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Abstract

Unconventional superconductors are promising systems that can be used in
practical applications, due to their large critical temperature, critical current
densities and upper critical fields. This thesis investigates the electronic and
superconducting behaviour of a new family of unconventional iron-chalcogenide
superconductors tuned by applied hydrostatic pressure. I will present transport
measurements, at low temperatures and high magnetic fields of different single
crystals of the FeSe family, to understand their complex electronic phase diagrams
under pressure. The parent compound shows an unexpected fourfold increase
in superconductivity under pressure, whereas as a monolayer on a substrate it
displays superconductivity above the liquid nitrogen temperature. Furthermore,
bulk FeSe has an unusual electronic nematic phase, but applied pressure stabilises
an additional magnetic order which manifests as an upturn in resistivity.

Firstly, I report the effect of impurity scattering on the electronic behaviour
induced by copper substitution in the conducting iron planes. This substitution is
strongly disruptive to the nematic and superconducting phases which are quickly
suppressed. The enhanced impurity scattering leads to a marked increase in
resistivity and strongly reduced charge carrier mobilities, as determined from
magnetotransport measurements. As the amount of impurities increases, both
the suppression of critical temperatures and the temperature dependence of the
upper critical field are consistent with a superconductor having a sign changing
order parameter. In a subsequent study of Fe;_,Cu,Se under pressure I find that,
even in the presence of a small amount of Cu impurity, the high-7; high pressure
superconducting phase is robust. Surprisingly, no signatures of the pressure
stabilised magnetic order are found in zero field, only in strong magnetic fields.

In the next chapters, I investigate the phase diagrams of systems with
isoelectronic substitution of sulphur for selenium outside of the iron planes.
The first system, FeSeqg250.15, explores the electronic structure in the absence
of nematicity, which displays a threefold enhancement in the superconducting
transition temperature in the high pressure phase. Quantum oscillations in
high magnetic fields and simulations probe the expansion and topology of the
large Fermi surface under pressure. Despite the enhanced critical temperature
under pressure, the quasiparticle effective masses are almost pressure independent.
Notably, the quantum oscillations of a different system, FeSeq g6S€eg.04, only display
small frequencies in the high pressure phase. I find its phase diagram shows
no signature of magnetic order outside of the nematic phase in zero field, but
upturns in resistivity are observed inside the nematic phase in zero field and at
high pressures in strong magnetic fields. Overall, the high pressure phase of all
systems investigated display an enhanced superconducting phase, and highlight
the sensitivity of the magnetic phase to chemical substitution and magnetic fields.
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Abstract

Unconventional superconductors are promising systems that can be used in practical
applications, due to their large critical temperature, critical current densities and
upper critical fields. This thesis investigates the electronic and superconducting
behaviour of a new family of unconventional iron-chalcogenide superconductors
tuned by applied hydrostatic pressure. I will present transport measurements,
at low temperatures and high magnetic fields of different single crystals of the
FeSe family, to understand their complex electronic phase diagrams under pressure.
The parent compound shows an unexpected fourfold increase in superconductivity
under pressure, whereas as a monolayer on a substrate it displays superconductivity
above the liquid nitrogen temperature. Furthermore, bulk FeSe has an unusual
electronic nematic phase, but applied pressure stabilises an additional magnetic
order which manifests as an upturn in resistivity.

Firstly, I report the effect of impurity scattering on the electronic behaviour
induced by copper substitution in the conducting iron planes. This substitution is
strongly disruptive to the nematic and superconducting phases which are quickly
suppressed. The enhanced impurity scattering leads to a marked increase in
resistivity and strongly reduced charge carrier mobilities, as determined from
magnetotransport measurements. As the amount of impurities increases, both
the suppression of critical temperatures and the temperature dependence of the
upper critical field are consistent with a superconductor having a sign changing
order parameter. In a subsequent study of Fe;_,Cu,Se under pressure I find
that, even in the presence of a small amount of Cu impurity, the high-T. high
pressure superconducting phase is robust. Surprisingly, no signatures of the pressure
stabilised magnetic order are found in zero field, only in strong magnetic fields.

In the next chapters, I investigate the phase diagrams of systems with iso-
electronic substitution of sulphur for selenium outside of the iron planes. The
first system, FeSegaSg1s, explores the electronic structure in the absence of
nematicity, which displays a threefold enhancement in the superconducting transition
temperature in the high pressure phase. Quantum oscillations in high magnetic fields
and simulations probe the expansion and topology of the large Fermi surface under
pressure. Despite the enhanced critical temperature under pressure, the quasiparticle
effective masses are almost pressure independent. Notably, the quantum oscillations



of a different system, FeSegos5€eg04, only display small frequencies in the high
pressure phase. I find its phase diagram shows no signature of magnetic order
outside of the nematic phase in zero field, but upturns in resistivity are observed
inside the nematic phase in zero field and at high pressures in strong magnetic
fields. Owverall, the high pressure phase of all systems investigated display an
enhanced superconducting phase, and highlight the sensitivity of the magnetic
phase to chemical substitution and magnetic fields.



2

Contents

1 Superconductivity and Electronic Structure 1
1.1 Introduction to superconductivity . . . . . . .. ... ... .. ... 1
1.2 Superconducting Properties . . . . . . . ... ... ... ... 3

1.2.1  Abrikosov-Gor’kov Model . . . . . . .. ... 6
1.2.2  Upper Critical Field . . ... ... ... ... .. ...... 7
1.3 TIron-Based Superconductors . . . . . .. .. ... ... .. ..... 10
1.3.1 Iron Chalcogenides: FeSe . . . . . . . .. .. ... ... ... 14
1.3.2  Effect of Applied Pressure . . . . .. .. ... ... ... ... 16
1.3.3 Effect of Chemical Pressure . . . . .. .. ... ... .... 18
1.4 Transport Properties . . . . . . . . ... ... ... 18
1.4.1 Non-interacting Free Electron Models . . . . . . . .. .. .. 19
1.4.2  Fermi Liquid Theory . . . . .. .. ... ... ... ..... 22
1.4.3 Magnetotransport Properties . . . . . ... ... ... ... 24
1.5 Quantum Oscillations . . . . . . . .. . ... ... ... ... ... 28
1.5.1 Lifshitz-Kosevich Formalism . . . . .. ... ... ... ... 31
1.5.2 Landau Fan Diagrams . . . ... ... ... ... ...... 33
1.5.3 Damping Terms . . . . . . . ... ... 33
Experimental Methods and Techniques 38
2.1 Transport Measurements . . . . . . . . . ... ... ... ... 38
2.1.1  Sample Preparation . . . . . .. ... ... ... .. 38
2.1.2 Magnetotransport measurements . . . . . . ... ... ... 43
2.1.3 Local resistivity exponent . . . . . .. ... ... 44
2.2 Pressure Techniques . . . . . . .. ... ... . . 45
2.2.1 Piston Cylinder Cells . . . . . ... .. .. ... ... .... 45
222 Anvil Cells. . . . . ... oo 48
2.2.3  Pressure calibration . . . . . ... ... 0oL 49
2.3 Low Temperature Techniques . . . . . . .. ... ... ... .... 52
2.3.1 Flowcryostat . . . . .. ... 52
2.3.2  Physical Properties Measurement System (PPMS) . . . . . . 53
2.3.3 High Magnetic Fields . . . . . ... .. ... ... ... ... 53
2.3.4 Temperature Extrapolation in High Magnetic Fields . . . . . 25



Contents vl

2.4  Other Techniques . . . . . . . . .. .. ... 56
2.4.1 Tunnel Diode Oscillator (TDO) . . ... ... ... ... .. 56
2.4.2  Energy Dispersive X-ray (EDX) . . . . ... ... ... ... 57
2.4.3 X-ray Diffraction . . . ... ... o 58

3 The effects of impurity scattering in Fe;_,Cu,Se 60

3.1 Introduction . . . . . . . . ... ... 61

3.2 Experimental details . . . . . ... . 00000 62

3.3 Transport properties of Cu-FeSe . . . . . . ... ... ... ..... 64

3.4 Magnetotransport behaviour . . . . .. .. ... 000 67

3.5 Mobility analysis . . . . .. ... o 69

3.6 Normal electronic behaviour at low temperatures . . . . .. .. .. 71

3.7 Upper critical fields . . . . .. ... ... ... .. ... 75

3.8 Discussion . . . . ... 79

3.9 Conclusions . . . . . . . .. 82

3.10 Additional Figures . . . . . . . . .. ... ... 83

4 Pressure effects in Fe,;_,Cu,Se 85

4.1 Introduction . . . . . . . . .. ... 86

4.2 Methods . . . . . . . .. 87

4.3 'Transport studies under applied pressure . . . . . . .. ... .. .. 88

4.4 The high-pressure electronic phase in high magnetic fields . . . . . . 92

4.5 Magnetotransport behaviour . . . . . ... ..o 92

4.6 Upper critical field . . . . ... ... .. o0 98

4.7 The pressure-temperature p-T" phase diagrams . . . . . . . . .. .. 100

4.8 Discussion . . . . ... L Lo e 103

4.9 Conclusions and Outlook . . . . . . ... ... ... .. ... .... 104

4.10 Additional Figures . . . . . . . ... .. ... L. 106

5 Signatures of the high-pressure phase of FeSe;_,S, 109

5.1 Imtroduction . . . . . . . . . ... 110

5.2 Materials and Methods . . . . . . . .. . ... 0oL 112

5.3 Temperature dependence of resistivity with applied pressure . . . . 114

5.4 Magnetotransport . . . . ... L. 117

5.5 The evolution of the Fermi surface with pressure. . . . . ... . .. 122
5.5.1 Quasiparticle masses . . . . . . .. ... ... ... 127
5.5.2  Fermi surface simulations . . . .. .. ... ... ... ... 129

5.6 Discussion . . . . ... oo 131

5.7 Conclusions . . . . . . ... 136

5.8 Additional Figures and Tables . . . . . . ... ... ... ... ... 137



Contents Vil

6 Interplay between different phases in FeSe( ¢3S 4 under pressure 143

6.1 Introduction . . . . . . . . ... ... 144
6.2 Methods . . . . . . . . .. 145
6.3 Transport behaviour . . . .. ... ... ... 0L 148
6.4 Magnetotransport and the Magnetic Phase . . . . . . . ... .. .. 151
6.5 Charge Carrier Mobilities . . . . . . . ... .. ... .. ... ... 157
6.6 Upper Critical Field . . . ... ... .. ... ... ... .. .... 161
6.7 Quantum Oscillations in High Magnetic Fields . . . . . . .. .. .. 165
6.8 Discussion . . . . . . . ... 173
6.9 Conclusions and Outlook . . . . . . . ... ... ... .. ...... 177
7 Concluding Remarks 180
8 Publications 183

References 185



Superconductivity and Electronic
Structure

In this first chapter I will introduce relevant theoretical aspects. Firstly, I discuss
the basic properties of superconductors and the theoretical understanding of
conventional superconductors in which the pairing of electrons in Cooper pairs
is mediated by electron-phonon coupling. Secondly, I will introduce the generic
phase diagrams of iron-based superconductors, and specifically the characteristics
of the iron chalcogenide superconductors. Thirdly, I introduce the principle of the
electronic transport and magnetotransport in multi-band systems, which enables
the determination of the relevant charge carrier densities and mobilities. Lastly,
quantum oscillations in high magnetic fields are introduced, and I describe how
the information about Fermi surface orbits, quasiparticle effective masses, and

scattering times is determined from analysis of these oscillations.

