
c/a. Itis also important to note here that we are talking about the isotropic
strains rather than pressures, which will take into account the different elas-
tic moduli of the orthogonal lattice parameters. That is to say, that we have
no reason to believe that energy needed to compress the a lattice parameter

by some percentage is the same as that needed to compress c.

To illustrate, first we assume we have no shear stresses and pressures ap-

plied from all directions are equal (i.e. hydrostaticity), then:
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Oii = C?l €5 (32)

where 0j; and €j; are the components of the stress and strain tensors (see

. . jj . . . .
Figure ??), respectively, c;; are the proportionality constants or elasticity. Le.

011 = C11€711 + C12€22 + C13€33 (33)
022 = C21€11 + C22€22 + C23€33 (34)
022 = C31€11 +C32€22 + C33€33 (35)

and via imposing a symmetry between the x and y axis lattice parameters,

i.e. €11 = €x, and ¢y = cip = ¢y = ¢y, for i = 1, 2, 3, we arrive at

C11+cC12—2¢13 e
€33 —C13

€33 = (36)

When plugging in values for the elastic moduli from [120] for a similar
material this demonstrates that the percentage change in the c-axis lattice

parameter could be as much as 3.5 times the corresponding change in a.

Thus, initial small pressures will create large changes in the c/a ratio and
Tc until the approximation of our lattice lengths acting like springs breaks
down, ¢ will become ’stiff” and energy from the applied pressures will be-
gin to pour into changing a, restoring the c/a ratio and eventually returning

to an equilibrium with approximately isotropic strains.

Furthermore, because the change in T. is related to the strain induced in
the c-axis lattice parameter, the degree to which T. diminishes must be
correlated with the elasticity along the c-axis. By comparing to previous

pressure dependent measurements of Colombier et al. [108] at x = 0 we
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Figure 4.16: Stresses applied to a sample have associated components, oyj, for a
stress applied to the face with normal component in the i-direction,
in the direction j. Each stress results in a strain €yj, with elasticity (c)
being the constant of proportionality.

find ourselves in a position to evaluate the magneto-elastic lattice softening
versus doping. That is to say, we approximate the softening of the lattice
(in the z-direction) to be proportional to the difference in pressure needed

to attain the same changes in T. between undoped and doped samples:

i.e. applying 0.2 GPa of pressure to the x = 0.29 sample results in decrease
in T, from 29 K to 16 K, the amount of pressure needed to induce that
change in the undoped sample would be 0.8 GPa. For the 0.25 and 0.35

sample, this effective pressure (APg) is 0.2 GPa and 1.4 GPa, respectively.

We made these approximations by fitting a simple parabola to T. versus
pressure for the undoped data, shown in Figure 4.17. Note that we have
assumed, based on the data of Klintberg et al., that the application of low
pressures along the z-axis direction moves the sample to the equivalent of
a lower doping, i.e. to the left on the T.-doping phase diagram. Note this
does introduce some ambiguity as to what side of the peak in the T. our

optimally doped sample lies on.
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Figure 4.17: Fitting to pressure dependent measurements of undoped Ba122 from
Colombier et al. [5] , allows the estimate of pressure needed to induce
the changes in T. observed when applying 0.2 GPa to our doped sam-
ples (AP.¢¢). The inset shows a steady increase in AP.¢f with doping,
indicative of an increase in strains induced by hydrostatic pressure.

The inset of Figure 4.17 demonstrates that our underdoped sample experi-
ences no magneto-elastic softening with a one-to-one ratio of pressure to
effective pressure. The samples at higher doping however show marked
changes in the susceptibility of T. to pressure. Applying 0.2 GPa of pres-
sure results in changes to T. corresponding to pressure 4-10 times larger
than the undoped sample. This is a clear demonstration of increased sus-
ceptibility of the c-axis to uniaxial pressure, for dopings at, and beyond, the

critical doping near x = 0.30.

To further back up the critical behaviour we appear to be observing for the
x = 0.29 sample, we performed measurements of H¢; versus doping for sam-
ples from x = 0.25 to 0.35 including one sample at x = 0.33 which was from
a different batch of samples. These values were again determined using
magnetic measurements, performed on MPMS, and following the method

outlined in reference [121].
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Figure 4.18: Our BaFe,(Asj_«Py)2 series demonstrate a peak in H¢(0) at x = 0.29,
for both field orientations. This is a result which has been linked in
reference [60] to a peak in core energy of vortices.

Figure 4.18 clearly demonstrates that we observed a peak in Hc(0) at the
critical doping. This confirms the same result obtained in reference [60]
and, more importantly for us, definitively shows that the increased suscep-
tibility to pressure, and peak in J. we have observed for the x = 0.29 sample
are very likely to be occurring in conjunction with an enhancement of the

vortex core energy associated with a QCP [60].

Further clues as to what is responsible for these changes, or at the very
least the effects we expect to see resulting from them can be taken from the
evolution of the AT; of each measurement. In Figure 4.15, we can see that

the changes in AT, follow a qualitatively similar trend to that of T..

Figure 4.19 shows that this broadening of the ZFC curve is also repeatable,
as we cycled the same sample (x = 0.35) up to pressures of 0.6 GPa again
and finding a repetition of the same behaviour. When doing this, the values
for T. that were obtained were slightly more (i.e. decreased less) over this
pressure range. This is likely due to the irreversible nature of compressing

the Teflon capsule in the pressure cell, and consequently being unable to
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transfer as much pressure to the sample the second time around.

AT, is related to the significance of thermal fluctuations in the material via
the relation AT, < T.G; where G; is the Ginsberg number - the dimension-
less scale parameter associated with the presence of thermal fluctuations
[15]. This is, in turn, related to the penetration depth via GiZD = T./V2eod
where we have assumed a 2-dimensional material i.e. a material where the
coherence length is significantly lower than the interlayer distance d, and

o = (@ /4mA)2.

0.04 Pressure (GPa)

— 0
0.2

— 0.4

Normalised Moment
| | |
o o o
o > N

|
o
©

-8 6 4 22 0 2 4
T-Tc-onset (K)

Figure 4.19: The changes to transition width (and T.) are repeatable upon a per-
forming a second pressurisation cycle (dashed lines) on the same sam-
ple (x = 0.35). This rules out physical cracking of the sample as being
responsible for this behaviour.

This allows us to obtain estimates for the in-plane London penetration
depth. The values obtained from this rough calculation return values on the
same order of magnitude as those obtained by other studies [122], with val-
ues peaking around 300 nm, the same value observed in reference [63] for
the sharp peak obtained at critical doping, and going as low as 60 nm. This
correlates our diminishing of T. with a corresponding peak in the penetra-
tion depth which will have an immediate impact on the nature of pinning,

and thus, J. as a function of pressure.
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4.2.3 Magnetic Hysteresis Loops

Figure 4.20 shows the magnetisation loops taken as a function of pressure

for each representative sample at 2 K.

The flow on effects from the T. behaviours is made apparent by significant
decreases in J. immediately upon pressurisation from o to 0.2-0.4 GPa, this
is shown quite clearly in Figure 4.21. At 2 K and 0.25 mT ], displays catas-
trophic decreases; in the 0.25 sample we observe the signal immediately
reducing to the point where we have no discernible hysteresis more signif-
icant than noise levels, effectively reducing J. from 0.03 MA/cm? to o at a
rate of 0.15 MA /cm?/GPa. In the critically doped sample we see a decrease
from 4.2 to 0.7 MA/ cm?, a reduction of 83 % at a rate of 19 MA/ cm?/GPa.
The effect in the x = 0.35 sample is considerably less extreme with a 25 %

reduction in J. from 0.105 to 0.077 MA /cm? at 0.7 MA /cm?/GPa.

4.2.4 Pressure Effects on Critical Current Density

The J. vs H plots also show distinctive effects on the existence of the SMP
in these samples. In the underdoped sample the application of pressure
induces a more prominent SMP. In the context of the rest of our measure-
ments this further backs up the hypothesis of an increase in the elasticity
of the lattice structure as we move towards the critical doping. The highest
value of T in this sample occurs at 1.15 GPa with a value of 21.2 K, which
is approximately the value of T. one would expect for an unstressed sample

at x = 0.27.

By the same logic we see that the x = 0.35 sample loses its SMP by the time
we have applied 1 GPa of pressure, meaning that once we have pushed
the pressure beyond the initial anistropic strain stage, we have pushed this

sample further from the quantum critical behaviour expected around the
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Figure 4.20: Hysteresis loops (left) and J. plots (right) for each phosphorous doped
sample with applied pressures between o and 1.2 GPa. Each sample
shows a range of ] values, with the x = 0.25 and 0.29 samples showing
the largest changes. This correlates with these samples displaying the
larger percentage decreases of T, with pressure.



90

PRESSURE EFFECTS ON ISOVALENTLY DOPED BaFe(AS]_xPyx)2

critical doping, resulting in a denigration of the elasticity related SMP.

Figure 4.21 shows the contour plot of . for all fields and pressures. Clearly
from Figure 4.21 the observed decreases in J. follow the trend set out by T
which is to be expected. However there is still the possibility for pinning

landscapes to further affect the materials current carrying properties.
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Figure 4.21: All samples show marked decreases in ]. immediately upon pressuri-
sation, followed by a recovery to approximately the same initial values
or higher upon reaching 1 GPa. This is the same trend as observed for
Tc and thus clearly the two are linked in these samples.

4.2.5 Comparison to Previous Pressure Studies

There are a couple of key reports already published which, in conjunction
with the present study fill out the full pressure range of behaviour of T.

with pressure in the P-doped Ba122 series. Our present study occupies a
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parameter space which we could call intermediate pressures, whereas an-
other study by Kuo et al. [42] applies very small pressures (< 10 MPa) and
a study by Klintberg et al. [108] applies large pressures (up to 10 GPa, not
smaller than 1 GPa). These two studies seem to paint very different pictures
but, as we shall show, our data provides a very sensical and intuitive link

between the two pressure ranges.

The study by Kuo et al. applied uniaxial pressures along the [110], [100]
and [oo1] crystallographic directions. Applying pressures of < 10 MPa, they
measured significant changes in both T. and Ty of each sample of a range
of dopings. This study applied pressure using a cantilever adjusted using
a turnable screw without any pressure medium [123], and is an important
reference for us in terms of reinforcing that our observed phenomena is not

due to the hydrostaticity (or lack thereof) of our experimental setup.
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Figure 4.22: Changes in T. are approximately proportional to the gradient of T. vs

doping (left) in P-Ba122 when applying small uniaxial pressures [42].

The figure right shows that the same material manifests a common
dome-like behaviour for large hydrostatic pressures up to 7 GPa which
is shifted to lower pressures with increased doping [108].