1.1 Introduction to superconductivity

Superconductivity was discovered over a century ago, and has progressed from an
interesting effect only found at low temperatures, to a multitude of systems of
superconducting families with higher and higher critical transition temperatures.

The discovery that pure mercury has zero electrical resistance below 4.2 K by
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Kammerlingh Onnes in 1911 began this long journey. Whilst this was not a
particularly high temperature by recent standards, it opened the door for new
possibilities. In the following decades, superconductivity was found in many metallic
elemental and compound systems at low temperatures only. In 1957, the very
successful Bardeen Cooper Schriffer theory (BCS) explained the mechanism behind
the superconductivity for, what are now known as, conventional superconductors
[1, 2]. At the time, this was believed to place a limit on the critical temperature
that below which the system is a superconductor, T;, around 30 K. The first high-
temperature superconductor was discovered in 1986 with La-Ba-Cu-O (LBCO) by
Georg Bednorz and Karl Alex Miiller, a monumental discovery credited with a Nobel
prize in physics the next year in 1987 [3]. This ignited the discovery of more cuprate
superconductors, which eventually lead to a record T, of 133K (and 156 K under
high pressure) in mercury barium calcium copper oxide [4, 5]. A different group of
unconventional superconductors emerged with the heavy fermion superconductors,
first with CeCuySiy [6]. This family of superconductors is characterised by very
large effective masses, but superconductivity only exists at low temperatures [7].

There are many practical uses for these materials, particularly because they can
superconduct at temperatures above the boiling point of liquid nitrogen (77 K),
such as superconducting wires capable of carrying large amounts of current without
dissipation. A notable use of such wires for measurements in this work, is being
used to make coils and produce high magnetic fields, and thus use significantly less
energy than a conventional resistive magnet. However, driven by the prospect of
room temperature superconductivity thousands of research papers are published
each year to extend this field of research. More recently, a class of unconventional
superconductors was discovered that includes the materials presented in this thesis,
that of the iron-based superconductors (FeSCs). This began with LaFePO in 2006
with T, ~ 4K [8], and subsequently as high-T;. superconductors when LaFeAsO;_,F,
was discovered with T, = 26 K in 2008 [9]. The highest T in FeSCs is with monolayer
FeSe epitaxially grown on SrTiOgs, found to be upwards of 65 K, and potentially
reaching 100 K [10-12]. Most recently, the limit on T, imposed by the BCS theory
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has been overcome in certain conventional superconductors by using extremely high
pressures on hydride systems to reach superconducting transition temperatures
tantalisingly close to room temperature, with the caveat of several hundred giga
Pascals of pressure [13-15]. However, it is not just conventional superconductors
where pressure plays a prominent role in leading the drive towards enhanced
superconductivity. In both the cuprates and iron-based superconductors some of
the largest recorded T, are found under hydrostatic pressure [5, 16, 17].
Motivation to investigate FeSCs includes the possibility to make practicable
high-T, superconducting wires, owing to the less brittle nature compared to the
ceramic cuprate superconductors, as well as their ability to hold very large current
densities [18]. From a physics perspective, the family of FeSCs opened up a
new class of unconventional superconductors, in which the Cooper pairs have
zero angular momentum (s-wave), compared to the traditional cuprates with a

d-wave superconducting state.

1.2 Superconducting Properties

There are two key features to define the superconducting state in a system. First,
the superconductor has zero resistance in the superconducting state. Second,
the superconductor will expel all magnetic flux below T, known as the Meissner
effect. This is different to a perfect conductor which would not necessarily expel
all magnetic flux on cooling below T, instead it would allow preexisting flux to
remain inside the conductor. The superconducting state is entered below the critical
temperature, T,. However, this term is often reported in zero magnetic field, and if
for transport, a general applied current. The value of T is influenced by both the
applied magnetic field and the current density. Hence, the superconductivity can be
suppressed by increasing the temperature above the critical temperature T.(H, J),
applying a magnetic field of sufficient strength, above the critical field H.(T, J),
or by increasing the current density past the critical current density J.(7, H). For

future applications, J. and T, are the key parameters in superconducting wires, but
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increases in one of these critical values typically increases the others too. Type-
I superconductors are perfect diamagnets below H., and the superconductivity
is destroyed above this. Interestingly, some superconductors allow some flux to
penetrate into the system at magnetic fields above where it is a perfect diamagnet,
H.;. This larger critical field is called the upper critical field, H., and between
these two critical fields the system is in the vortex phase (also called the mixed
phase), and retains superconducting properties. Such systems are called type-II.
Here, the flux penetrates the system through the core of vortices. A vortex is
non-superconducting and a current circulates the core to screen the system from
the magnetic flux. The core has a size given by the coherence length, &, whilst the
current decays over a length scale of the penetration length, X\. A system is a type-II
superconductor if A/¢ > 1/4/2. The systems investigated in this work are all type-I1.

Superconductors can be classified as either conventional and unconventional
superconductors. Conventional superconductors follow BCS theory (or extensions
of this theory), where the superconductivity is mediated by phononic interactions.
They are well understood, and display the isotope effect and exponential heat
capacity at low temperature. Systems which do not follow this mechanism are
labelled unconventional superconductors, and include the highest T, superconductors
for ambient pressures to date [4]. One of the first considerations for newly discovered
superconductors is to assess results against BCS theory, to determine if the

superconductivity is likely phonon mediated or not.

BCS Theory

BCS theory describes how a weak attractive potential between electrons can lead
to the formation of Cooper pairs, which are composed of two electrons with equal
and opposite momentum and spin. In this scenario, the fermionic particles pair
up to form the Cooper pairs in the superconducting condensate, and these Cooper
pairs are able to be in the same ground state, like Bosonic particles. The typical
mechanism for conventional superconductors involves a coupling to the lattice,

through electron-phonon interactions, and thereby being labelled phonon mediated.
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An energy gap, 2A, resulting from the energy gain in forming a Cooper pair,
arises at T, and grows as T'/T. — 0. The energy gap can be considered as the
energy required to break a Cooper pair. By minimising the energy from the BCS
Hamiltonian, which can be explored in more detail in [19, 20], the excitation energy,

FEy, and the BCS gap equation at T' = 0 are given by:

B = /(e —p)? + |AP (L1)

A
A=lggl*y — 1.2
e Y 55 (12)
where, for phonon mediation, the electron-phonon coupling parameter is A =

|9et)°9(Er) and g(Er) is the density of states at Fr. Hence, equations 1.1 and 1.2

can be combined, now integrating over possible energy states, to give:

hwp A 41 th

As the gap is small, A < hwp, this can be approximated as:

1~ /\ln<2hXD) (1.4)
A = 2hwp exp(—1/)) (1.5)

This is the BCS gap equation in the limit towards zero temperature (7" — 0),
describing conventional superconductors with (weak) electron-phonon coupling. As
the electron-phonon coupling constant is small (A < 1 for the BCS weak coupling
limit), the superconducting gap is typically smaller than the Debye frequency and
is of overall small magnitude. Meanwhile, for finite temperatures, the Fermi-Dirac
distribution, frp(Ey), governs the occupation of each quasiparticle state with energy
FE).. The temperature dependence alters the gap equation, equation 1.2, with an

additional factor of (1—2frp(Ey)), which is equivalent to tanh(Ey/2), and results in:

1 hwp tanh(Y 2%;;52 )

— = —— =B °q
A 0 VA2 4 €2 ‘

At T = T,, the gap is necessarily zero, and the above equation can be used to

(1.6)

relate T, to the strength of the attractive interaction, here the electron-phonon

coupling constant:

kgT, = 1.13hwp exp™ /2 (1.7)
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By substituting equations 1.5 into 1.7, the following relationship emerges between

T. and the superconducting gap:
2A(T — 0) = 3.528kgT, (1.8)

Recently, systems have been found with 7, approaching room temperature [13-15].
These are based around various hydride systems exhibiting large density of states
at the Fermi level at extremely high pressures (several hundred GPa), which can
lead to a high-T, according to modified forms of equation 1.7 in strong coupling
limits for conventional superconductors [21]. Unconventional superconductors have
a different pairing mechanism, not mediated by phonons in the weak limit, so do

not follow BCS theory, and hence are not found to follow this relationship.

1.2.1 Abrikosov-Gor’kov Model

Theoretical models can predict the behaviour of 7. in different systems as expected
for different pairing mechanisms. Anderson’s theorem describes how superconduc-
tivity is robust to non-magnetic disorder in convential superconductors [22]. Also,
magnetic impurities in conventional superconductors will suppress superconduc-
tivity according to the Abrikosov-Gor’kov (AG) model [23], as the impurities act
as pair breakers. For unconventional superconductors, nonmagnetic impurities
can also cause pair breaking. The AG model can describe the suppression of
superconductivity as the presence of non-magnetic impurities increases in FeSCs
when mediated by a sign reversal sy superconducting state. The general form of
the suppression of T, formula in the AG model is:

T. 1 1 h

where T¢o is T, of the pristine system, W is the digamma function, and 7 is
the scattering time. The changes in scattering time at low temperatures due to
the impurities are compared to the suppression of the superconducting transition
temperature. In Section 1.4.1 an estimation of an average scattering time using
transport measurements is discussed. In Chapter 3 this model is used to examine the

pairing symmetry in FeSe through the substitution of copper for iron in Fe; ,Cu,Se.
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1.2.2 Upper Critical Field

With a strong enough external magnetic field applied to a superconductor, the
superconducting state is suppressed and the systems enters its normal state. There
are various upper critical field values and definitions that are useful, depending on
the type of superconductor. For a type-I superconductor, the critical field poH,
is typically small (~ 1072T). For type-II superconductors the upper critical field
poHe can be much larger (10° — 102 T) because of the vortex phase. In the vortex
phase, magnetic flux is able to pass through the system through vortices, whilst
the system still has zero resistance. We will briefly cover several models for the
temperature dependence of the upper critical field and other parameters that can

be extracted for useful insights into the superconducting state.

Coherence Length

The coherence length is a measure of how far magnetic flux penetrates into a
superconductor. This is relevant throughout superconductors: at the surface, at any
defect points or interfaces, and through vortices. In type II superconductors, the
core of a vortex has a size of the coherence length, £, where a supercurrent exists
which induces a magnetic field with flux equal to that of a single flux quantum,
®(. In an anisotropic superconductor the upper critical field will vary as the angle
of the applied magnetic field is rotated. Hence, an anisotropy can be determined
from the change in upper critical field along different directions. This introduction
will focus on the high symmetry axes in-plane and out-of-plane, such that H||c
and H||(ab), for the systems measured here.

The coherence length is one of the characteristic length scales of superconductors.
In BCS theory, the coherence length is associated to the physical size of a single
Cooper pair. More generally through the Ginzburg-Landau model (GL), the
coherence length is a length scale of the distance from the surface that the order
parameter recovers back to its bulk value. In the GL model, the coherence lengths

can be calculated through the upper critical field [19]. If the upper critical fields
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are measured to the lowest temperatures, then the GL equations for coherence
length with H||c is given by:
(I)O )0.5

27 poHe,

€ = ( (1.10)

The in-plane coherence length &, is only dependent upon the upper critical field with
H||e. In contrast, the inter-plane coherence length, £., contains both inter-plane
and in-plane screening contributions and therefore poH% is dependent on both &,
and &.. Using the form of &, in equation 1.10, £ can be written as:

oS @ 0.5
£, = 1.11
(,UOHng 27TN0H32Z’> (L11)

Whether a system is in the clean or dirty limit can be determined by comparing
the coherence length (&) to the mean free path (¢). A system is in the clean limit
when ¢ < ¢, and in the dirty limit when & > ¢. The mean free path can be

estimated from Drude theory (equation 1.18).
Orbital and Pauli Pair Breaking

The experimentally observed upper critical field is subject to orbital and Pauli
paramagnetic limiting. Orbital pair breaking is driven by the Lorentz force. The
orbital limit upper critical field (uoHS%P) is that at which vortices begin to overlap
and the vortex lattice breaks down. Meanwhile, Pauli pair breaking is driven by
Zeeman splitting. As the magnetic field increases in magnitude, it will become
favourable for one of the spins in a Cooper pair to flip and break the pair. This
is given as pugHe = uoHorb/m, where ay = V2o HSP /o HY, is the Maki
parameter [24], and o HL, the Pauli field. The Maki parameter relates the orbital
and Pauli limits for a value of the paramagnetic contribution. In the anisotropic
layered systems considered here, the paramagnetic pair breaking is minimal along

H||e, where ayy is small, but is relevant for H||(ab), where ay; is larger.
poHe = V2A/gup (1.12)

The WHH model describes the upper critical field of single band superconductors,
developed by Wethamer, Helfand and Hohenber [25, 26]. In the absence of orbital
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and Pauli pair breaking effects, a simple relation is found for the zero temperature
upper critical field, poHeo(0K):

dpoH,
poHea(0K) = —0.737, “H0%2 (1.13)
ar |,

The pre-factor is that for the clean limit, whereas it is —0.69 for systems in the
dirty limit. For multi-band systems the situation is more complex due to inter-band
and intra-band couplings, but these effects can be acccounted for by using models
such as those developed by Gurevich [27].

The next model for behaviour of the upper critical field is considered for a two
band system developed by Kogan and Prozorov [28]. As the upper critical field is the
point where vortices begin to overlap and so is the point of pair breaking, relations
can be derived between the upper critical field and parameters related to the
quasiparticles and Fermi surface. In the clean limit, the slope of the upper critical
field near T, is affected by orbital pair breaking, and the superconducting energy
gap, whilst Pauli pair breaking is minimal. For a two band system with cylindrical
or 2D Fermi surfaces, this slope of the upper critical field is given by [27, 28]:

TC dT T. 7((3)h2(n1/\11<v%> +n2)\22(1)%>) ’

where v; is the Fermi velocity, A\;; and A9y are normalised coupling constants, n;
is the density of states of each carrier (N;/Niotal), ¢o is the quantum flux, and
((x) is the Riemann zeta function at x. The density of states, n;, is related to
the Fermi surface by the Fermi wavevector, kp;, and effective mass, m;. One
can consider the single band case by setting Ay to 0, and a relation is found for

the effective mass to the slope by:

dH.
— % dT2 oc vp2 o (m*)? (1.15)
C C TC

Whilst reasonable estimations of Fermi velocities can be learned from quantum
oscillations or ARPES measurements, and averaged for each Fermi surface, the
coupling constants are harder. The normalised slope of the pgHeo(T') near 7. can
be linked to changes in the effective mass, and variations, such as with pressure,

reveal insights to the Fermi surface evolution with applied pressure.
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1.3 Iron-Based Superconductors

The focus now shifts to the high-T;. superconductors family of iron-based supercon-
ductors. A common feature of the FeSCs is the crystallographic structure. The basis
being a plane of Fe atoms in a square lattice, with chalcogenide or pnictogen atoms
above and below the Fe-plane to form tetrahedral arrangements around each Fe.
The full structure is built from repeating layers, in combination with other spacer
layers (which can be grouped into different families). There are several families of
FeSCs based on their stoichiometry, in particular: ‘11" (FeSe, FeTe), ‘111" (XFeAs,
X = Li, Na, Eu), ‘122’ (XFeyAs,, X = Ba, Ca, K) as examples. This thesis will
focus on the structurally simplest FeSe, but first a general introduction to FeSCs.

The phase diagrams of FeSCs are complex, containing many different competing
phases, similar to the cuprate superconductors. At high temperatures the system is
(often) tetragonal and so fourfold symmetric, then at a lower temperature enters
a different ordered phase, often antiferromagnetic (AFM). This ordered phase is
suppressed with a tuning parameter, for example chemical doping, charge doping, or
applied pressure, and a dome of superconductivity emerges around the point of full
suppression. Perhaps the best example is BaFeyAs,, and a schematic phase diagram
as a function of electron and hole doping, and for isovalent substitution, is shown in
Figures 1.1a and b, containing examples of how the superconducting domes emerge.

There are four distinct phases that, in general, form the phase diagrams of FeSCs:
tetragonal at high temperatures, antiferromagnetic (AFM, spin density wave),
nematic, and superconducting. The parent compound BaFe;As, is paramagnetic
at high temperatures, and has a Néel temperature of 140 K, below which the
system is antiferromagnetic in a spin density wave (SDW) phase [29, 30]. For
most systems, a nearby or concomitant structural transition is found, in BaFe;As,
the second-order structural transition closely preceeds the first-order AFM phase
transition. The structural transition from a tetragonal to orthorhombic phase,
breaking the C, rotational symmetry, then defines the boundary of the nematic
phase. The nematic phase is believed to be electronic driven, in which the electronic

degrees of freedom couple to the lattice to induce the rotational symmetry breaking
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Figure 1.1: Phase diagrams of substituted BaFesAss. (a) A schematic phase
diagram for BaFegAsy for both electron and hole doping, based off [29] and [30] respectively.
(b) Schematic phase diagram for the isovalent substitution of BaFea(As;_,P, )2, adapted
from [36] and [32].

[31]. With electron doping, the difference in temperature between the nematic
and AFM phase transitions increases [29]; however, with hole doping and isovalent
substitution the structural and AFM transitions are found to be concomitant [30,
32]. Furthermore, the isovalent substitution with P in BaFes(As;_,P,)s reveals a
quantum critical point [33]. A link has been suggested empirically between the
height of the anion, h = zc, above the Fe-plane (this definition is highlighted in
Figure 1.3¢) and T, for FeSCs generally [34]. With applied pressure, the anion
height should generally decrease, therefore suggesting pressure, up to a point, will
enhance superconductivity in many of these systems [35].

It is worth considering the similarities and differences between the two main
high-T, families of superconductors, the cuprates and iron-based superconductors.
Both families are layered systems, with either layers of CuO, or Fe ions arranged
on a square lattice. Each high-T, family is comprised of systems with different
combinations of ions above and/or below the CuOs or Fe layers. Additionally,
electron correlations are believed to play a key role in the properties of these
(and heavy Fermion) systems for the normal and superconducting states. Both
families exhibit rich phase diagrams; however, the phase diagrams of the cuprates
superconductors typically contain a Mott insulator phase suppressed through hole
or electron doping, the presence of a pseudogap, and charge density waves [37], that
are yet to be widely realised in FeSCs. A crucial difference arises from the single

band nature of cuprates superconductors, in contrast to typically multiband (and
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compensated) FeSCs. For the cuprate superconductors, there exists a single d-orbital
per Cu site. Perhaps more interestingly, there are six electrons of the 3d Fe orbitals,
where all Fe 3d orbitals are occupied and relevant (d,., dy., duy, dy2_,2, and d,2).

The electronic structure of FeSCs contains both electron and hole bands crossing
the Fermi level, see a schematic of the band structure near the Fermi energy in
Figure 1.2a. The systems are compensated metals in the stoichiometric states,
although many parent compounds may require doping to reveal a superconducting
phase, such as BaFeyAsy [38] or LaFeAsO [9]. The Fermi surfaces are typically
quasi-two dimensional, owing to the layered structure and weak interlayer coupling,
which leads to many anisotropic effects in FeSCs. In the iron chalcogenides, there
are weak van-der Waals bonds between layers. The Fermi surface, in the typical
2-Fe Brillouin zone, has hole pocket(s) at the centre and electron pocket(s) at
the corners. The Fermi surfaces are small, and thus are very sensitive to changes
in the environment, which explains the tunability of these systems. Both the
nematic and magnetic transitions are associated with significant changes to the
Fermi surface. Firstly, the nematic transition, from a tetragonal to orthorhombic
sturcture, breaks the four-fold rotational symmetry and induces elongation of the
Fermi surface. More drastically, a Fermi surface reconstruction occurs across the
magnetic phase transition, such as in BaFeyAsy where the charge carrier density is
noticeably reduced across the magnetic transition [39]. Additionally, there is orbital
character differentiation on the Fermi surfaces, where different orbitals experience
different correlations effects [40]. Figure 1.2b shows schematically a cut of the Fermi
surface at the high symmetry points for FeSCs in the tetragonal phase. Furthermore,
the multiband nature of interband and intraband interactions must be considered.
Theoretically, DFT calculations overestimate the size of the Fermi surface, but
do capture the overall shape, as compared to techniques such as ARPES (Angle
resolved photoemission spectroscopy), and quantum oscillations [41].

The different suggestions of pairing mechanisms in unconventional supercon-
ductors include: spin fluctuations [40, 42], orbital fluctuations [43-45], charge-

transfer superexchange [46, 47], and nematic fluctuations [48]. For FeSCs, nematic



1. Superconductivity and Electronic Structure 13

b 1 ——4)

I I' q

E L2 =k
Figure 1.2: Fermi surface of iron-based superconductors. (a) Schematic band
structure around the I" and M points for iron-based superconductors. (b) Schematic

Fermi surface of FeSCs at k, = 0. Possible scattering vector Q for AFM nesting, and q
for typical electron-phonon coupling, and/or nematic fluctuations.
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fluctuations, orbital fluctuations and spin fluctuations are the most reported possible
superconducting mechanisms. The nematic fluctuations and spin fluctuations are
suggested due to the emergence of superconducting domes as the nematic and
magnetic phase transition temperatures approach zero for many FeSCs. The close
nature of these two phases adds a complication to assigning the role of the attractive
pairing interaction to one set of fluctuations over the other, or indeed accepting
both as leading contributors. There are 5 d orbitals from the Fe ions, and thus an
orbital fluctuations regime is proposed, in particular because this would support
a pairing interaction where the sign of the superconducting gap is preserved, the
sy state. In that scenario, a consequence is the robustness of the superconducting
phase to impurities, and 7, should show an almost invariance to moderate levels
of impurities [49]. STM measurements in particular have investigated the orbital
characters on each band, and their involvement in superconductivity, for example
in FeSe showing orbitally-selective Cooper pair preferentially arising from the Fe
dy, orbitals [50]. Alternatively, spin fluctuations could arise from nesting between
the hole and electron-like Fermi surfaces (intraorbital) [51, 52]. Such a scenario
favours a sign changing superconducting pairing (s+). A significant difference
between the s, and sy gap symmetries arises in the response to disorder, with s
being highly sensitive to nonmagnetic impurities [42, 53]. This will be discussed

in chapter 3 in relation to Cu substituted FeSe.
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1.3.1 Iron Chalcogenides: FeSe

The iron chalcogenides can be split into two main groups. There are the structurally
simple Fe(Se,S,Te) systems, where the chalcogenides sits above and below the Fe
plane, with weak van der Waals bonds between layers, see Figure 1.3. These systems
are mostly superconducting at low temperatures, up to 15K [54-57]. In addition,
intercalated systems of the form A,Fe;_,Se; (A = K, Rb, Cs, T, etc) can reach
values of T in the range of 30 K [58]. The intercalated A can dope the system, and
these latter systems can be considered similar to electron doped FeSe.