Figure 4.22 shows that changes in T. as large as -3 K were achieved, even at
the very small applied pressures, demonstrating that the immediate effect
of applying pressure is to decrease T. at a rapid rate. dT./dP in this study

would be extremely large (~300 K/GPa), however it is obvious that this rate
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is unsustainable, so it leaves the question as to how this will behave with
continued application of pressure unanswered - but of which we have now
shown, reverses after a certain amount of strain is applied. The compari-
son between the rates of change in T. between this study and ours are not
immediately useful due the difference in the methods of applying pressure
i.e. uniaxial vs hydrostatic. Moreover, it is clearly demonstrated that AT, is

proportional to dT./dx at that particular doping.

The study by Klintberg et al. [108] shows that the application of pressure to
P-Ba122 single crystals resulted in the standard dome like behaviour associ-
ated with both doping and pressure effects on T.. The breadth and the peak
position of the resultant domes appeared directly correlated with the level
of doping, resulting in underdoped samples exhibiting a positive dT./dx
and overdoped samples exhibiting a negative value for dT./dx. However,
this particular study was done with the smallest pressure step being 1 GPa
thus completely skipping over the values seen here. Our values of T. ob-
tained for both o GPa and 1-1.2 GPa line up very nicely with their reported

changes in Te.

Thus, the whole picture lines up as follows: Initial application of pressure
has an large depressive effect on T in this material when applied along
the c-axis direction. Hydrostatic pressures initially favour changes in the c-
axis, but once the amount of energy needed to compress ¢ becomes larger,
a also begins to compress, leading to a reversal of the trend in c/a until
an equilibrium is reached and both ¢ and a will see equal applied strains.
Once this equilibrium is reached, at high hydrostatic pressures, the value of
c/a will remain relatively constant but the bond lengths will continue to be
compressed resulting in the dome-like behaviour we expect to see tradition-
ally. The breadth of this dome is dependent on the amount of phosphorous
doping, due to the fact that it effects the elasticity of the lattice parameters,



4.3 CONCLUSIONS

as we have shown in Figure 4.17.

A stark difference in T. vs P behaviours below 1 GPa can be found in other
compounds. For example, pressure dependent measurements of undoped
SrFe;As; [71], and fluorine doped LaO;_,FyFeAs [67, 68] show rapid in-
creases of T. below 2 GPa before changing to a broad dome-like behaviour
under hydrostatic conditions. Whether or not the low pressure effects mani-
fest as an increase or decrease in T, will be dependent on whether the initial

bond Fe-As bond angle is below or above the ideal tetragonal value.

To contrast, a significant number of materials appear to definitively not
display any non-linear low pressure T. behaviours. For example, in the
cobalt doped version of this compound, Ty was shown to only be affected
by uniaxial pressures approximately 5 times those applied to the phospho-
rous samples [42]. In addition, pressure studies on hole doped Ba122 [124],
LaFePO [125], Naj_xFeAs [66], LaO_F FeAs [67, 68] and cuprate super-
conductors including Hg1223, Hg-1212 [126, 127] show a smooth dome-like
behaviour. For the K and Co doped Ba122 examples, as a function of dop-
ing, Ty and Ts grow apart [93, 128], whereas the coupling between these
two transitions is enhanced when approaching optimal P concentrations
[42]. This points towards a strong magneto-elastic coupling a necessary
condition to realise the behaviour we see in this study. In subsequent chap-
ters, we will investigate whether this logic continues to hold when we in-

vestigate pressure dependent measurements of nickel doped Ba1z22.

4.3 CONCLUSIONS

To conclude, we will reiterate the key findings in this chapter:

* Measurements of T, as a function of applied pressure uncovered a

very non-linear trend with large initial decreases as high as 50 % in
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the critically doped sample, followed by a reversal of this trend, and
the recovery of initial values or higher. The values of J. followed
the same trend, indicating that the suppression of superconductiv-
ity is more significant than pinning characteristics when interpreting

changes of ]. with pressure in BaFe,(As_Py) .

We attribute this non-linear behaviour to anisotropic strains induced
in the material structure when applying hydrostatic pressure. In this
scenario, applied hydrostatic pressure will favour compression along
the c-axis due to the difference in elastic moduli along different crys-
tallographic axis. This, effectively uniaxial, pressure suppresses the
value of T, up until the a pressure ~ 0.4 GPa at which point the trend

reverses and subsequent strain of the a-axis restores the initial value

of Te..

Furthermore, we have shown by comparing the changes in T. as a
function of doping that the c-axis lattice parameter is more susceptible
to compression as we approach the critical doping value of x = 0.29,
demonstrating a further anomalous behaviour to attribute to the QCP

at this doping.



DOPING DEPENDENT PROPERTIES OF Ba(Fe;-xNix),As,
SINGLE CRYSTALS

The purpose of this chapter is to establish a number of interesting super-
conducting properties of nickel doped Ba(Fe;_«Nix),As; (Ni-Ba122) single
crystals. We have performed ZFC (T.), and hysteresis (J.) measurements for
a series of 8 different samples of Ba(Fej_«Niy),As; , with one underdoped (x
= 0.041), three optimally doped (x = 0.048, 0.049, and 0.050), and four over-
doped samples (x = 0.059, 0.060, 0.066, 0.075). From these measurements
we extract the J. and T. phase diagrams as well as pinning characteristics
extracted from the Dew-Hughes and weak collective/strong pinning mod-

els.

As we will show, this series manifests optimal values of J. and T, at two
different doping levels, displays evidence of a core-pinning mechanism,
and pinning centres which can be characterised as providing strong pin-
ning. Also, fits to the power-law region of J. vs H curves, and pinning
force plots show a distinct change in pinning with field orientation. These
observations, viewed in the context of existing pinning models, provide in-
formation about the the ideal conditions for increased J. in Ni-Ba122. Fur-
thermore, they provide valuable information to compare to similar results
for other dopant materials, and provide the foundation for understanding

results in our subsequent chapters on pressure effects in doped BaFe,As;.

The Effect of Doping

First of all we will introduce how we expect doping with nickel to affect our

samples, as there are multiple avenues to think about. As we are substitut-
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ing Fe (Z = 26) for Ni (Z = 28) there is both a difference in the ionic radii (78,
69 pm for 2+ Fe and Ni respectively [129]) of the atoms at the substitution
sites as well as a change in the macroscopic electronic character of the ma-

terial due to the difference in electronic structure ((Ar) 3d® 42, (Ar) 3d8 4s?).

As is the case for isovalent doping, electron doping results in changes to the
parameters involved in the physical structure of the material (bond angles,
pnictogen heights, bond lengths etc.). Doping with Ni results in a linear
reduction of the c-axis, and very small changes along the a-axis [46, 130,
131], and consequently affects normal state transition temperatures as well

as Te, ] and associated superconducting parameters.

As shown in Figure 5.1 Ni doping suppresses the c-axis lattice parameter at
the same percentage rate as other electron dopants Cu and Co [46]. How-
ever there is a difference in the rate at which the a-axis lattice parameter
changes, with more electrons per dopant atom resulting in a smaller per-
centage increase in a. This results in a steeper gradient for the ratio c/a,
when compared to Ba(Fej_Coy),As;, proportional to the number of extra
electrons per substitution site. Because of this relationship to the added
electrons, the difference in changes to c/a is expected to be larger when
comparing to BaFe;(Asj_4Py);. This is one way in which we know the
introduction of extra charge via the doping atom to contrast with the P

doping presented in the previous chapter.

Substitution at the Fe site is often referred to as 'direct” substitution due to
the fact that excess electrons from donor atoms such as Co or Ni are of 3d
character, and the Fermi level for these materials is largely comprised of 3d
electrons [132]. However, dopant atoms are unlikely, if chemical intuition is
to be believed, to donate extra electrons to the system as this would imply

Co, and Ni acting as +3 and +4 ions respectively.
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Figure 5.1: Data from reference [46] demonstrates the changes to lattice parameters
induced by doping on the Fe site. The c-axis lattice parameter reduces
at the same rate, regardless of the difference in number of valence elec-
trons, whereas the a-axis shows marked difference between Co, Ni, and
Cu doping.

DFT studies have proposed that instead of the approximately rigid shift
in the Fermi level expected by averaging the extra nuclear charge across
the whole system, the additional spin density is localised near the dopant
atoms in order to compensate for additional nuclear charge [90], making
the term ‘charge doping’ potentially a misnomer. This results in the in-
troduction of sites with increased spin density, rather wild changes in the
partial DoS (for Ni-doping, less so for Co) and also provides a candidate
for a pair breaking pinning centre like those seen for the case of indirect

doping of K on the Ba site [133].

5.1 TEMPERATURE DEPENDENT MAGNETISATION

Magnetic zero-field cooled (ZFC) curves at 0.5 mT were used to estimate

the superconducting critical temperature (T) for each sample.

Demagnetisation

In Figure 5.2 we present the temperature dependent susceptibility for this
series of samples in both field orientations. Most samples reach 80% of the

ideal diamagnetic signal in both orientations, except for the underdoped
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Figure 5.2: ZFC curves of the normalized magnetic moment at o.5mT for
Ba(Fe1_xNix)2As; single crystals with x ranging from 0.041 to 0.066
with the applied field perpendicular to the ab-plane. The supercon-
ducting volume fraction of all these samples are > 70%, confirming the
presence of strong superconductivity.

and x = 0.049 samples.

The susceptibility anisotropy for each sample is presented in Figure 5.3,
with error coming from the averaging of two possible formula for the per-
pendicular demagnetisation factor. Optimally or overdoped samples all
present similar anisotropy values, whereas the underdoped sample displays

a value approximately double the others.

This is similar to what is seen in Ba(Fe;_Coyx)2As; where anisotropy de-
velops at the structural transition [101], and also what we have observed
in the BaFe;(Asi_«Px), measurements in the previous chapter where we
see a change in anisotropy as we increase doping beyond the critical level.
The doping level of x ~ 0.050 where we see this change occur is, like the

phosphorous series, the doping fraction associated with a posited QCP [61].