Unlike most FeSCs, FeSe does not magnetically order at any temperature
[54]. The system undergoes a structural phase transition from a high temperature
tetragonal structure (P4/nmm) to an orthorhombic structure (Cmma) at 7y =
90 K, entering the electronic nematic phase [59]. As with FeSCs in general, this
nematic phase breaks the C, rotational symmetry of the lattice, to Cy, which is
possibly induced from orbital ordering of the bands that leads to band shifting and
in-plane elongation of the electronic pockets [60]. Upon further cooling, a rather
low superconducting transition temperature of 7. = 9K is found in the absence
of any magnetic order transitions. FeSe is an ideal candidate to investigate the
superconductivity of FeSCs in a clean nematic state, as it is a highly tunable system,
and does not exhibit magnetic order at ambient pressures. Additionally, due to
the relatively low T, of 9K, the normal electronic state to lowest temperatures
can be accessed with only modestly high magnetic fields, and thus more readily
probe the system.

Perhaps the most noteworthy discovery related to FeSe thus far is in FeSe
monolayers, specifically when grown epitaxially on SrTiOs. In the right conditions,
values of T reach 65 K, and potentially upwards of 100 K [10-12]. The compensated
aspect of FeSCs no longer holds for monolayer FeSe, where only electron-like surfaces
remain and the main hole band has moved substantially below the Fermi energy,
effectively appearing as electron doped [62, 63]. In addition, intercalation of FeSe

with spacer layers has shown the ability to enhance Ti. above 40 K [64].
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Figure 1.3: Crystal structure of FeSe. (a) View of the unit cell, where red spheres
are Fe, and green spheres are Se. The black cube is the unit cell. A view looking (b)
along the c-axis and (c) perpendicular to the c-axis. The height of the anion above the
Fe-plane is h = z ¢. All images produced in VESTA [61].

The normal and superconducting states properties stem from the Fermi surface
and electronic structure. ARPES measurements on bulk FeSe have investigated the
Fermi surface at high temperatures in the tetragonal phase, and low temperatures in
the nematic phase. Owing to the orthorhombicity of the nematic phase, detwinning
of the crystals is required to resolve different domains [65, 66]. The tetragonal Fermi
surface is a single hole pocket at the centre and two electron pockets centered at the
corners of the Brillouin zone [60]. The Fermi surfaces are quasi-two dimensional and
are relatively small. From the band structure at low temperatures inside the nematic
phase, a second hole pocket lies just below the chemical potential [60], and small
shifts could raise this band above the Fermi energy. In FeSe; .S, one such Lifshitz
transition occurs around x & 0.11 [67]. The small Fermi energies can be attributed
to Fermi surface shrinking from strong electronic correlations found in FeSe [68].

In FeSe, chemical substitution of different ions can replace either the Fe,
or the Se ions. The isovalent substitution with S or Te takes place outside of
the Fe-plane, with minimal effects related to impurity scattering. As the S(Te)
ions are smaller(larger) than the Se ions, this substitution acts as a chemical
pressure. Conversely, substitution inside the Fe-plane by replacing Fe ions with
transition metals can introduce significant impurity scattering, and should dope
the system - with holes or electrons depending on the transition metal. Examples

include the substitution of Fe for Co, Ni, Mn, Cu [72-76]. Furthermore, the
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Figure 1.4: Phase diagrams of FeSe. (left) FeSe;_,S, doping temperature phase
diagram and (right) FeSe pressure-temperature phase diagram. The structural transition
points are blue, superconducting transition points red and magnetic transition points
green. Circles are from [69], squares from [67], triangles from [70], and upside down
triangles from [71].

superconductivity is also reduced as the thickness of thin flakes FeSe is decreased
as the disorder increases [77].

Beyond the discussed phases of FeSe, in strong magnetic fields at low tempera-
tures, it is suggested that FeSe provides access to the FFLO state (Fulde-Ferrell-
Larkin-Ovchinnikov), where Cooper pairs exist with nonzero total momentum and
the order parameter is spatially modulated [78, 79]. This state has previously been
proposed to be present only in a few heavy fermion and organic superconductors
[80, 81]. In addition, FeTe;_,Se, has recently been a leading system in the research

of topological superconductors [82].

1.3.2 Effect of Applied Pressure

FeSe provides clean access to the nematic phase at ambient pressure, in the clear
absence of a magnetically ordered phase. This is perhaps unusual, as FeSe has
a rather large total fluctuating magnetic moment (60% larger than BaFesAss)
[83]. Inelastic neutron-scattering experiments concluded that there are strong spin
fluctuations in FeSe of both Néel and stripe type, and competition between these

instabilities prevents the long-range magnetic order [83, 84].
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Figure 1.4 presents the phase diagram of FeSe under pressure [16, 69, 85-89].
Applied pressure enhances superconductivity in FeSe, with a peak value of T, =
36.7K around 6.4 GPa [16, 69, 72, 85, 90-92]. Interestingly, FeSe under pressure
does not only enhance superconductivity, but it is suggested that under pressure a
spin-density wave phase exists over a large pressure regime [69]. More recently, a
detailed high-energy x-ray diffraction study on the evolution of the crystal structure
of FeSe under applied pressure identifies the different structural transitions from the
nematic phase at low pressures, and the magnetic phase at high pressures [89, 93]. In
contrast, the nematic transition from a tetragonal to orthorhombic structure shows a
smooth change to the lattice constants, indicative of a second-order phase transition.
Meanwhile, at higher pressures there is a discontinuous shift to the a and b lattice
parameters which persists to much higher pressures (~6.6 GPa), which is a clear
indicator of a first-order phase transition. This first-order phase transition occurs at
the same temperatures as the magnetic order transition found in other measurement
techniques [69, 94]. In transport measurements, the signature of this magnetic order
has been linked to an upturn in the resistivity which occurs at the same temperature
even in strong magnetic fields [69, 95, 96|, because this anomaly occurs at the
same temperatures where magnetic order is found through the techniques discussed
above. Furthermore, quantum oscillations observed in this phase are significantly
reduced in frequency compared to ambient pressure, as expected for a Fermi surface
reconstruction with a spin-density wave [87]. Comparing to Ba(Fe;_,Co,)2Ass where
the magnetic and structural transition are separated in temperature, the signature
of the magnetic transition in resistivity manifests as either a downturn or upturn in
resistivity [29]. Thus, resistivity measurements can be used to probe the magnetic
transition in FeSe-based systems. Concerning the local magnetic order, uSR studies
on FeSe under applied pressure found static magnetic order at temperatures above T,
for p > 0.8 GPa [86]. For all pressures the superconducting volume fraction is close
to 100%, and the magnetic volume fraction continuously increases with pressure up
to 90% at 14 kbar, suggesting coexistence of superconductivity and magnetism in

FeSe under pressure [86, 97]. A follow up study with uSR for FeSe at 19 kbar finds
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the magnetic order in FeSe to correspond most likely to single-stripe (collinear) [98].

The striped antiferromagnetic order is also consistent with NMR [99].

1.3.3 Effect of Chemical Pressure

Chemical pressure in FeSe has some similarities to the effects of applied pressure.
The isovalent substitution with S in FeSe;_,S, suppresses the nematic phase to zero
temperature at the nematic end point, close to z = 0.18, as shown in Figure 1.4a
[67]. The superconductivity forms a small dome inside the nematic phase, with a
maximum 7; of 11 K around = 0.1, and shows a significant drop across the nematic
phase boundary [55]. For larger S substitution superconductivity remains present at
low temperatures in the tetragonal phase all the way to FeS with a T, ~ 4K [57, 100].
The high quality single crystals of FeSe;_,S, are widely grown using the chemical
vapour transport technique [101, 102], as were the single crystals used in this thesis.
The community has struggled to produce single crystals with x g 0.25 using this
method. Recently, a hydrothermal method has mapped out the full phase diagram
from FeSe to FeS [57]. The phase diagrams of single crystals from both methods are
in broad agreement, although the residual resistivity is significantly higher using the
hydrothermal method. Additional differences arise in the sign of the Hall coefficient
at low temperatures for FeSe, which remain unexplained [103]. Interestingly, by
applying pressure to different compositions of FeSe;_,S,, the signatures in transport
associated with the magnetic order are shifted to higher pressures for higher sulphur
substitution [104]. This means that the two overlapping nematic and magnetic
phases can be decoupled to identify their role on superconductivity and explore

the region of a potential quantum nematic phase transition [105-107].

1.4 Transport Properties

The main experimental techniques used in this thesis to probe the various electronic
phases are electrical transport and magnetotransport. To explore these phases,
the measurements examine the response of the system to varying the temperature,

external magnetic field and increasing applied hydrostatic pressure. The temperature
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and magnetic field dependences of the resistivities (along different directions of
the conducting ab-plane) can reveal more about the electronic structure and the
dominant scattering channels. Additionally, different transitions can be identified
in resistivity. Resistivity measurements are a powerful technique to detect different
electronic transitions, such as the superconducting transition from finite to zero
resistance, the structural transition that is associated with a kink in the resistivity,
a magnetic transition, or a metal-to-insulator transition. The low temperature
absolute resistivity provides useful information for understanding the impurities

in a system, and, relatively, how this changes with chemical doping.

1.4.1 Non-interacting Free Electron Models
Drude Model

A simple non-interacting model of electron behaviour in metals is that of Drude
theory, which assumes no quantum phenomena and considers the electrons classically.
The electrons are assumed as being mobile objects which classically collide with
immobile positive ions, making this an application of kinetic theory. Three key
assumptions are made. The electrons have a scattering time, 7. After each
scattering event, the electron momentum is reset, p = 0. As the electrons are
(negatively) charged particles, they also respond to external electric and magnetic
fields as expected. The equation of motion for a system in both an electric and

a magnetic field is given by:

dp P
— = —¢(E B)— = 1.1
% e(E+v x B) . (1.16)

In steady state, ‘é—‘t’ = 0, and as the current density, for a single band system, is

J = —nev, the momentum can be shown as p = mv = —"j to give:
1 . m
0=—eE+—(j xB)+—j (1.17)
n nert

In the absence of a magnetic field (B = 0), then according to Ohm’s law j = o(E,

the conductivity at zero temperature is given by:

ner

(1.18)

gy =
m
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This is the inverse of the zero-temperature resistivity, po = 1/09. From this
expression the mean free path, / = wvpr, can also be calculated, where vp is
the Fermi velocity.

In a multi-dimensional system, the resistivity tensor is used to describe the

transport along different directions, and is given by equation 1.19.

Pxx  Pxy Pxz
P=|Pyx Pyy Pyz (1‘19)
Pzx  Pzy  Pzz

In the quasi-two dimensional iron-based superconductors the (ab) plane is along
the conducting Fe-plane and the ¢ axis is perpendicular to the layers. Throughout
this thesis, the measurements are considered with the current applied along the
(ab) axis, and the magnetic field parallel to ¢. In particular, the different layers
of the samples are short-circuited together with current contacts on either end of
the single crystal. This allows a simplification to treat the system as quasi-two

dimensional, since no inter-plane resistance is measured. Symmetry also dictates,

Pxx = Pyy and pyy = —pyx.

Hall effect

In the presence of an applied magnetic field the Lorentz force acts on charged
particles in a plane perpendicular to the field, see the B term in equation 1.16.
Whilst there is a contribution to the longitudinal resistivity, p«, there is also a
transverse contribution, py,, known the Hall effect (named after Edwin Hall who
discovered this in 1879). The Hall coefficient, Ry, is a measure of the strength
of the Hall effect and is given by:

Ry = 1.20
= p (1.20)

Using equation 1.17, and considering the resistivity matrix, one can find:

Ry = —— (1.21)

ne
Thus, in a single band system, measuring the Hall coefficient measures the density
of charge carriers, and depending on the sign of Ry, the charge of the charge carrier

(the above has assumed electrons, thus ¢ = —e).
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Sommerfeld Free Electron Model

The Sommerfeld model applies Fermi-Dirac statistics to Drude theory. Instead of
assuming the distribution of velocities for electrons is governed by the Maxwell-
Boltzmann distribution, the Pauli exclusion principle prevents identical states being
occupied. Now, the ground state of the system consists of electrons filling from
the lowest available energy state. The highest occupied energy state defines the
Fermi energy, and higher energy states will remain unfilled. More strictly, the
Fermi energy is the chemical potential at 7" = 0. This introduces the notion of
the Fermi surface, which is the boundary between occupied and unoccupied states
in k-space. The Fermi energy can be calculated for a three dimensional system

with an electron carrier density n by:

h2(37r2n)2/3
Fr=—1—7— 1.22
F 2m ( )

In the two-dimensional case the density of states function is energy independent
(9(E) = m/mh?), which leads to a different form of the Fermi energy at zero

temperature EZ° = h*mn/m.

Average scattering time from transport measurements

In order to compare the AG model from equation 1.9 to experimental measurements,
7 must be related to the residual resistivity. To estimate an average scattering time
from measurable values, the nearly free electron model is used to express the total

conductivity, assuming a constant effective mass for each Fermi surface, by:
o=> ne’r, where n; =n;/m; (1.23)
i

By taking an average of the scattering times, weighted by the effective mass

and carrier density through #;:

Tavg = ZZET/ZTZ (124)
i
1
Po i
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This can be substituted into equation 1.9 for the average scattering time to produce a

form of the equation more directly relevant to parameters in transport measurements:

Tc 1 1 h 2 Zz %
1n(TC70) =w(;) - \If(5 - M) (1.26)

Thus, by using measurements of the carrier densities and effective masses for n;
of each surface, a relation is found between pg, indicating the impurity increase in

the system, and the superconducting transition temperature, T..

1.4.2 Fermi Liquid Theory

The previous models considered the set of electrons as noninteracting. However,
there are clearly scenarios where electron-electron interactions are inevitable due to
Coulomb’s law, and can not be negated. Fermi Liquid theory, developed by Lev
Landau, considers the effect of introducing (adiabatically) interactions between
electrons [108, 109]. Omne of the results of this theory is that when electron-
electron interactions dominate, the scattering rate, 1/7, has a quadratic temperature
dependence. These interactions do not contribute significantly at high temperatures,
but the relaxation time will increase as 1/T% and thus will be most relevant at
low temperatures. Hence, for a Fermi liquid the resistivity follows a quadratic

temperature dependence at low temperatures, given by:
p(T) = po + AT? (1.27)

where p is the resistivity at zero temperature, and A oc (m*/m,)? is a coefficient
linked to the strength of electronic correlations through the effective masses, m*.
Typically, electron-phonon scattering will dominate at high temperature to give
linear temperature dependence, whereas at very low temperatures electron-phonon
interactions have a T® contribution to the resistivity. Materials where electron-
electron interactions are strongest are called strongly correlated systems, often

found in unconventional superconductors like the heavy fermion systems.
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Non-Fermi liquids

Where a quadratic temperature dependence is not recovered at low temperatures,
the system is not governed by Fermi liquid theory. Deviations from 72 are referred to
as non-Fermi liquid behaviour. A notable case is that of a strictly linear temperature
dependence in high-T, systems, which are often called strange metals [110, 111].
To identify deviations from Fermi-liquid behaviour, a modified form of equation

1.27 is used instead, where the exponent, n, can vary:
p=po+al™ (1.28)

In this thesis, the resistivity exponent will be explored in several systems displaying
non-Fermi liquid behaviour, and where some recover Fermi-liquid behaviour at low
low temperatures. The value of the exponent, and any changes with different tuning
parameters, can hint at the dominant scattering terms. For example, in the vicinity
of a quantum critical point non-Fermi liquid behaviour is found, which is recovered
when moving away from the critical point, such as with BaFey(As;_,P,)s [112], or
in heavy fermion systems like CeColng [113]. Theoretically, low temperature values

of n are expected to differ from Fermi liquid in many scenarios [114-116].

Impurity Scattering

Towards zero temperature the scattering becomes dominated by impurities and
defects, and this dictates the residual resistivity, po. The residual resistivity is
particularly hard to determine in superconductors, and requires high magnetic fields
to suppress the superconductivity and reveal the normal state to lower temperatures.
From the residual resistivity, an estimate of the mean free path can be made, which
can be used to determine if the system is in the clean (§ < ¢) or dirty limit (£ > /).
When multiple scattering channels are present, Matthiessen’s rule states mobilities
from different sources can be inversely summed together to calculate an overall
mobility, we can extend this argument to scattering times too [20]. However, this
remains true only when the individual scattering times/rates, such as concerning

impurities or phonon scattering, have probabilities independent of each other [117].
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Throughout this work, the determination of py and subsequent analysis is paramount
for determining the disorder in systems, the power laws concerning Fermi liquid

(or not) behaviour, and electronic correlations.

1.4.3 Magnetotransport Properties

The resistivity will exhibit magnetoresistance when an external magnetic field is
applied. With an applied magnetic field, charged particles are affected by the
Lorentz force through F = ¢gv X B (see equation 1.16 for the equation of motion
in electric and magnetic fields), which alters the velocity of the particle towards
circular /helical motion. Interestingly, the field dependence of the resistivity can
be used to determine the behaviour of the charge carrier densities and mobilities,
the size and shape of Fermi surfaces through quantum oscillations and angular
dependent magnetoresistance oscillations (AMRO) [118], and the behaviour of
the upper critical field with temperature.

Let us consider an isotropic system with a spherical Fermi surface in the presence
of both an electric and magnetic field. The electric field, E, is applied along x, and a
magnetic field B applied along z. For a general E, the current density, J, is given by:

Oxx Oxy 0
J=0E=|0oyx ooy 0 |E (1.29)
0 0 o,

The components of o can be deduced from the equation of motion (equation 1.16)

and noting that J = —nev. This results in, for the scenario described above:
0o
= ————= 1.30
’ 1 4 w2r? (1.30)
OoWeT
= ————— 1.31
Py Ty w2r? (131)

where 0y = ne’r/m*, as found in the absence of a magnetic field, and w. = eB/m*
being the cyclotron frequency. A more practical form for transport measurements
is the resistivity components, found by inverting the conductivity tensor (p =

1/o), such that:

(1.32)
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and

Oxy
Pxy = ~Pyx = m (1.33)

Hence, for a monovalent isotropic system, with a spherical Fermi surface, p. is
field independent, and no magnetoresistance is found (it is zero). In an anisotropic
system, then oy # oyy, and oy, # 0yx, and magnetoresistance is not zero.

A notable case is metals with a single carrier species and a single isotropic
scattering time. In this case, the magnetoresistance is proportional to the amount
of cyclotron orbits made before scattering and follows Kohler’s rule [119, 120]. The

change in resistivity with magnetic field is given by Kohler’s rule as:

Apxx(]—j) MOH )2
)

ool =0 < ot =0 (134

Hence, a strictly quadratic field dependence, which can be scaled (Kohler’s scaling)
for different temperatures, is an indication that the scattering is dominated by a
single scattering time. Violations of Kohler’s rule can indicate the presence of more
than one carrier species, anisotropic effects or temperature dependent electronic
structure quantities. Further modifications can be made to Kohler’s rule to seek
out scaling laws, such as with the Hall angle fy and an energy-field scaling law,

and will be introduced when used in later chapters.

Magnetoresistance in multi-carrier systems

The magnetoresistivity can be modelled successfully with multicarrier models.
Starting with a single band system, with a simple spherical Fermi surface, the

conductivities oy and oy, are given by [120]:

enp

oxx(B) = [EEY: (1.35)
enp?B

Oxy(B) = 1528 (1.36)

However, FeSCs are typically compensated metals, and therefore multi-band systems.

The conductivities from multiple charge carriers can be added together, as so
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for 7 hole like carriers and j electron like carriers the longitudinal and Hall

conductivities are given by:

qinifi q;im; [
ox(B) =Y -+ Y (1.37)
Tl B2 S+ B2
qiniti B a4k B
ox(B) =) 1 B > 1J+JM2332 (1.38)
7 1 J J

where each carrier may have its own charge, ¢;, carrier density, n;, and mobility,
;- The treatment can be extended to any number of charge carriers, and so one
can calculate the dependency of py and py, as a function of the carrier density and
mobility of each carrier. As an example, the two carrier model, after inverting the

conductivity tensor is given by (assuming one hole, h, and one electron, e):

_ (on+0c) +opo(on Ry + 0. RZ) B
P = (o + 0)2 + 0202(Ry, + Re)2B2

(1.39)

(02Rp + 02R.) + i’ Ry,R.(Ry, + R.) B?
(on + 0e)? + U}QLO’g(Rh + R.)?B?

Pxy = B (1.40)

where o; and R; are the conductivity and Hall coefficient for each carrier. Taking
the conductivities as 0 = n;q;u; and the Hall coefficients as R; = 1/(n;e). A
simplification can be made if the system is compensated, where the total charge
carrier densities add to zero (positive for holes, negative for electrons). For the

two band compensated model with one hole-like and one electron-like carrier,

np, = Ne = N
1 et B?
o Hetn BT (1.41)
en(pn + fle)
Mn — He
y = ————— 1.42
Pxy en(un + o) ( )

Based on these equations for a two carrier compensated system, the longitudinal
resistivity should have a quadratic field dependence, whilst the Hall resistivity is
strictly linear in magnetic field. In this thesis, compensated two carrier and compen-
sated three carrier models are used to investigate the behaviour of charge carriers
in FeSe 25018, FeSeg.9650.04 and Fe;_,Cu,Se under pressure. The compensation
removes one parameter in the model, but nevertheless even for a two carrier model

the starting point for each variable is important.
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Sometimes the two-band model used for p,, can be simplified from equation
1.39 into a two parameter form to minimise the number of fit parameters as:

oo H?