5.1.1 Transition Temperature versus Doping

Figure 5.4 shows the critical temperature values obtained as a function of

doping for this series of crystals. The expected dome shape is observed
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Figure 5.3: Anisotropy in x below the superconducting transition temperature for
each doping. The underdoped presents a significantly larger value to
all other samples.

with the peak occurring in the range between x = 0.041 and x = 0.050. The
general consensus of the literature available on Ba(Fe;_Nix)As; cites opti-
mal T, as occurring at a doping concentration around x=0.05 [94, 134-136].
We find from these measurements that T. has very similar values at x=0.049
(Te = 19.0 K) and x=0.041 (T. = 19.15 K) with the x=0.048, 0.050 samples hav-
ing a lower T. = 17.6 K. Thus, it is difficult to assign an optimum doping
concentration at this point for our set of samples. However, for the sake of
convenience, we will refer to the x=0.048-0.050 samples as optimally doped,
simply to be consistent with previous reports at this stage. This places
these samples in the range of slightly underdoped (x = 0.041), near opti-
mally doped (x = 0.048, 0.049, and 0.050) to overdoped (x = 0.059, 0.060,
0.066, 0.073).

The distinction between underdoped, optimally doped, and overdoped is
important to keep in mind. This is because we are interested in observing
any signs of quantum critical behaviour in this series, and the different dop-
ing fractions result in different proximity to the points of interest, x = 0.05
and o.07, which have been identified as possible QCPs via NMR measure-

ments [61]. In Figure 5.4 we do not see any obvious signs of anomalous
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Figure 5.4: Values of T. taken as T.-crossover demonstrate the expected dome-like
dependence of critical temperature on additional doping. All measure-
ments are this work aside from the red. No significant difference is seen
in the determination of T. for different field orientation or measurement
method. Dashed line is a guide to the eye.

behaviour at x = 0.05, however we do find that the values of T. near x =
0.07 are significantly above what appears to be the trend. The values of
10.6 K and 9.7 K for x = 0.073 and 0.075, respectively, are higher than those
obtained in reference [118] (x = 0.075, Tc = 8 K), and lower than that found
in references [134] (x = 0.070, T, = 13 K) and [137] (x = 0.075, Tc = 15 K),

illuminating a sensitive dependence of T. at this doping.

The phenomena of peak T, values occurring at critical doping values, where
normal state transitions are suppressed to o K, is observed for a range of
superconducting materials. Examples of such materials and transitions in-
clude HTS cuprates with their pseudogap behaviour [56], AFM ordering in
heavy fermion superconductors [57], or indeed suppression of Ts and Ty
to o K in the presently studied Ba122 FeSC family [61, 138]. Thus, it is not
unforeseen that the posited QCP at x = 0.07 is responsible for these values

of T. being larger than expected.



5.1 TEMPERATURE DEPENDENT MAGNETISATION

Figure 5.4 also shows the measured values of T. from another doping de-
pendent study of Ni-Ba122 single crystals by Canfield et al. [6], to show
the consistency between these values and ours. Not all phase diagrams of
other studies consistently overlap with ours. Studies by Chen et al. [130]
and Xu et al. [139] find reasonably higher T. values on the overdoped side
of the phase diagram.

However, this discrepancy can be easily linked to differences in the mea-
surement methods. The estimations by Chen are taken as the point of di-
vergence from o susceptibility, which would overestimate T. in comparison
to Tc-crossover. Chen et al. also use a different method for characterising
the doping levels of their crystals (ICP) whereas Xu et al. quote values as
midway through the resistive transition. Canfield et al. use the same EDS
method for determination of x, as well as T.-crossover. This results in val-
ues which easily compare to our own. The difference between a resistive,
and magnetically derived T. appears to be negligible as evidenced by our
resistive measurements of T.. Furthermore, there is clearly, as expected, no

difference in the T. obtained for different sample orientations.

It is also worth noting that the values at approximately optimal doping give
two significantly different values. At x = 0.048 and 0.050 the crossover T
obtained is 17.6 K, exactly in agreement with that obtained by Shahbazi
et al. on single crystals at x = 0.05 [136]. The x = 0.049 sample has been
measured to have a crossover T. of 19.0 K which is closer to results obtained
in another study by Pervakov et al. [134] who found single crystals at the

same doping concentration to have T, = 19.5 K.

Upper Critical Field

Figure 5.5 plots values of Hc,(0) versus doping taken from a series of resis-
tivity measurements performed on our series of crystals. T.-crossover was

determined for resistivity versus temperature measurements for a range of
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tields from o to g9 T. Using the simplified Werthamer-Helfand-Hohenberg
(WHH) formula [140]:

dHc2

He2(0) = —0.693
2(0) o 67)

we are able to obtain estimates for the value of upper critical field for each

doping.

The obtained values show a distinct drop off in H, at the optimal doping
of x = 0.050. Estimations of the H¢, behaviour is closely linked to the con-
densation energy, and coherence length of each sample and will thus have
flow on effects for the efficiency of flux pinning in the material, as well as

its ability to screen incident fields in the first place.
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Figure 5.5: Measurements of T. as a function of H in a) allow the determination
of approximate values of H¢,(0) by utilising the WHH approximation
(equation 37). A clear drop off in Hc, can be seen to occur at the critical
doping x = 0.050.
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Figure 5.6: Hysteresis loops for each sample ranging in doping from x = 0.041 (un-
derdoped) to x = 0.075 (overdoped) for field oriented perpendicular to
ab-plane. Second magnetisation peak is clearly visible at all tempera-

5001

250

—2501

—5001

x = 0.041, H L to ab-plane

4 2 2 4 6

0
Field (T)

x = 0.049, H L to ab-plane

4 22 2 4 6

0
Field (T)

x = 0.059, H L to ab-plane

Field (T)

x = 0.066, H L to ab-plane

-4 -2 0 2 4 6
Field (T)

tures for all samples.

B N

o

S ©
Temperature (K)

=
IS

=
o

B N

o
Temperature (K)

=
o

ee] o >
Temperature (K)

—
o

=
N

o ~
Temperature (K)

-]

Moment (emu/cm?3) Moment (emu/cm?3) Moment (emu/cm?3)

Moment (emu/cm?)

x = 0.048, H L to ab-plane

800
600 A
400
200 -
04
—200 A
—400 A
—600 A
—-8001__ . . . . .
-6 -4 -2 0 2 4 6
Field (T)
x = 0.05, H L to ab-plane
1000 -
750 -
500
250
oA
—250
=500 -
—750
—1000
6 -4 2 o0 2 4 &
Field (T)
x = 0.06, H L to ab-plane
400 A
200 A
04
—2001
—400 A
6 -4 —2 0o 2 4 6
Field (T)
x = 0.073, H | to ab-plane
40
30
20
104
04
~104
—204
~304
—401 . i i i

2 4 6
Field (T)

10

12

Temperature (K)

Temperature (K)

Temperature (K)

Temperature (K)

103



104 DOPING DEPENDENT PROPERTIES OF Ba(Fe;.xNix),AS, SINGLE CRYSTALS

x = 0.041, H | to ab-plane x = 0.048, H | to ab-plane

300 -

200 -

100 -

Moment (emu/cm?3)
o

|
()]
[
B
1]
N
o
~
N
o]

= = = ] o S N

o » o
Temperature (K)
Je (MA/cm?)

= =

w o w

o o o o

= = = o] o B N

o = o
Temperature (K)

—100+ =501
—200 —1001
_300< _1504 T T T T T T T
-6 -4 -2 0 2 4 6
Field (T) Field (T)
x = 0.049, H | to ab-plane x = 0.05, H || to ab-plane

=
o
o

401

204

Moment (emu/cm?3)
o
o o
I = o IS N
N o
Temperature (K)
Moment (emu/cm?3)
LoL oy N o
w o w o w o w
= = o] o = N
N o
Temperature (K)

201
—401
~601
: : - . - - . -100 +— - - . - . ,
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
Field (T) Field (T)
x = 0.059, H || to ab-plane x = 0.06, H || to ab-plane

60 4

401

204

Moment (emu/cm?3)
o
= = © o = N
N o
Temperature (K)
Moment (emu/cm?3)
! =
w w o
o o o o
= = © o B N
N o
Temperature (K)

~201
—40
60
—1001
6 4 2 o0 2 4 6 6 -4 2 0 2 4 6
Field (T) Field (T)
x = 0.066, H || to ab-plane x = 0.073, H || to ab-plane

N
o

Moment (emu/cm?3)
o
= o o S N
o
Temperature (K)
Moment (emu/cm?3)
b A e N w
o o o o o o o
L
o
N
N
o
= ) o IS N
o
Temperature (K)

40

204

—20

—40

|
N
o

5 4 2 0o 2 4 6

Field (T) Field (T)

Figure 5.7: Hysteresis loops for each sample ranging in doping from x = 0.041
(underdoped) to x = 0.075 (overdoped) for field oriented parallel to
ab-plane. Second magnetisation peak is definitely diminished in com-
parison to the perpendicular orientation at low temperatures.
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Figure 5.9: Critical current density estimated from the magnetisation loops in Fig-
ures 5.6 and 5.7 using the Bean model. Values are much lower in the
parallel orientation due to intrinsic anisotropy in the superconducting
characteristics, as well as changes in the flux pinning induced by differ-
ent geometries as discussed further on. The shape of the field depen-
dence splits into four regions related to single vortex pinning (I and II),
collective pinning (III) and flux flow regions (IV) illustrated in Figure

4.7.



5.2 CRITICAL CURRENT DENSITY VERSUS APPLIED FIELD

Values of J. were obtained via the same methods presented as in the previ-
ous chapter. Measuring hysteresis loops for each sample in applied fields
ranging from o to 7 T, temperatures from 2 K up to just below T, and each
performed separately in fields oriented perpendicular and parallel to the
ab-plane. The hysteresis data from these measurements can be seen in Fig-
ures 5.6 and 5.7, and the data processed via the Bean model is presented in

Figures 5.8 and 5.9.

Second Magnetisation Peak (SMDP)

The field dependence manifests as very similar to what has been observed
in other studies of Ba(Fe;_,Coy),As; samples [112], with the prominence of
the SMP increasing with increasing doping fractions. In Ba(Fe;_4Nix),As;
, the fishtail effect has been quite concretely experimentally linked to a

crossover in pinning behaviour via magnetic relaxation rate measurements

[137].

The details of what is meant by this pinning crossover is detailed in the
lengthy review of vortex dynamics in reference [15], and in a more narrow
focus in reference [113]. In short, the elastic regime is defined for weak col-
lective pinning, where the elasticity is the key force to balance with pinning
forces. The crossover is triggered by a reduction in elasticity of the vortex
resulting in the possibility of plastic deformation, where single vortex pin-

ning by strong pinning defects become the dominant contribution.

In all the Ba(Fej_«Niy)2As; samples, the SMP begins shortly after the on-
set of collective pinning, and before the onset of motion of vortex bundles.
This contrasts with what was seen in the BaFe;(Asj_«Py), crystals where,
in some measurements, the SMP reappeared after the sharp drop in J. as-

sociated with vortex bundle dissipation.
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The change in orientation ubiquitously moved the SMP to higher fields,
meaning that the weak collective pinning dominates for longer. This could
be contributed to postponing the reduction in vortex elasticity, increasing
the significance of intervortex interactions, or changing the pinning volume
through which a vortex can deform to interact with pinning available cen-
tres. One other possibility is that the orientation of the vortices changes the
curvature a vortex can attain when deforming to nearby pins, potentially

due to a change in the density of pins in the transverse direction.

5.2.1 ] versus Doping

Once we had finished the determination and characterisation of the super-
conducting transitions in this series of samples, the next step was to inves-

tigate the critical current phase diagram of nickel doped Ba122.

Figure 5.10 shows the final product, and the central result of this chapter;
a sharp peak in the critical current density of Ni-Ba122 occurring at the
optimal doping value of x = 0.050. This result was published in Supercon-
ducting Science and Technology [141], and has since also been observed by

other groups also measuring J. as a function of nickel doping [118].

Large increases in ]. are always of interest to the superconducting commu-
nity, however, potentially the more immediately interesting feature of this
data is that this peak only occurs when the samples ab-plane is perpendic-

ular to the applied field.

The peak in J. occurs somewhere close to the critical doping at x = 0.050
whereas the peak in T. appears to be between 0.050 and 0.041. It has been
pointed out in reference [112] that this peak behaviour in J. is consistent

with an enhancement of the vortex energy near a QCP.
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Figure 5.10: A peak in the doping dependence of ]. can be clearly discerned near
optimal doping for magnetic measurements in H L to the ab-plane
(top), but not in the orientation with H || ab-plane (bottom).

This observation, in conjunction with the lack of a correlated peak in T,

points to the pinning characteristics being the chief culprit for the large val-

ues of J. and thus we will present Dew-Hughes geometrical, and strong/weak

collective pinning models in order to ascertain the nature of pinning in our
crystals and subsequently why we see such marked difference between the

two orientations.

5.3 PINNING ANALYSES

The existence of this peak in the doping dependence J. is highly likely to be
related to the pinning characteristics of the material. Thus, the remainder
of this chapter is devoted to presenting various analyses of the pinning be-
haviours. This follows three main avenues; application of the Dew-Hughes
model, the characteristics of the strong pinning power-law regime, and tem-

perature dependent pinning models.

5.3.1 Dew-Hughes

Figures 5.11 and 5.12 show the pinning force density (F, = Jc x H) nor-

malised to its maximum value plotted as a function of the reduced field (h
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= H/Hj). For each sample, most of the measurements had Hj,, fall outside
of the accessible field range, and thus the data presented is only for temper-
atures close to T.. Data from as many temperatures as possible are plotted
based on whether a value for the irreversibility field was able to be obtained
from the criteria that Hj.,is equal to the field at which ], is reduced to less

than 1000 A /cm?.

The model utilises a definition of pinning force which takes into account
only the amount of force required to move a vortex from a pinned to un-
pinned position, regardless of intricacies which would arise, most notably
from things like the elasticity of said vortex. Nonetheless, the Dew-Hughes
model [14] has become one of the standard models implemented in order
to characterise the nature of a pinning mechanism in superconducting sam-

ples. So we will find it useful in order to compare to literature.

Note that this does not mean it we would not see differences in materials
with different elastic moduli, just that an interpretation in this model would
be incorrect. Even so, the Dew-Hughes model is used to discern between
the proposed geometry of available pinning centres, the nature of the inter-
action mechanism (core or magnetic interactions), and whether the pinning
centres result from non-superconducting conclusions or superconducting

regions of contrasting values of the Ginzburg-Landau parameter (k)

Perpendicular field

For samples in the perpendicular field orientation each doping and temper-
ature agree well with a single fitting of the form f, = Ah%(1 —h)® at low
applied fields. The calculated maxima hyox = a/(a +b) agrees well those
obtained by studies on other iron arsenide materials. Previous studies have
found hpax values to be between 0.32-0.4 for Ba(Fe;_Niy)As; [134, 135],

0.32-0.41 in Ba(Fe;_yCoy)2As; [112, 142], 0.28 in Ba(Fe;_xNay),As; [143].
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Figure 5.11: Dew-Hughes fits to each sample show peak positions independent of
the temperature, when measurements are taken in the perpendicular

field orientation.
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All those previous studies cited above exhibit resonably consistent values
of hmax over a significant doping range. The study by Pervakov et al. [134]
even found the data to scale convincingly over a large temperature range
in their Ba(Fej_yNiy)2As; samples (T = 1.4-7.9 K for x = 0.07, T = 7-17 K for
x = 0.05) demonstrating that these results are only minorly affected by the
elastic-plastic crossover. Values of hmax obtained in reference [137] are a bit

lower, ranging from 0.26-0.3 over a similar doping range to our samples.

Whilst this is promising we do observe that data from different temper-
atures begins to spread when the applied field is past hjax. We believe
this observation can attributed to the existence of the second magnetisation
peak as the plastic and elastic regimes will have different field dependen-

cies, and the position of the SMP is temperature dependent.

So, apart from the slight divergence at high fields, all of these data points
converging onto the one line in the perpendicular orientation is strong ev-
idence that the nature of this pinning mechanism is independent of both
temperature and doping concentration. In the context of the Dew-Hughes
model, the obtained values of hmax (0.32-0.4) are correlated with either a
core mechanism with point type geometry, or a magnetic interaction with

volume type geometry [14].

Parallel field

In field parallel to the ab-plane, the Dew-Hughes results are strikingly dif-
ferent. The movement of the second magnetisation peak to higher fields in
this orientation makes attaining a value for Hj,, more difficult and, for this

reason there are no plots for the x = 0.041 and 0.073 samples.

Figure 5.12 depicts several distinct differences in the model outcome for the

parallel field orientation. The values of hnax are being shifted significantly
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Figure 5.12: Dew-Hughes fits show a wide range of peak positions. The samples
in parallel orientation had lower values of ]. which persisted to larger

fields, resulting in more difficulty obtaining values for the irreversibil-
ity fields and thus less data for these plots. Two dopings, x = 0.041
and 0.073, had data which was two noisy at the higher temperatures

to obtain reliable fits.
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higher in the parallel orientation for some samples, but not all. This fact
points to a different form of pinning contributing significantly in this orien-

tation, and contributing differently, dependent on the doping fraction.

Another study by Pervakov et al. [134] also found this shift in the pinning
force density maximum for Ba(Fej_«Niy),As; single crystals, attributing it,
as we have also, to a difference in pinning for vortices moving within or
between layers, each of which will have different field dependencies. In
parallel orientation, the induced currents circle in the ac (or bc) plane, and
will thus have a contribution from the currents running parallel to the c-

axis, which would not be seen for currents induced in the ab-plane.

However, our data shows us something more in that this effect seems to
increase in significance around optimal doping. This is immediately signif-
icant to us as it verifies a distinction between orientations for the dominant

pinning mechanism near our observed peak in J.

The hmax values for the optimally doped samples are 0.55 and 0.56, shift-
ing towards the value 0.6 associated with a core pinning mechanism and
a surface geometry. This seems reasonable, as the point pinning centres
providing the major contribution in perpendicular orientation are likely
created at dopant sites in the Fe-As plane which would appear as a surface

for vortices oriented parallel to these planes.

When looked at side by side, in Figure 5.13, it is also easy to discern that
there is a broadening of the peak in pinning force density. This can also be
interpreted as resulting from the two pinning mechanisms being present,
with two different values of hmax contributing to spreading out the field

dependence of Fp.
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Figure 5.13: A plot of normalized pinning force density versus reduced field for a
range of dopings and temperatures. The red line represents a fit of
the form f, = Ah%(1 — h)® taken from the Dew-Hughes model [14]
for vortex pinning in type 2 superconductors. The scaling behaviour
indicates a strong pinning mechanism with little to no temperature or
doping dependence in perpendicular field orientation but not parallel.

This observation begins to form a coherent interpretation when combined
with the ZFC curves in Figure 5.2. The breadth of superconducting transi-
tions is larger in the parallel field orientation, indicative of an increase in
the significance of weak-links. This means that the majority of weak-link
behaviour is being contributed to by currents moving parallel to the c-axis
and that pinning in this direction is weaker. This will return lower values
of J. in parallel orientation, and highlights the significance of surface pins

in this orientation.

To further back up this interpretation, note that vortex lines will not need
to deform in order to reach more pinning sites as the vortex is oriented
such that its entire length is pinned by the surface. This would result in an
elongated single vortex regime due to the significantly diminished pinning
volume, an effect which can be very clearly seen when comparing the power

law fits of the 0.05 sample in perpendicular and parallel orientation:

Figure 5.14 clearly shows the parallel orientation (left) resulting in a power
law region up to almost 3 T whereas the perpendicular orientation (right)

is finished with such a dependency observably before reaching 1 T. One
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Figure 5.14: The difference in pinning between perpendicular and parallel field
orientations result in a single vortex regime that extends to higher
fields in parallel.

other possible effect of this dynamic would be to reduce intervortex inter-
actions, shifting field at which we attain the reduction in flux-line elasticity

responsible for the manifestation of a second magnetisation peak.

5.3.2 Strong Pinning

Next we present the result of power-law fits to Region II in order to pro-
vide us with information about the strength of pinning centres in the single
vortex regime. In particular, this analysis tells us how well our measure-
ments adhere to the strong-pinning described in [15, 20, 23, 115]. Figure

5.15 shows a representative fit to this region for our optimally doped sam-

ple.

Ishida et al. point out, that in Ba(Fe;_Cox)2As; single crystals, there is
a coexistence of 8T, and 8l pinning, with 6T. dominating at high temper-
atures, and 61 contributing at low temperatures [112]. Thus, we expect to

see in this analysis pinning associated with scattering off doping impurities.
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Figure 5.15: Log-log plots of the field dependence of |. for different temperatures,
with dashed lines representing a power-law fit to the proposed "strong
pinning’ regime (a) and the resultant power law exponents as a func-
tion of temperature for the x = 0.050 optimally doped sample (b).

Perpendicular Field

In perpendicular field, at 2 K, we find a value of 0.45 for the strong pinning
exponent (1 of the optimally doped sample (x = 0.050), and a small but
definitive trend towards a lower magnitude at higher temperatures, in rea-
sonable agreement with values obatined in reference [144]. The value at 2 K
is lower than that obtained for the BaFe;(Asj_Py), crystals in the previous
chapter, which was related to inhomogeniety in the local T.. Thus, this data
insinuates a dominant contribution to pinning at low temperatures which

is not of 6T type, but 5l

The formulation of strong pinning theory in reference [23] calculates that,
when taking into account the possibility of vortices becoming pinned via
long-range interactions, as opposed to head-on collisions,it should have a

value of -5/8 [23].