Pxx = Po +

where o and [ are functions of the carrier density and mobility of each carrier.
From the forms of equation 1.41 and 1.42, it is clear that a linear field dependence
of pxx, or a non-linear H dependence for pyy, is not captured in the compensated
two-band model. Deviations from this model may require investigations into the
compensation or number of charge carriers, such as with a three carrier model [121,
122]. The next section introduces a different method to understand the number

of charger carriers and their mobilities.
Mobility Spectrum

To further analyse the mobility of charge carriers mobility spectrum analysis is
employed. This technique was first used for semiconductors by McClure [123]
and Beck and Anderson [124], but recently has been used in semimetals [125,
126] and iron-based superconductors [127-130]. The method implemented by
Humphries [129] and Huynh [127, 128] builds upon the work and ideas of Beck [124]
using techniques from Krein and Ahiezer [131]. The conductivity is calculated
by solving the Boltzmann equation in the relaxing time approximation, and
subsequently using a Kronig-Kramer transformation to find the mobility spectrum

as a function of mobility.

G(B) = 0y + iy = /OO st +inB) | (1.44)

—00 1 +[L2B2

where the mobility spectrum is s(u) = en(p) g This defines the carrier densities as
a function of the mobility, note that hole-like carriers have p > 0, whilst electron-like
carriers have u < 0. The spectrum therefore contains peaks at mobilities where
carriers are most likely found. The mobility spectrum technique is used on the
magnetoresistance of the longitudinal and Hall resistivities together to determine

starting points for mobility fits (such as with equations 1.39 and 1.40) through
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the number of carriers, and their respective mobility and carrier density. This
method requires a sufficiently large separation of the hole and electron mobilities
away from p = 0 for the resolution allowed by the magnetic field window of the
measurements. To contribute to the conductivity and for well-defined peaks, it

is also necessary that uB < 1 [126].

1.5 Quantum Oscillations

When placed in a magnetic field the k-space orbits are confined to planes perpen-
dicular to the magnetic field. This restricts the quasiparticle orbits to quantised
states that exist on concentric Landau tubes of constant energy, with the axis
parallel to the applied magnetic field, see Figure 1.5. The area between the
Landau tubes is quantised, so as the magnetic field strength increases, the tubes
expand. As these tubes cross the Fermi surface at the chemical potential, the
density of states fluctuates periodically. These periodical changes in the density
of state are termed quantum oscillations, and can be measured in any property
that couples to the density of states at the Fermi level. Examples include, but
are not limited to, oscillations in resistivity (Shubnikov de-Haas effect, SAH), and

magnetic susceptibility (de Haas-van Alphen effect, dHvA).
Landau Tubes

Quantum oscillations appear in measurements when an external magnetic field
magnitude is varied. In a magnetic field charged particles experience the Lorentz
force perpendicular to the applied field. If we consider an electron with momentum

p in a magnetic field B = (0,0, B), the Hamiltonian is:

2 2 2
2 Pz (py + €BI> Y2
H = 1.45
2m1 + 2m2 + 2m3 ( )
Using that p, = hk,, and p, = hk.:

2 2 27.2

- p.  (hky,+eBz)* R°k;
H = 1.46
2m1 + 2m2 + 2m3 ( )

r_oo Lo 2 2 2 k2
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Figure 1.5: Landau Tubes. (a) A spherical Fermi surface of occupied states in the
absence of an applied magnetic field. (b) Quantised energy states in an applied magnetic
field (B||k,), forming Landau tubes below the Fermi energy, for an example spherical
Fermi surface.

where m = my, the cyclotron frequency w. = eB/\/mims, and zy = —hk,/eB.
This takes the classic form of a simple harmonic oscillator, with a shift in x by zq
and 1D motion along 2. Therefore, the energy can be quantised to give:

h2k?

E(n, B, ky) = hw.(n +1/2) + %” (1.48)

The electron motion due to the magnetic field then becomes helical, with the
axis parallel to the magnetic field, B, with quantised energies. This confines the
states into concentric cylinders parallel to the magnetic field in reciprocal space,
with the allowed quantised energy levels called Landau levels. The difference in

energy between each level, AFE, is given by:

B
AE = E(n+1,B,k)) — E(n, B, ky) = hwe = h( ) (1.49)

m*
Now, since the cyclotron frequency can be expressed in terms of an effective mass,
m*, which is given by the in-plane area A(FE, k) through:

WP OA(E, ky)
21 OF

*

m (1.50)
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then substitution of equation 1.49 into the above for m* gives:
heB o h2 8A(E, kH)
AE 2m  OFE

From here, the differential can be approximated as the difference in A and F

(1.51)

between the n and n + 1 levels, thus:
heB _ 1 A(n+1,E, k) — A(n, E, ky)
AE " 2w E(n+1,B, k) — E(n, B, k)
Noting that AE = E(n + 1,B,k;) — E(n, B, k)|), this then gives the quantised

(1.52)

areas of orbits in reciprocal space as:

2meB
A(n, B, k) = ”; (n + A) (1.53)
and the difference in area between adjacent Landau tubes as:
2reB
AA(E, k) = ”; (1.54)

where A is a fixed phase. Figure 1.5a shows an example of the allowed energy states in
zero magnetic field for a spherical Fermi surface. Figure 1.5b shows the Landau tubes
of allowed energy states in a magnetic field. For the n'" Landau tube, as B increases,
the area will increase until A = Ap where that tube passes through the Fermi

surface. This will lead to oscillations that are periodic in 1/B, with a frequency, F:
1 1 1\-1 h
A(1/B) (Bnﬂ Bn) ( )

2me
This is known as the Onsager relation, relating the frequency of quantum oscillations

to the Fermi surface area [132, 133]. Extending the treatment to non-spherical Fermi
surfaces, then as B increases, the Landau tubes will cross the Ey for different B at
different points in reciprocal (k-) space. Integrating over the contributions from all
Ky in the first Brillouin zone results in destructive interference of all contributions,
except for the orbits of extremal area (minimum and maximum) which will have
a net contribution. The quantum oscillations are a direct measure of the cross-
sectional area of the extremal areas of the Fermi surface perpendicular to the applied
magnetic field, for closed orbits. By varying the angle of the applied field, the
Fermi surface shape can be investigated further. There will be a contribution to
the oscillatory signal from the extremal orbits of each Fermi surface to create a

superposition of various frequencies, amplitudes and phases.
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1.5.1 Lifshitz-Kosevich Formalism

The Lifshitz-Kosevich equation has been developed to be able to extract relevant
parameters from quantum oscillations. A brief description follows of the general
form of the equation, followed by the relevant damping terms and the electronic
properties revealed by each term.

The grand thermodynamic potential of a system with chemical potential u is

given by the Lifshitz-Kosevich equation [133]:

o VB A
= 53/2 2.7/2 2
2/2m W1 2nT/2 S| OFj (1.56)
o Fo1
Zp_5/2RTRDRSCOS [QWP <B - 2) + jﬂ :

p=1
The first sum extends over all extremal Fermi surface areas Ay ; perpendicular to the
applied field, and is referred to as the curvature factor. The second sum runs over
the harmonics p of each fundamental oscillation frequency. The prefactors include
various damping terms, Ry, Rp and Rg. The /4 phase arises in three-dimensional
Fermi surfaces. The curvature factor ((24)~1/2) will be small for an extremal orbit

Ok

where the Fermi surface area hardly changes. In that case, many more states will

contribute to the orbit amplitude than an orbit with a sharply changing area.
Shubnikov-De Haas Oscillations

Strictly speaking, as transport is not a thermodynamic probe oscillations in the
resistivity cannot be derived from the free energy. Oscillations of the conductivity
(resistivity) are a result of oscillations in the density of states. This can be derived
by considering the contributions from 2D slices of k-space and if the energy of that
Landau level is above or below a certain energy. An indepth explanation is available
in Shoenberg’s book [133], and a full derivation from Adams and Holstein [134].
The result of this experssion is that the oscillatory part of the density of states is
proportional to that of the contribution to the grand thermodynamic potential [133]:
. dM d ,dQ
(35)
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where D(C ) is the oscillatory part of the density of states at the Fermi energy, (,
and M is the oscillatory magnetic moment. Hence, the form of the density of states
can be found form the grand thermodynamic potential. The density of states is
still affected by both level broadening (Rp) and spin splitting (Rg) but not by
thermal damping (Rr) as that does not affect the states but only the occupation
distribution. As such, the full density of states is:

—1/2
D(Q B <2€B>1/2 mV Z D? Ay /
- 2
ch m3/2h? orbits 4 81{;\\ (158)
s F, 1
ZP_1/2RDRSCOS {27rp (B — 2) + Z]

p=1
The full oscillatory resistivity of a multi-band system will be complex with con-
tributions from each Fermi surfaces. The conductivity can be estimated from

the relation [133]:

D(()
NG

where the oscillatory part of the conductivity is o, and Dy is the total density of

(1.59)

o
Z ~R
o

states for all sheets of the Fermi surface and D(¢) only refers to one sheet. The
thermal damping, R, affects the conductivity directly, not the density of states.

Considering a spherical Fermi surface, one can find [133]:

11D _ ( ¢B )”2

RpRs Dy(C) chk?

()"
C

B 1/2
- (37)

Now, by combining equations 1.59 and 1.60 the amplitude of oscillations of each

orbit, A;, can be expressed as:
B >1/2

~ AO . . N
Az AZ RT,zRD,zRS,z (2E

(1.61)

where A? is an overall amplitude term. Therefore, the normalised oscillatory

resistivity includes the above amplitude expression with the cos(f(F')) term (with
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a single phase §; to capture the non F' dependent terms), with contributions
from each orbit:

B 1/2 E
Pose X Z A?RTJ-RD’Z-RSJ- <2F> cos(27r§ + 51-) (1.62)

where the sum is over different Fermi surface orbits.

1.5.2 Landau Fan Diagrams

Next, we will briefly discuss methods to determine the frequencies in the quantum
oscillations. For transport, the resistivity will contain a contribution from both
the background and the oscillatory signal. To isolate the oscillatory signal, the
background signal is approximated with a polynomial. This typically uses the low
field dependence, where the oscillations amplitude are negligible, and extrapolating
to higher fields where the oscillations are large. Once the oscillatory signal is isolated,
one can attempt a direct fitting to equation 1.62, encompassing the damping terms,
number of extremal orbits and correct powers to model the precise oscillatory signal®.
A second method takes the oscillatory signal and applies a fast Fourier transform
(FFT) to produce a frequency spectrum. A third technique uses a Landau fan
diagram, assigning the minima and maxima to Landau levels with index, n, to
plot 1/B against n. The positions of the Landau levels with the minimum and
maximums in field can then be fitted such that: n = ¢;/B + ¢y, where the frequency
F = ¢q. This technique works well for a single dominating frequency, although for

two closely spaced frequencies a beat pattern may still be visible.

1.5.3 Damping Terms

The next several sections expand on the damping terms in the Lifshitz-Kosevich
equation (Equation 1.58), and the quasiparticle parameters that can be extracted

from each term.