This information is more striking when looking at Figure 5.16, which shows
how p evolves with doping in perpendicular field. We see the same be-
haviour as seen in the BaFe;(As;_«Py), crystals, with u clearly increasing

when moving through the optimal doping. In BaFe;(As;_(Py), this was
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Figure 5.16: From measurements in perpendicular orientation, values of the power-
law exponent () increase as we reach the doping x = 0.050 associated
with our peak in J.. The underdoped sample returns a value incom-
mensurate with strong pinning (0.4), which then increases towards the
value p = 0.5 indicative existing strong pins.

correlated with an increase in the vortex core energy leading to stronger

pinning and consequently, a higher value of J.. Considering x = 0.050 is

also a posited QCP, this appears to be evidence for the same mechanism

occurring in our Ba(Fe;_,Niy);As; material.

To further illustrate this point, we can interpret some of the data from our

H., measurements. Figure 5.17 illustrates the change in & derived from

transport measurements via the dirty limit of the WHH approximation

[140].

The pinning energy derived in [20] is of the following form:

Uup ~ 2b,epln(b/E&)
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Figure 5.17: One interpretation of the difference in pinning behaviours could be
linked to the observed change in coherence length with doping. The
value can be seen in this figure to jump at the doping associated with
the peak in ]., and will result in a larger trapping volume and thus
stronger pinning.

The maxima in H¢, occurring at optimal doping can be related to ¢ via the

GL definition of He,:

Hey = @o/2mE? (39)

meaning an decrease in & and thus a larger pinning energy. Assuming the
size of pinning defects remains the same amongst all dopings, then this is

indicative of stronger pinning occurring near optimal doping.

Parallel Field

In parallel field we find the opposite trend, when compared to Figure
5.16. In the underdoped sample, pinning begins acting significantly like the
BaFe;(As1_«Pyx); samples, with p indicating long-range strong pinning cen-
tres being the major contributor. However, this contribution is suppressed

significantly when moving towards optimal doping.
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Figure 5.18: In parallel orientation, we observe the opposite trend to that observed
in Figure 5.16. The increase in strength of individual pinning centres
leads to an increase in contribution from the surface pins revealed in
our Dew-Hughes analysis. This plot shows that these surface pins do
not act as strong pinning cites.

This, in conjunction with Figure 5.16 clearly demonstrates a transition in
the dominant pinning mechanism near x = 0.050. This transition results in
an increase in the contribution from strong pinning centres in perpendic-
ular orientation, and a decrease in parallel orientation. We posit that this
change in the pinning behaviour is what results in the observed sharp peak

in Je.

5.3.3 Temperature Dependent Pinning

The other common source of theory for evaluating the nature of pinning
in superconducting materials is reviewed in the very comprehensive work
of Blatter et al. [15]. Starting from GL-theory free energy functionals and
equating pinning forces with applied Lorentz forces and elasticity of pinned
flux lines, Blatter provides a comprehensive overview of the effect of pin-
ning over a range of different parameter regimes with the key aspects being

the ’strong’ or ‘'weak’ nature and density of available pinning regimes to re-
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sult in, amongst other things, the expected temperature dependence of J.

characteristics for two distinct types of pinning.

To this end, we have followed the procedure of a number of different au-
thors to determine what this can tell us about our sample’s behaviours.
The standard approach involves taking the result of the general inversion

scheme outlined in [145]:

1= (J,C(T’B)>pG(T) (40)

where G(T) is a thermal function dependant on the dimensionality, vortex

pinning and creep regimes for a given superconductor [24].

Combining this with the result from Griessen et al. which describes the dif-
ferent forms of G(T) for two distinct types of pinning which, as previously
described, arise as a result in local inhomogeneities of the mean free path of
charge carriers or the local Tc. This results in two forms of the temperature
dependence of J. for the two possible types of pinning referred to as 61,
and T, at a given field. This analysis, to be clear, is only valid in the single

vortex regime of a crystals field dependence.

This model has proven effective with low field ]J. measurements in well-
known superconducting materials such as YBCO [24] and MgB,, [79] but
not so well in FeSCs, as shown in a study by Vlasenko et al., who compiled
various attempts at fitting this model to 122 and 11 samples [146]. See,
for example, Figure 5.19 showing the attempted fitting of our data to this

model at low fields.
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Figure 5.19: Plot of reduced J. vs reduced temperature. The dashed lines represent
theoretical models of vortex pinning dependent on local variations in
Tc (red) and mean free path (black), referred to as 6T. and 51, respec-
tively.

When briefly examined this null result makes a lot of sense. The strong
temperature dependence of the pinning regime delineated as above in our
field dependent J. plots makes it abundantly clear that, for a given field,
we are traversing very different regimes in vortex dynamics, and most sig-
nificantly, will definitely be entering regimes beyond single vortex pinning
where this model is applicable. Thus, more care is needed when utilising

this analysis for our purposes.

So, instead of attempting to immediately insist our data falls on the line of
a specific type of pinning, we will first attempt to see how our data fits to a

more general equation of the form:

Je(T)/Jc(0) = (1 —t3)P(1 +t3) (41)

where t is the reduced temperature = T/ T,
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When plotting our critical current measurements as a function of 1 — t? for
very low applied field of x = 0.050 mT we obtain Figure 5.20 for three of our
samples, one taken from the underdoped, optimally doped and overdoped

region of the parameter space:
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Figure 5.20: Linear fits to low temperature data reveals an adherence to equation
41 dependent on field orientation. This figure demonstrates fits for
a representative from each region of the doping phase diagram. The
values of the gradient obtained from these fits from all samples ranges
between 1.92-2.58 where 2.5 is indicative of 8l pinning, and 7/6 is
indicative of 6T, pinning.

The samples show a good agreement with this fitting expression at higher
temperatures and in perpendicular field, manifesting as a linear fit when
plotted in this fashion. The divergence towards low temperatures arises
simply due to the fact that the two factors in the fitting expression become
asymptotic to one another as t tends to o, i.e. this is a mathematical feature

rather than one integral to the nature of our material.

As we increase the applied field, the linear section of these plots becomes
smaller and smaller as we push the measurements beyond the parameter
space where single vortex pinning can be assumed, i.e. at high fields and
high temperatures. For the equivalent data in the parallel orientation, it

was clear that no such trends can be reliably assumed,
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From these fits we are able to extract values for the exponent p in Equa-
tion 41, with the value of 2.5 corresponding to 5T, and 77/6 corresponding
to dlpinning. The values of p obtained ranged between 1-92 - 2.58 for the
range of samples, with no obvious monotonic dependence on doping frac-
tion. This result is strongly indicative of the coexistence of both forms of

pinning, with a dominance of 61 pins.

5.4 CONCLUSION

We have found a peak in ] at the optimal doping of a series of Ba(Fe,_,Niy),As,
single crystals. This peak is only seen when the applied field in our mag-
netic measurements is applied perpendicular to the ab-plane, meaning that
all screening currents are circulating in-plane and also, that vortices pene-

trating the sample at higher fields are oriented along the c-axis.

The application of the pinning model of Dew-Hughes show several things.
First, pinning is dominated by a point-like core type pinning mechanism in
perpendicular field, consistent across the doping phase diagram. Values of
the strong pinning parameter, y, increase at optimal doping, indicative of
an increase in the pinning strength, which corresponds with a minima in
& at this doping fraction. We believe this is indicative of the same form of
peak in the vortex core energy which is seen in the BaFe;(As;_Py), mate-

rial [60].

In parallel field, this observation is flipped, with Dew-Hughes plots demon-
strating a shift in the peak of pinning force to pins with a surface geometry
near optimal doping. This corresponds to the same pinning centres, intro-
duced at the dopant sites in the Fe-As planes, which appear as a surface for
vortices oriented in the ab-plane. In terms of the strong pinning parameter,
the shift in pinning geometry coincides with a large dip in u, showing that

the same transition which results in stronger pinning for the perpendicular
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orientation, shifts the dominant pinning contribution to the surface pins

which do not act as a strong pin and thus, return lower values of J..

Thus, the peak in J. observed at optimal doping has been shown to be a
phenomena stemming from changes to the pinning force characteristics of
Ba(Fej_xNiy);As; with doping, rather than amelioration of the basic super-

conducting parameters such as Te.
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Now that we have established some fundamental aspects of J. and flux pin-
ning as a function of doping in Ba(Fe;_Niy);As; we will begin to explore

the effect of applied hydrostatic pressure on our series of crystals.

From the previous chapter we have seen that there are two separate forms
of pinning present in Ba(Fe;_Nix),As; , a point-like contribution and a
surface pinning contribution, each of which contribute to different degrees,
dependent on the doping and orientation of the sample. The peak in J. at
x = 0.050 is correlated with a peak in the pinning strength of these point
core-like pinning centres, which is not as effective in parallel orientation

due to the increased contribution from the surface pins.

The fact that our peak in J. coincides with an increase in the strength of
these pinning centres and a minima in coherence length is very reminiscent
of quantum critical behaviour, such as the peak in vortex core energy ob-
served in BaFe;(As1_«Px), [60]. Applying pressure externally allows us to
explore the effect of distorting the lattice and unit cell lattice parameters,
without the added complication of adding new pinning centres. Thus, it
is the hope that this line of enquiry will provide some insight into how
these pinning centres are actually evolving in relation to the various lattice

parameters and higher order transitions present in the Ba122 family.
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6.1 TRANSITION TEMPERATURE MEASUREMENTS

Zero-field cooled temperature ramps were measured with an applied field
of 0.5 mT for each sample and each pressure ranging from o GPa to 1.2 GPa.
Six samples were measured as a function of pressure; one underdoped (x =
0.041), four optimally doped (x = 0.048, 0.049, 0.050a, 0.050b), and one on

the overdoped side of the doping phase diagram (x = 0.066).

6.1.1 Temperature Dependent Magnetisation versus Pressure

Transition width

Figure 6.1 shows the effect pressure has on ZFC curves collected for the
different samples. Each sample reacted in a slightly different way with
the underdoped sample (x = 0.041) displaying a very marked introduction
of weak link behaviour after application of pressure and the subsequent
reduction of this behaviour as pressure continued to be increased. This
broadening results in considerable difficulty in determining a value for T.-
crossover at these pressures. For severely broadened transitions, there are
multiple temperature intervals through which it would be plausible to fit
and extrapolate. When this occurred, as in the x = 0.041 sample at 0.2
and 0.4 GPa, T. was taken as the average of the smallest and largest T. ob-

tainable via the T.-crossover method, resulting in much larger uncertainties.

The x = 0.048 sample displays a consistent ZFC behaviour, with AT, consis-
tently less than 1.5 K. This sample will prove to be well behaved over all of
our pressure dependent measurements, and this fact is likely related to less
weak-link behaviour when compared to that observed in the underdoped

and, to a lesser extent, the optimally doped x = 0.050 sample.
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Figure 6.1: Pressures ranging from o to 1.2 GPa result in a distinctive broadening
of AT, the value of which is depicted in each inset. Local maxima occur
at approximately 0.4-0.6 GPa for the optimally doped and underdoped

samples, whereas the overdoped samples display a steady increase.
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Some key features are relatively consistent between the different samples.
Each of the underdoped and optimally doped samples show a changeover
from positive to negative gradient in AT, somewhere around 0.4-0.6 GPa.
This change in gradient appears to occur at the same pressure in the T.
versus doping plots in Figure 6.2, which exhibit a similar local maximum.
This is not seen at all in the overdoped x = 0.066 sample which shows a

consistent increase of AT, with pressure.

6.1.2 Transition Temperature versus Pressure

Figure 6.2 displays the Tc-crossover values for each sample as a function of
pressure. Each sample returned to the same value of T. upon depressurisa-
tion of the pressure cell and remeasuring, meaning that any of the effects

which actually manifest in a change in critical temperature are reversible.

Three of the optimally doped samples, x = 0.048, 0.050a and o.050b, all
display a rapid increase in T. between o and 0.2 GPa, followed by a local
maximum at between 19 and 20 K, and finally a slow decrease to lower
values. The local maximum, which manifests in all samples except the un-
derdoped representative, occurs at different pressures (P.), dependent on
the sample, ranging from 0.4 - 1.0 GPa. This behaviour has been observed
both as a result of doping [6] and pressure in a range of FeSCs including
122 [4, 71, 124, 147], 1111 [67] and 111 structure families [66]. The optimally
doped samples x = 0.048 and 0.050 have T increase at a rate of dT./dP =
5.4 and 7.7 K/GPa respectively, followed by a much slower change on the

decreasing side of the dome.

Our measurements of this phenomena could be complicated by the prox-
imity of the hydrostaticity limit of our pressure transmitting fluid i.e. it is
plausible that solidification of the pressure medium is responsible for the

delineation of the two seperate behaviours. However, this would definitely
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be on the low side for the hydrostaticity limit of FC 77:70, with reports
ranging from P. = 0.8 - 1.2 GPa [87, 148, 149]. Furthermore, this effect
of changing from positive to negative T. gradient has been seen in other
studies [150-152], of which the measured critical pressure (1.5 - 2 GPa) lay
well within the measured hydrostatic pressure limit of 10 GPa for a pentane

mixture [87].

Non-linear pressure effects

This data contrasts heavily with that found for BaFe;(As;_Pyx);. Remem-
ber from Chapter 4 that the applied hydrostatic pressure would result in
a large compressive strain on the c-axis lattice parameter, followed by a
strain compressing a. We can see this dynamic play out in Figure 6.1, with
an immediate increase in transition width followed by a slow reduction as
we increase pressure. This insinuates that the compression along the c-axis

introduces more weak-link behaviour into our system.

However, we see very little evidence of the non-linear pressure effect in
the values of T. versus P. Only the underdoped sample displays the same
sensitive negative dependence of T. at initial low pressures. Even so, Tc
changes by at most 25 % significantly smaller than the changes observed in
BaFe;(As1_«Py)2, but at a similarly large rate of 30 K/GPa. Furthermore, it
appears that once we have reached near-optimal doping, this effect is com-

pletely suppressed.

In terms of studies on other materials, no evidence of this non-linearity
is seen for LiFeAs [153, 154], FeSe [155, 156], or members of the cuprates
families such as YBCO [157] of Hg1223 and Hg1212 [158]. However, of the
studies cited, only those on LiFeAs are performed at similarly low pres-
sure steps to ours. LiFeAs is a material which has been measured as hav-
ing a much smaller anisotropy in its compressibility than the 122 family

[159], and thus this contrast is to be expected. One example which defini-

131



132 PRESSURE DEPENDENT PROPERTIES OF Ba(Fe;.xNix),AS, SINGLE CRYSTALS

tively manifests the same behaviour is the heavy fermion superconductor
CeCu;S5i; [160], which is interesting in that it points to a common factor of

non-Fermi liquid behaviour leading to this phenomena.

One other pressure study on Ba(Fe;_,Niy),As; measured a small decrease
in T. when applying small uniaxial pressures (~ 40 MPa) to a nearly opti-
mally doped Ba(Fe;_«Niy),As; crystal [161]. A future study into whether
this non-linear pressure dependence of T. at low pressures can be observed
in doped Ba(Fe_Cox)2As; would be instructive, as it could discern whether
the degree to which this behaviour is suppressed is related to the difference
in ionic radii, the amount of charge doping, or differences in the develop-
ment of magnetic moments with doping, or even whether it is not seen at all
for doping on the Fe site. Already performed studies on Ba(Fe;_Cox),As;,

again, skip over this pressure range [162].

Change in sign of dT./dP

The observation of a local maxima in the pressure dependence consistently
across our samples is a phenomenon more easily found in studies of other
materials. Two studies by Tafti et al. [150, 151] on KFe;As; and CsFe,As;
posit that the change in sign of dT./dP at a critical pressure value is in
fact indicative of either a change in the superconducting character of the
material, from s* to d-wave pairing states, a transition in the normal state
properties, such as a structural/magnetic ordering transition, or a Lifshitz
transition of the Fermi surface. Our optimally doped samples are known
to be near the doping level (x = 0.050) associated with a possible QCP [61],

providing an interesting and feasible candidate to explain this behaviour.

When compared to the underdoped sample, these optimally doped crys-
tals should require significantly less applied pressure in order to approach

this transition. The measurements shown in Figure 6.2 show values of P,
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T as a function of applied pressure for each sample shows consistent
behaviour for all except the underdoped sample. A change in sign of
the gradient with pressure occurs at a critical pressure (P.) potentially
associated with a AFM and structural transitions having been pushed
to lower temperatures. Thus, P. is indicative of the proxmity to pro-
posed QCPs at x = 0.050 and 0.070, meaning the sample at x = 0.049 is
potentially closer to underdoped than the other three optimally doped
samples. The underdoped sample (x = 0.041) shows drastic reduction

of T, at low pressures.
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between 0.4-1.0 GPa for the optimally doped samples, whereas no critical
pressure in the underdoped sample is ascertainable. This means that the
value of P, can be used as a gauge for how close a particular sample is to
critical doping. One important consequence of this is that the sample with
X = 0.049 is possibly more underdoped than the other near optimally doped

(x = 0.048, 0.050) samples.

Interplay of doping and pressure effects on T,

From Figure 6.2 we can see that the underdoped sample actually reaches a
higher maximum T. (21.5 K) than the optimally doped samples (20.5 K).
This observation concurs with that seen in single crystals of Co-doped
Ba122, which found that underdoped samples at optimal pressure have

larger values of T, and U, than optimally doped at ambient pressure [147].

This observation was interpreted as meaning that the introduction of dopant
impurities increases the amount of pair breaking in the material, whereas
the application of pressure avoids this effect whilst still ameliorating the
superconducting strength of samples - an interpretation which appears to

nicely fit our data also.

Another possible interpretation comes from some observed differences in
the way pressure and doping scale to the lattice parameters in these mate-
rials. As detailed by Canfield et al. for transition metal (TM) doping on the
iron site [46], changes to the c-axis are linear with increased doping, as is
the suppression of higher temperature transitions (Ty and Ts). Regardless
of the dopant (either Co, Ni, or Cu) the trends of Tn/Ts vs x fell close to

being on top of one another, whereas T. definitively did not.



6.2 MAGNETIC HYSTERESIS LOOPS

However, the converse is true if, instead of looking at plotting as a func-
tion of x, T, was plotted as a function of extra electrons donated by the
TM dopant (i.e. +1, 2, 3 for each Co, Ni, or Cu atom respectively). It was
shown then, that the T. domes scaled on top of one another, and this coin-
cides with a linear relationship between extra electrons and the ratio a/c.
Furthermore it is shown that the a-axis increases at a larger rate directly

proportional to the number of valence electrons added.

Thus, the peak value of T. is reached for a particular value of a/c, but
each will attain this optimal value for a different value of c (or a) because
of the different dopant, meaning the peak T. value will be different. This
process can be manipulated by combining pressure and doping due to the
fact that pressure significantly favours compressing the c-axis. Thus, first
underdoping and then subsequent compression of the c-axis with applied
pressure will result in reaching the optimal value of a/c for a more optimal
value of c. This interpretation also explains the fact that the optimally

doped crystals reach peak T. at a lower applied pressure.

6.2 MAGNETIC HYSTERESIS LOOPS

Figure 6.3 shows the hysteresis loops for each sample varying as a function
of applied pressure. The fact that each sample had to be cut smaller in
order to fit into the pressure cell, as well as the presence of Teflon capsules
and copper ring gaskets etc. mean the data itself is prone to a lot more
noise and interference. This results in not all of our samples being able
to produce reliable hysteresis loop data, meaning the overdoped and one
optimally doped sample are excluded from the ]. data in this section. This
was not a problem for the ZFC measurements due to the large difference
in magnitude of applied fields. Aside from the x = 0.049 sample, each were

cut from the crystals measured in the doping dependent series presented
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in the previous chapter.

The smaller sample and presence of the pressure cell manifests as a linear
contribution to the dipole fit which the MPMS uses to obtain each data
point, and occasionally results in more dubious fits. In order to trim dubi-
ous data, points were excluded on the basis of the SQUIDs output standard
deviation. This value represents an uncertainty of the individual fit of the
measurement for each data point. Background measurements were taken
without any sample present and found to display no hysteretic behaviour
and thus the final loops are the result of taking the difference between top

and bottom branches and centering around the x-axis.
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Figure 6.3: Hysteresis loops obtained for four of the available Ba(Fej_«Niy)2As>
samples at 2 K. There is a large variation in the size of measured mo-
ments with pressure for each sample. Thus, the features of each of these
measurement sets is investigated separately in subsequent sections.
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Each loop, as is to be expected, displayed the same general shape as those
measurements taken outside of the pressure cell. It is interesting to note
that the prevalence of the second magnetisation peak is severely diminished
in these measurements. This can be seen particularly when contrasting the
measurements of x = 0.048 inside and outside of the pressure cell. Also,

when comparing these measurements note that all the loops in Figure 6.3

were taken at 2 K.
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Figure 6.4: Plots of J. as a function of applied magnetic field for each sample amd
pressure at 2 K. Values were calculated from the above hysteresis loops

via the Bean Model.
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63 CRITICAL CURRENT DENSITY VERSUS APPLIED FIELD

Figure 6.4 shows the field dependence of J. for each doping and pres-
sure, with all measurements taken at 2 K. We again see the initial field-

independent region occurring up to approximately o.1 T in each sample

Applied Pressure (GPa)

Applied Pressure (GPa)
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followed by the power-law strong pinning region finally and the plateau

towards higher fields as we transition into a collective pinning regime.