INot recommended if the signal contains several frequencies as there will be too many variables
to constrain.
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Temperature Damping Factor

As discussed earlier, the oscillations were assumed at T' = 0, and the first damping
term arises from thermal effects. At T'= 0 the Fermi-Dirac distribution (equation
1.63) of the quasiparticles would be a perfect step function at the Fermi energy,
whereas at any non-zero temperature a distribution of occupied energies will
develop over a range given by kgT. Figure 1.6a shows the broadening effect

as the temperature increases for a given chemical potential, u.

1

ele—m/ksT 1 | (1.63)

n; =

At non-zero temperature, the Fermi surface is no longer a single well defined
separation between occupied and unoccupied states. Therefore, each occupied
energy level corresponds to a slightly different frequency, which from integration
over all occupied energy levels at a particular temperature will result in a reduced
total amplitude. The thermal damping, Ry, is given by:

X
sinh(y)
_ 2n%kpT pm*
X= ehB

(1.64)

where m* is the quasiparticle effective mass that is renormalized by both electron-
electron and electron-phonon interactions, and p is the p'™ harmonic. Thermal
damping is large when the thermal broadening is at least comparable to the
energy difference between Landau levels, this is minimised with low temperatures
and high magnetic fields (y o 7'/B) and is where oscillations are best observed.
The only temperature dependence of the resistivity oscillations, equation 1.61, is
contained in Rr. Thus, by fitting the temperature dependence of the amplitude of a
frequency to equation 1.64 at a fixed field, the quasiparticle effective mass, m* can
be extracted. Figure 1.6b is an example of the damping rate for various effective
masses. For lighter masses, around 1m,, the amplitude will persist appreciably
up to around 4 K, whilst for heavier masses lower temperatures are required to

follow the amplitude decrease with temperature.
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Figure 1.6: Damping effects in quantum oscillations. (a) The Fermi-Dirac
distribution (equation 1.63) shown at increasing temperatures from 7" = 0. (b) The
thermal damping effect on amplitude due to increased effective masses, m*, according
to equation 1.64. (c) A Dingle plot of the log of the amplitude against inverse field for
several example mean free paths, ¢, according to equation 1.67.

Impurity Scattering Factor

The second damping term is the Dingle term Rp which arises from impurity
scattering of the electrons. As the electrons have a finite relaxation time, the
quantum levels are broadened into Lorentzian distributions with a finite width.
Similar to the thermal damping, this broadening reduces the amplitude of any
quantum oscillations. As before, a spread of frequencies F' are found for a spread

of Fermi energies. The resulting damping is given by:

(1.65)

< ﬂpmb> ( 27r2pmkaTD>
Rp =exp ( — =exp| —"7F+7—1,

eBT ehB

where 7 is the scattering time, my, is the band (cyclotron) mass, and Tp = h/27kpT
is the Dingle temperature. For free electrons we can use the fact that myvp = hkp
and ¢ = Tvp in equation 1.65 to relate the damping term to the mean free path,

(. Therefore, using the Onsager relation and if a circular orbit is assumed:

Ay = mk} = meE

ﬁ) (1.66)

RD = exXp <_114O€_B
where the frequency, F, is in Tesla and the mean free path, ¢ is in Angstroms.

Additionally, damping is more significant for larger orbit sizes.
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From this term one can determine the scattering time of an orbit by analysing
the amplitude. Using 1.61, we can rearrange for the B and T dependence and

take the logarithm to find this relationship:

1
In [A (Bl/QRTﬂ = In [Rp| + constants (1.67)

where x is as defined in equation 1.64, and A is the oscillation amplitude. The
constant terms are collected together. Therefore, using the exponential form of
the Dingle damping term from equation 1.66 the mean free path ¢ can be found
from the slope of a linear fit of equation 1.67 against inverse magnetic field. An
example of the effect of varying the mean free path on the so called Dingle plot

is shown in Figure 1.6¢c. This method is used in Chapter 5.
Spin Splitting Factor

Finally, for completeness, the spin splitting factor Rg accounts for the Zeeman
splitting of Landau levels. In a magnetic field, the spin degeneracy of energy levels
is lifted as they change in energy by j:% gupB, where g is the spin splitting factor
and pup the Bohr magneton. For free electrons, g ~ 2. Over a full oscillation
this energy difference is equivalent to a phase difference 2rAE/(hw.) between the
spin up and spin down electrons. The superposition of the two orbits leads to

a reduction in the amplitude by a factor Rsg:

Rg = cos (pggm5> (1.68)

Me

where my accounts normally for renormalization by electron-electron interactions,
but not electron-phonon interactions like the effective cyclotron mass term in the
thermal damping term, Rp. The spin mass is angle dependent, and this induces the
notion of ’spin-zeros’ where the oscillation amplitude goes to zero for a particular
angle such that mg/m,. is an odd integer. This term is both temperature and
magnetic field independent, and angular dependence is required to learn about the
value of gm,. Hence, this may become an avenue of research in the future with
rotatable pressure cells to explore the particularly high-T, regions of iron-based

superconductors under pressure.
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As we know, it is the extremal orbits perpendicular to the applied magnetic field
on a Fermi surface that are picked up in quantum oscillations. Therefore, even for
a Fermi surface that is nearly spherical, the angular dependence of the oscillations
can be used to learn more about the exact Fermi surface shape, dimensionality and
distortions. However, angular dependence in pressure cells in high magnetic fields
at low temperatures was not possible with the pressure cell used extensively in
this thesis. For many surfaces, especially distorted cylinders, as the angle between
the axis of the Fermi surface and the applied magnetic field increases, the area
of the maximal and minimal orbits will tend towards each other. The angle at
which the maximal and minimal orbit areas are equal is the Yamaji angle. At the
Yamaji angle, a peak in the resistivity arises due to a minimum in the conductivity

as the curvature of the Fermi surface is minimised.
Other damping contributions

Further damping contributions can arise, but in the circumstances here are negligible.
One contribution could be field inhomogeneity, leading to phase smearing, if the
value of the applied magnetic field varies across the area of the sample. This effect
is given by Rauon = sin(\)/A, where A = mpFApoH/(uoH)? [133]. Thus, this
factor is minimal if ApugH < (uoH)?/7pF. For a orbit with ' = 2007, in the
41.5'T resistive magnet in Tallahassee measuring at 20T (the lower range where
the quantum oscillations are observed in these systems) then ApugH < 0.159T.
For this magnet, the field homogeneity is far greater, with AugH = 0.028'T at
20T when 1cm away from the field centre for the 41.5T resistive magnet, and

thus this effect can be counted as negligible here [135].



Experimental Methods and Techniques

This chapter presents details about the experimental methods employed for the
work presented in this thesis. Firstly, I will discuss the principles of the transport
measurements, related to the steps involved in the preparation and the measurement
of the electrical resistivity, and the concepts of the resistivity tensor in magnetic
fields. Secondly, I introduce details of the two types of pressure cells: the piston
cylinder cell suitable for low pressure experiments, and anvil cells capable of reaching
higher pressures. Thirdly, I will discuss the different systems used to measure the
samples at low temperatures and high magnetic fields in these experiments. Finally,
I will briefly introduce other techniques used sometimes for complementary studies,

or to characterise the quality and suitability of samples to be used in measurements.

2.1 Transport Measurements
2.1.1 Sample Preparation

The single crystals used in measurements for this thesis were grown in Oxford
by Shiv Singh and Amir-Abbas Haghighirad via the KC1/AICl3 chemical vapour
transport method [101, 102]. The typical size of crystals in transport measurements
was from 250 to 2000 pgm by 100 to 500 pum by 10 to 100 gm. The crystals grow with

the thickness aligning with the ¢ axis, and the plane corresponds to the ab plane.

38



2. Experimental Methods and Techniques 39

Crystals were cut to thin cuboidal shapes, to provide cleaner surfaces for electrical
contacts, or to fit inside measurement spaces, and to allow a good understanding
of the distances between contacts for resistivity conversions.

Typical samples have resistivity values of <1 m{2cm at room temperature, and
as the crystals are small the measured resistances are small. Therefore the standard
four-point technique is used to measure a small resistance. An alternating current
is passed down a wire to the sample, across a contact between the wire and sample,
through the sample itself, onto a second contact and finally down a second wire
back to the measuring instrument. If just two contacts measure both the current
and voltage then the wire and contact resistances would dominate the signal. By
using four wires, two for current and two for voltage, the measurement is isolated
to the resistance of the sample. The alternating current is applied to the sample
through the current contacts covering the ends of the sample, and the potential
difference between the two voltage contacts is measured using a lock-in amplifier.
The current is passed through the lock-in amplifier to determine the frequency. As
the signals are small on a large background, from wires of several metres passing
from the instruments to the bottom of the cryostat and back, the lock-in amplifier
measures only the signal with the input frequency, removing any noise. The wires
used between the sample and the instruments are twisted together in pairs (current
wires together, voltage wires together), such that the overall magnetic field around
the pair of current carrying wires is cancelled out.

As both longitudinal and Hall resistivities were of interest, typically mea-
surements were taken in a 5 point configuration. Figure 2.1 shows an example
configuration, with a spare (6th) contact. Contacts are made using indium solder
with the soldering iron at 230°C. As measurements are measuring in the conducting
Fe-plane, along the ab plane, contacts cover the sides of the sample as opposed to
the top or bottom. The wires are either gold (25um thick) or platinum (15 or 10xm
thick), with the latter favoured for the pressure experiments due to its malleability.
To enable safe movement of prepared samples to different probes and for storage,

samples were prepared on quartz pieces. This allows the wires to be anchored at the



2. Experimental Methods and Techniques 40

Figure 2.1: Transport measurements of single crystals. (a) A schematic and (b)
an example of the contact configuration of a single crystal for a transport measurement.
All contacts short circuit the layers of the crystal by covering the full thickness. Each
current contact covers fully an end of the crystal. The longitudinal voltage contacts are
on one side of the crystal, and the Hall voltage contacts are opposite each other. One
contact would typically be used simultaneously in both the longitudinal and Hall voltage
measurements.

edge of the quartz with a drop of silver paint, making it easier to solder the wire to
the sample without the wire moving. Whilst early samples were stuck to the quartz
piece using Loctite Double Bubble Epoxy, the majority of samples in this work
were never stuck to a quartz piece. This allows transfer into a pressure cell without
damaging the sample, and removes the risk of induced strain effects from the epoxy.
The voltage contacts were ensured to cover the full height of the sample, and current
contacts cover the entire area of the end of the sample. Due to the weak van der
Waals forces between the layers, the inter-layer resistance can be quite large, and this
method short-circuits the conducing layers to only prove the in-plane signal (pg)-

The resistance (R = V/I) measured is converted to resistivity using the standard
formula p = RA/I, where A is the cross sectional area between the two voltage
contacts, perpendicular to the current path, and [ is taken as the minimum distance
between the contacts. However, the sample is not typically a perfect cuboid, and so
distances would be averaged for the thickness (¢), width (w) and lengths (L). For the
longitudinal resistivity the conversion from the measured (symmetrised) resistance is:
Pxx = Rux(wt/lyy), where Iy, is the minimum distance between the two finite sized

voltage contacts parallel to the current path. Similarly, for the Hall resistivity the
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conversion from the (anti-symmetrised) resistance is: py, = Ryy(Lt/lyy), where L is
the length of the sample, and [, is the distance between the contacts perpendicular
to the current path and often taken as w. Additionally, an error in the absolute
value of resistivity comes from errors in the value of the thickness, width, and
distance between contacts added in quadrature, and found to be typically between
10 to 15% of the absolute resistivity.