6.3.1 Pressure results by sample

The results of pressure dependent measurements varied significantly with
each sample. Thus, in order to provide a followable account of the results
for this pressure dependent chapter, each are presented separately. The
complete outlook drawing together the common and uncommon aspects of

each set of measurements is presented following.

6.3.1.1 X=0.049

The first sample which we measured the pressure dependence of was the x
= 0.049 sample. The T. of this sample with pressure shows steady increases
and the brief resolution of local maxima around 1 GPa with an increase on

the low pressure side of approximately 1.4 K/GPa.

This trend is not at all seen in the corresponding values for J. shown in Fig-
ure 6.5a. J. as a function of pressure is characterised by a sharp decrease
moving from o to 0.4 GPa followed by a sharp local maximum at approxi-
mately 0.6 GPa. The local maximum is severely reminiscent of the peak in
Jc achieved with doping near this doping level and, if this behaviour is in
fact reflective of superconducting properties rather than sample quality this
could be interpreted as reproducing the same effect as the small amount of

doping from x = 0.049 to 0.050.

However, this interpretation seems unlikely due to the fact that we are not
in fact improving the value of J. between o GPa and 0.6 GPa as shown in

Figure 6.5b. The values of ]. at 0.6 GPa do not quite make up for the large
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Figure 6.5: Jo(P) for the x = 0.049 sample (a) shows a large reduction at low pres-
sures followed by a distinct large peak at 0.6 GPa, and then continued
reduction up to 1.2 GPa. Between these three pressures we see that we
do not improve J. with the initial and peak ]. being very similar, with
small changes to the onset of the power law strong pinning regime (b).
The difference between max and min pressures is a order of magnitude
reduction.

loss in J. at lower pressures.

The application of pressure does however have a consistent effect on the
tield values at which the different J.(H) regimes begin. The initial field in-
dependent regime extends further to higher fields with increased pressure,
and the plateau indicating the onset of collective pinning is also pushed to

higher fields.

The most important aspect of these measurements which is anomalous is
the initial large decreases of J. at low pressures. Immediate candidates to

produce this effect would be:

1. A non-hydrostatic effect causing the sample to shift from a geometry
where the applied field direction and the ab-plane are orthogonal to
one where they are parallel. This will cause the intrinsic anisotropy

of the crystals to realise lower J. values.

2. A physical cracking or breaking of the sample, resulting in a smaller

superconducting volume fraction and consequently lower mass of the
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superconductor which would result in a wrong conversion factor from

measured magnetic moment to Bean critical state current, or

3. Intercalation of the pressure medium causing a separation of layers of
our superconductor leading to the same effect described for a physical

breaking of the sample.

However, a repeat measurement at o GPa was not taken for this sample,
making the distinction between these scenarios difficult. So, the subsequent
pressure dependent sample measurements were taken with some mind to
tirst of all reproducing this result, and secondly distinguishing whether any

of these possibilities were indeed the case.

Any changes of orientation should be immediately discernible in the ZFC
measurements due to the different demagnetisation factor when placed in
the different orientations. We will be able to distinguish whether any ir-
reversible damage is done to the sample by virtue of remeasuring future
samples at o GPa after the high pressure measurements. Unfortunately, the
process of retrieving the samples from the pressure cell is quite difficult
to do consistently, in fact more often than not, the sample was destroyed
during the process of attempting to unlock the piston clamp cell at the end

of each range of measurements.

Thus, for the remainder of our pressure dependent samples, we will per-
form a second o GPa measurement after the application of a full cycle of
pressures. Comparing J. vs H and temperature dependent magnetisation
curves will allow us to uncover permanent changes to the sample induced

by applying large pressures throughout the course of our measurements.

When taking into account the size of the molecules in the pressure medium,
the third scenario does not seem reasonable. Fluorinert liquids are made

of perfluorocarbons, with FC7o in particular containing perfluorotripenty-
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lamine molecules, with an average volume on the order of 600 A [163]. This
fluid intercalating between FeAs planes in BaFe;As; which have an inter-
planar distance less than the c-axis lattice parameter and thus on the order

of 10 A is very unlikely.

X = 0.048

Next, we present the pressure dependent measurements of another close to

optimally doped sample with doping fraction x = 0.048 (Figure 6.6).
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Figure 6.6: Jo(P) (a) for the x = 0.048 sample displays only moderate changes. A
small peak is distinguished at 0.4 GPa, corresponding to a change of
10 % and coinciding with the P. associated with the change in T. be-
haviour. The figure right (b) demonstrates very little change to the field
profile with pressure except for the movement of the low-field H;,, be-
ing shifted to higher fields at the peak pressure.

This sample has an initial value for T. of 18.2 K, and upon pressurisation
increases up to a maximum value of 19.8 K at 0.4 GPa at a rate of 4 K/GPa.
This is significantly faster than the x = 0.049 sample which did not reach a

peak in T; until approximately 1 GPa.

This sample contrasts with the previous result in a number of other ways.
Firstly, the value of J. at (H, P) = (0,0) coincides with the measurement

taken outside of the pressure cell, meaning we can be quite confident that
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the process of placing the sample in the pressure medium and lightly hand
tightening the cell was not rough enough to cause any change in the pin-
ning landscape of our crystal. Secondly, there is no large initial decrease
in the J. at low pressures, insinuating that this was indeed a sample de-
pendent feature. J. reaches a maximum at approximately 0.4 GPa, with a

change of 10 % at 0.15 MA /cm? /GPa moving from o GPa to peak pressure.

Secondly, the shape of the pressure dependence of T. and J. are very sim-
ilar with a broad maximum form 0.4-0.8 GPa in both. The difference in T
between o GPa and 0.4 GPa are 10 % and 20 %, respectively, meaning that
either the proportionality between T, is not simply one to one, or that addi-

tional amelioration is being caused by changes in the pinning landscape.
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Figure 6.7: Plots of ]. at 2 K (a) and superconducting transition (b) both at o GPa
before and after a pressurisation cycle. The ZFC curves show no change
in the demagnetisation, and thus orientation, of our sample during this
process. J. profiles also lie nicely upon one another demonstrating the
reversibility of this process. However, one obvious difference in the J.
profiles is the removal of the low-field dip.

Figure 6.7 shows the result of measurements, both J.(H) and ZFC, at o GPa
before and after a round of pressurisation measurements. The ZFC transi-
tions lay almost exactly on top of each other verifying that the sample did
not move in the Teflon capsule, nor was there any irreversible introduction

of weak-link type micro cracking or or reactions on the surface of the sam-
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ple.

The J. before/after snapshot shows that the changes in J. with pressure
are indeed reversible. However, we can see that the behaviour at low fields
does differ between the two measurements with the low-field irreversibility

dip present in the latter measurement.

X = 0.050

Another sample near optimal doping was investigated, largely to discern
whether the large initial dip observed in the x = 0.049 sample was repro-
ducible, but also to see whether the application of pressure to the sample
at which we see maximum J. in the phase diagram will have an observable

difference.
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Figure 6.8: This final optimally doped sample (x = 0.050) reproduces the J.(P) (a)
profile of the x = 0.049 sample, with an initial dip, peak at 0.4 GPa, and
continued reduction of J. following. J.(H) for minimum and maximum
pressure values, and pressure associated with the peak in J. are pre-
sented (b) also. Field profiles are very similar, with an improvement of
25 %.

In Figure 6.8 not only do we recover the dip in J. moving from o to 0.2 GPa,
but in fact the value of ] after cutting the sample down to fit in the pressure
cell and applying a hand-tightening amount of pressure has already caused

the samples J. to diminish by a factor of 4. Figure 6.9 shows that this can
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Figure 6.9: The plot of ZFC (a) shows an immediate reduction in the susceptibility
when moving from initial o GPa to 0.2 GPa of pressure. This definitively
shows a shift of the sample to less demagnetisation and consequently a
change towards the field orientation. This means the measured change
in J. from o to 0.2 GPa (b) should actually be an improvement due to the
effect of the large J. anisotropy. Measurements after the pressure cycle
show the difference between ]. at o GPa and peak pressure is actually
an improvement of 300 % at 0.6 Ma/cm? /GPa.

be explained by virtue of changing orientation of the sample within the cell.
During the application of pressure the ZFC curves show a transition of low
temperature susceptibility from -0.4 to -0.2. This is indicative of a change
in orientation of the sample, where the application of pressure has pushed

the sample towards the parallel field orientation.

Following this, the value of the low temperature susceptibility remains con-
stant indicating that results aside from the transition from o to 0.2 GPa can
be taken as consistent. This is reiterated by data taken after having recov-
ered the sample from the cell and remeasuring recovering the original J.
values and similar susceptibility indicating that no permanent damage was
done to the sample. Applying the same logic to the x = 0.049 sample results
in the increase J. from 0.2 GPa to peak pressure gives increases of go % at

a rate of 0.5 MA /cm?/GPa.

Thus, we find significant increases from o to 0.4 GPa of pressure, where the

0 GPa measurement was taken as the measurement post applying pressures.
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Figure 6.10: Jo(P) for the underdoped sample (a) displays distinctly different be-
haviour. J.(P) shows the same initial decrease although this follows
the same trend as that seen in the T. behaviour. Thus, we expect that
this behaviour is not related to a change in orientation as shown for
previous samples. The J. as a function of H (b) shows that there is
very little change in the values of J. outside of the large dip at low
pressures.

Jc at 2 K and o T increases by 300 % at a rate of 0.6 MA/cm?/GPa and then
proceeds to diminish on the far side of this local maxima, following the
trend delineated by the T. pressure dependence. So far it would seem that
this consistent local maxima is simply related to the local maxima in the
change in T, indicative of the closeness in doping concentrations of each
of these samples meaning a similar pressure effect to push them towards

optimal doping.

6.3.1.2 Underdoped Sample

Finally, we performed measurements on the nominally underdoped sample

with doping fraction x = 0.041.

The underdoped sample again shows the significant decrease in J. at low
pressures, moving from o to 0.2 GPa. Ato T and 2 K, ], reduced by a factor
of 50 % at a rate of 0.6 MA/cm?. At first glance this appears to be the
same phenomena as that exhibited by the x = 0.049, 0.050 samples, however

this samples J. behaviour follows the trend delineated by the T. vs pressure
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Figure 6.11: Plots of J.(H) (a) and ZFC curves (b) before and after a pressure cycle.
The ZFC curves show very little change in the demagnetisation of the
sample meaning the orientation was changed enough to account for
the large decrease in J. at low pressures. Returning to o GPa also
reveals an improvement in J. that is retained after this pressure cycle,
despite the change in demagnetisation indicating a slight change in
orientation which should result in a reduction of J..

measurements. Over the same pressure variation, T. reduces by a factor of
37 % and a monstrous rate of 35 K/GPa. Changes in orientation/super-
conducting volume fraction would not affect the deduction of T. from ZFC
measurements and thus, this must be a separate phenomenon related to the

fact that this sample is underdoped.

Apart from the data at 0.2 GPa, the overall amelioration of J. between initial

and peak pressures gives a factor of improvement of 30 % and a rate of 0.1

MA /cm?.

Figure 6.11 shows the ZFC and ]. measurements before and after cycling
the pressure, showing very little change in the demagnetisation and thus
orientation of the sample and consequently reliability of the pressure de-

pendent measurements for this sample.
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Figure 6.12: The observed changes in J. at initial o0 GPa and its peak value with
pressure show a large improvement as we approach the proposed QCP
at x = 0.050.

6.3.2  Pressure Effects on Critical Current Density

Previous reports on the pressure dependence of J. have led to it being con-
sidered a very plausible avenue for the purposeful amelioration of critical
current properties. Papers describing application of similar max pressures
have proclaimed increases of 500 % in potassium doped Bai22 [78], 3000
% in St4V,04FezAs; [77], and increases of 8000 % for the pinning force in
cobalt doped NaFeAs [3]. Quite often these numbers are a result of measur-
ing the large and quick degradation of J. that is seen at high temperatures

and high fields.

However, as we have taken pressure induced differences at 2 K and o T,
the gains in J. are relatively moderate - 25 percent between the initial o
GPa measurement in the x = 0.048 sample, 30 % in the underdoped sample.
However, these gains do become more significant as we approach the val-
ues corresponding to the posited QCP and our peak in J. doping diagram,

indicative of the obviously sensitive nature of this peak.

147



148

PRESSURE DEPENDENT PROPERTIES OF Ba(Fe;.xNix),AS, SINGLE CRYSTALS

Each of the samples at x = 0.041, 0.048, 0.049, and 0.050b each show a local
maximum in the value of J. between 0.4 and 0.6 GPa. In Figure 6.12 we
present the percentage increases in J. between minimum pressure and the
pressure coinciding with the local maxima in J.. Note that we have been
careful to take these difference between pressures which exhibit similar vol-
ume fractions presented in Figure 6.1. The increase in J. is significantly

more for the x = 0.049 and 0.050 samples.
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Figure 6.13: Values of u obtained via fits to the strong pinning region of each pres-
sure for the x = 0.050 sample at 2 and 4 K. This plot demonstrates
an increase in the strength of the pinning centres upon pressurisation,
commensurate with the observed peak in J. for this sample.

This behaviour concurs with reports of increased J. in studies by Shabbir et
al. [3, 78] in Baj_ K Fe;As; and NaFe( 97C0¢ 03As who found very large in-
creases in J. for the an optimally doped sample. However, very few studies
have been performed on J. as a function of both pressure and doping, and
only pressure studies which increase J. tend to be reported. Thus, more
pressure-J. studies would need to be performed on samples which are not
optimally doped in order to verify that this behaviour is consistent amongst

iron pnictides.
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Figure 6.14: Dew-Hughes pinning plots show that pressure does not appear to sig-
nificantly change the nature of pinning in the optimally doped sam-
ples. However, the underdoped sample shows a distinct move of peak
pinning force density to higher fields.

With the exception of the underdoped sample observed increases in J. co-

incide with increases in the T, of each sample. However, we know that J. is

affected both by changes in superconducting parameters and also pinning

landscape. Thus, we will now attempt to glean some information as to the

evolution of pinning properties as a function of pressure.

Fits to the strong pinning regime as a function of pressure showed very lit-

tle effect, with the samples at x = 0.041, and 0.048 both returning values of p

~ = 0.4 with no variation with pressure. The x = 0.050 sample however did

display a local maximum in p coinciding with increases in T, and J.. This

shows that the increase in AJ. at optimal doping are related to a pressure

induced increase in the strength of pinning centres.
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The Dew-Hughes plots in Figure 6.14 depict definitive differences between
each sample. The x = 0.048, and 0.050 samples retains the same pinning
over the pressure range, whereas the underdoped sample clearly manifests
a movement to higher fields of the peak position as we increase the applied
pressure. The x = 0.048 sample displays a value of hmax = 0.30 £ 0.03, corre-
sponding to the dominance of point pinning, core pinning centres, whereas
the optimally doped sample displays a higher value of the peak position
which is directly in line with our observation that the initial application of

pressure has pushed the sample closer to a parallel field orientation.
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Figure 6.15: Fits of the temperature dependence at each pressure show a consis-
tent combination of 6T, and 5l pinning in the two optimally doped
samples. Again, the underdoped sample does not follow this trend,
showing an initial 51 pinning profile which immediately is shifted.

It is already quite definitive from the T. and ]. behaviours that the under-
doped sample is quite different from the rest of the samples but, even fur-
ther, we can see that the singular behaviour exhibited by the underdoped
sample occurs in tandem with a change in the pinning landscape of those
crystals. This difference can be related to some of the data from the pre-

vious chapter. In particular, the magnetic anisotropy for x = 0.041 was
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significantly different to the rest of the samples, an observation linked with

it’s position in relation to the structural transition in Ba122.

This will directly affect the anisotropy of strains induced by hydrostatic
pressure seen in this sample, and the BaFe;(As;_,Px); series. Thus, we can
posit that the effects seen our optimally and overdoped samples correspond

with hydrostatic strain being applied to the crystal structure.

Figure 6.15 shows the results of temperature dependent pinning analyses.
The x = 0.048 and 0.050 samples show little variance in the dominant pin-
ning mechanism, with both of these samples displaying a combination of
dT. and 81 pinning, with a dominance of 81 pinning for the whole pressure
range. The underdoped sample initially exhibits an uniquely 6l pinning
dependence, with the application of pressure immediately destroying any
adherence to either model at 0.4 GPa. Further application of pressure at 0.6

GPa results in a shift back towards the 81 trend.

6.4 CONCLUSION

To conclude this section, we reiterate the key observations resulting from

the pressure dependent measurements of Ba(Fe;_Niy),As; single crystals:

* Over the pressure range 0-1.2 GPa we found that samples near opti-
mal doping both followed a trend of initial increases in J. followed
by a switch to negative pressure dependence at a local maxima oc-
curring at P in both J.(P) and T.(P) data. The improvements in J.
between Pinitiq1 and P increased dramatically upon approaching the
optimal doping value associated with both the anomalous peak in J.
from the previous chapter and the potential location of a QCP and a

corresponding increase in the strength of pinning centres.
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* The underdoped sample at x = 0.041 is a notable exception to this
behaviour, displaying a markedly different T. behaviour. This sample
behaves similarly to the BaFe;(As_Py); series of samples, indicating
that anisotropy of strains induced by hydrostatic pressure is a domi-
nant factor in this sample. At small pressures, lower than 0.6 GPa, we

observed an immediate and reversible degradation of T. at a rate of

35 K/GPa.

* These two different behaviours were also distinguished by the pinning
analysis. Optimally doped samples showed consistent peak positions
in the Dew-Hughes analysis, and a clear combination of both 6T, and

dl pinning.






CONCLUSIONS

In this thesis we have seen a significant range of ways in which hydrostatic
pressure. Overall, we have highlighted the significant intricacies which
must be taken into account when interpreting magnetic J. measurements
under pressure in BaFe;As;. Throughout this study we have shown that J.
values must be interpreted within the context of a known field orientation,
and particular doping level - a parameter which comes with a range of com-
plicating factors, including proximity to normal-state transitions, quantum

critical points, and different dominant pinning mechanisms.

In Chapter 4, we uncovered that the application of pressures between o and
1.2 GPa results in very non-linear trends in the superconducting parame-
ters. In a series of BaFe;(Asj_Py), single crystals, application of pressures
resulted in significant suppression of the superconducting transition tem-
perature. The optimally doped sample in this series presented a decrease
in T. from 29 K to 15 K between o and 0.4 GPa - a 50 % decrease. This de-
crease in T, was then reversed upon further pressurisation, recovering the
zero-pressure values. The pressure dependent J. measurements show that

these changes to T, dominate the trends in J. vs pressure.

This non-linear response, we believe, is a result of anisotropic strains in-
duced by hydrostatic pressure and provides a intermediate regime between
observations of sharp decreases in T. at pressures on the tens of MPa scale
[42], and the broad dome-like dependence observed over the range of tens
of GPa [108]. Furthermore, the effect of doping causes this effect to increase

in prominence near the critical doping x = 0.3, indicating a softening of the
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structural lattice.

In Chapter 5 we uncover a sharp peak in J. as a function of doping in
Ba(Fe1_«Niy),As; single crystals, and demonstrate that this occurs only in
an orientation with the applied field applied parallel to the c-axis. Compar-
ison of the pinning characteristic in different field orientations illuminate
the importance of orientation for pinning behaviours. We demonstrate that,
in an orientation with field parallel to the ab-plane, the increase in strength
of point pinning centres responsible for the peak in J. actually results in a
shift of the dominant pinning contribution, causing less effective pinning

and significantly lower values of ..

Finally, in Chapter 6, we show the difference in how applied pressure af-
fects Ba(Fej_«Niy),As; single crystals, in comparison to BaFe;(As;_Py)2s.
Below optimal doping, the Ba(Fej_«Niy),As; crystals behaved similarly, dis-
playing the same non-linear T. characteristics, and corresponding changes
to J.. When doped further, we move beyond the structural transition which
occurs in Ba122 materials where the anisotropic strains no longer could be

seen to have an effect on T..

For the optimally doped Ba(Fe;_xNix),As; crystals, hydrostatic pressure re-
sulted in a more standard dome-like trend, with J. following suit. However,
the percentage increases in J. increased significantly upon approaching op-

timal doping, from 50 % to 250 % increases at o T and 2 K.

This thesis will provide a good deal of insight into the way pressure can
affect magnetic J. and T. measurements, ensuring that any future studies
take into account the significance of a large range of complicating factors
which can be the difference between huge and moderate changes to super-

conducting parameters.
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