The resistance of samples was measured using lock-in amplifiers, usually a
Stanford Research Systems SR830. Typically, the current was supplied from a
Keithley 6221 AC/DC current source with an alternating current of up to 2mA RMS,
at a low frequency in the range of 10 to 40 Hz (avoiding integer fractions of 50 Hz'),
to maintain a low impedance and a frequency independent resistance. Alternatively,
when a separate current source was not available, the current was provided by the
SR830 through its voltage source and a resistor of approximately 1k(2 to produce a
current on the order of 1 mA. Low noise transformers (Princeton Applied Research
1900 low noise transformers) were used to increase signal sizes and match the
low impedance of the measured samples to the higher impedances of the lock-in
amplifiers. The gain factor from each transformer was set to 100, but was verified at
room temperature to calculate the actual gain factor, which was typically around 99.

There are three electronic phase transitions that are defined consistently in
this work. The superconducting phase is characterised in transport by the zero
resistivity. Figures 2.2a and b show how the transition temperature can be defined
in multiple ways: the onset temperature, Ty,, the midpoint temperature, T q,
the offset temperature, Tog, and at absolute zero resistance, 7. The midpoint
temperature is defined through the peak of the derivative, although for supercon-
ducting transitions which are not smooth this can be poorly defined. A linear
fit is applied through the transition, and a second linear fit for temperatures a
few K above the superconducting transition. The intercept between these two
lines is taken as T,,. The offset, Tog, can be defined through the intercept of the

linear fit through the superconducting transition, with zero resistivity. The final

!The frequency of UK mains supply.



2. Experimental Methods and Techniques 42

aso b 40 c
T . =99(1)K 15
_ mid
’s 1 = ! 1
T =10.38K
on NG 30 os
2 T2 = 1
£ g 5 0 T =312)K
15 " "
= ! 305
< =15 =
10 2 2 4
©10 ko)
/ 15
T =9.66K/ _ 5
0 [ T .=969K 2
N off ol 1 =15602)K
(] E— 95 m
8 10 12 14 8 10 12 14 "0 10 20 30 40 50
T (K) T(K) T(K)

Figure 2.2: Transition definitions in transport. (a) Resistivity temperature
dependence through the superconducting transition. Linear fits above (red, dashed)
and through (blue, dashed) the superconducting transition, used to define Ty, and Tog-.
Tp is defined as the highest temperature at zero resistance. (b) Derivative of (a), used to
define Tiyig from the peak. (c) The structural transition 7Ty is defined through linear fits
around the minimum in the derivative, the error is such to include the actual position of
the minimum. Likewise, the magnetic transition Ty, is also defined through the minimum
in the derivative.

definition is the highest temperature where the resistivity is absolute zero, given as
Ty. Typically the absolute zero transition temperature is used in this thesis. Except
in Chapter 5 where, due to the inconsistent rounding for the final ~10% of the
superconducting transition at different pressures, the extrapolated offset value Tog
is used. Additionally, other transitions are defined through the derivative of the
resistivity, either using the minimum or the maximum, see Figure 2.2c.
Multiple crystals were screened to identify high quality single crystals before
measurements in high magnetic fields and under applied pressure. Crystals would be
chosen based on the (relative) superconducting transition width, superconducting

critical temperature, and the residual resistivity ratio, defined as:

p(300K)
RRR = ——+—~
p(Ton>

In non superconducting systems, it is usual to take the ratio as the resistivity at room

(2.1)

temperature (300 K or so) to that extrapolated at 0 K. However, in superconducting
systems the resistivity at the onset of superconductivity is used for a more consistent
measure of sample qualities when comparing crystals of similar systems. It should
be noted that py can be estimated using measurements in high magnetic fields to

suppress superconductivity to base temperature, and then extrapolate the resistivity
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temperature dependence to 0 K. However, as T, increases, stronger magnetic fields
are required to suppress superconductivity to base temperature, and thus estimating
po accurately becomes harder and more inaccurate. A system with a larger residual

resistivity indicates more impurity scattering, and therefore a lower RRR.

2.1.2 Magnetotransport measurements

In principle, with point like voltage contacts and perfectly aligned contacts, both
the longitudinal and Hall voltage magnetic field dependence could be accurately
measured with one magnetic field measurement. However, there is often a non-zero
contribution from both py and py, in either voltage measurement. In order to
isolate the longitudinal py and Hall py, components of the resistivity tensor in
magnetic field sweeps, one must either symmetrise (equation 2.2) or anti-symmetrise
(equation 2.3) using data from measurements performed at the same temperature

using both positive and negative magnetic fields.
1
Poc =5 {p(,uoH >0)+ p(poH < 0)} (2.2)

pes = 5 (o H > 0) = plyio T < 0)] (2.3

This is because the Hall effect will reverse if the magnetic field direction is reversed
(as it is antisymmetric with respect to magnetic field), whereas the longitudinal
contribution will be symmetric. Figure 2.3 shows an example of (a) the raw resistance
in positive and negative magnetic fields, which is then (b) symmetrised and (c)
anti-symmetrised to isolate Ry and Ry, respectively. To convert from resistance
to resistivity, one must be careful in ensuring the values of A and [ in p = R A/l
are accurate for that contact configuration and component (See Figure 2.1). In
theory, with H]||c, the longitudinal resistivity may not need to be measured in both
positive and negative polarity, provided there is a minimal Hall contribution. When
H]|(ab), the Hall contribution is zero, as the magnetic field and electrical current

are parallel to each other, and measurements need only be taken in one polarity.
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Figure 2.3: Isolating resistivity components in high magnetic fields. An
example of isolating the mixed Ry and Ry, components in high magnetic fields for
a single crystal of Fe;_,Cu,Se, z = 0.0025, at 17kbar and 12K. (a) The resistance
measured in two opposite magnetic field orientations defined as positive and negative. (b)
Ry and (c) Ryy field dependence from symmetrising and anti-symmetrising the curves
from (a). Conversions to resistivity can be made using the correct conversion factors for
that particular component, with A being the cross-sectional area perpendicular to the
component in question (p = RA/I).

2.1.3 Local resistivity exponent

One model for the resistivity in metals at low temperatures is Fermi liquid theory,
which describes interacting fermions (as discussed in Chapter 1), from which
the resistivity should have a quadratic temperature dependence. Therefore, it is
useful to calculate the resistivity exponent as a function of temperature, especially
for regions which display non-Fermi liquid-like behaviour. In order to extract
information about the deviation from the Fermi liquid behaviour one can consider

the resistivity to be of the form:
p(T) = po + AT" (2.4)

where n is the local resistivity exponent, and p, the resistivity at 7' = 0 K. This
can be rearranged to isolate n by taking the logarithm of the equation and using

the multiplicative and exponential property of logarithms to separate A and T":
In(p(T) — po) = In(A) + nin(T) (2.5)

By taking the derivative with respect to In(7") and rearranging, we are left with:

_ dln(p(T) — o)
dIn(T)

(2.6)

The crux in this method is determining pgy, which can heavily influence the calculated

values of n, especially for small resistivities (clean metallic systems).
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For superconducting systems, the accessible normal state is only available down to
the onset of superconductivity. By using high magnetic fields at fixed temperatures
below the superconducting transition temperature, the superconductivity can be
suppressed to reveal the low temperature-high field normal state. Extrapolations
are then made from the high field regime to determine a normal state resistivity
value at fixed low temperatures. Ideally, these will be with H||(ab) with a linear
extrapolation, although the anisotropic upper critical field (pgHY > poHS,) in
these systems then requires very high magnetic fields. Finally, the extrapolated low

temperature resistivities can be used with a form of equation 2.4 to estimate py.

2.2 Pressure Techniques

There are many different pressure cell designs available to achieve high pressure
in hydrostatic conditions. I will discuss piston cylinder cells, used extensively in
the work presented throughout this thesis, and anvil cells, in which I was involved
in the stages of the preparation of, and I performed measurements on prepared

cells for TDO measurements used in other studies.

2.2.1 Piston Cylinder Cells

Piston cylinder cells derive their name from the mechanism used to increase and
maintain hydrostatic pressure. Figure 2.4a is a schematic of the pressure cell used for
measurements performed in Oxford, which constitute the main results of Chapters 4-
6. At the centre of the pressure cell is the sample space. Wires connect the samples
inside the cell to the outside instruments. The sample space is enclosed by a Teflon
cap, a BeCu anti-extrusion ring, and a feedthrough. The feedthrough passes any
wires out of the sample space, and is filled with stycast to seal the sample space and
secure the wires. At the base of the pressure cell is a backup to the feedthrough and
a backing nut to lock the bottom of the cell securely, with a hole for wires to extend
out of the cell, to the probe and instruments. A second BeCu anti-extrusion ring

is placed between the top of the Teflon cap and the first tungsten carbide piston,
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followed by a backup disc on top of the piston. The backup disc is recessed in the
top nut that can screw into the cell body to lock the system in at a certain pressure.

To change the pressure, a hydraulic press is used with a pressurising piston
and backup to squeeze the Teflon cap and reduce the volume of the pressure
cell. Reducing the volume increases the pressure inside the Teflon cap, and
the pressurising medium ensures homogeneous hydrostatic pressure conditions
throughout the sample space. The top nut is used to ensure the piston and backup
are locked in place when the hydraulic press pressure is removed. The pressure can
be estimated from the load applied by the press by comparing the cross-sectional
areas of the hydraulic press and the sample space (P = F/A).

The pressurising medium should be chosen depending on its hydrostaticity limit,
the maximum pressure of the cell itself, any discontinuous pressure jumps through
solidification and any potential reactions with samples being measured. To this end,
Daphne oil 7373 was used in pressure experiments in Oxford, whilst Daphne oil
7575 was used in Tallahasee. Both remain hydrostatic in the pressure range being
measured (up to 21 kbar and 22 kbar respectively) [136, 137]. Additionally, there is
no discontinuous pressure drop through solidification, which can risk damaging the
sample [138]. For pressure experiments to higher pressures, pressurising mediums
with a higher hydrosatic limit are required, such as glycerol, nitrogen (gas), argon
(gas), or 4:1 Methanol:Ethanol [139, 140].

The careful preparation of all aspects for piston cylinder cells is paramount to
ensuring the safety and longevity of the cell, especially at higher pressures. The
feedthrough plugs the sample space shut, and passes wires from inside the sample
space to the outside instruments, such as copper wires or fibre optic wires. The
stycast used to fill feedthroughs was stycast 2850 F'T with catalyst 24LV. Typically
~ 6 g would be prepared in the ratio (by weight) of 100:8 to ensure sufficient volume
to mix evenly. The feedthrough, with wires, was placed on to a pump chamber
as mixed stycast 2850 FT (with catalyst 24LV) was applied to the top of the
feedthrough. The wires are pushed through the feedthrough slightly at this point

to pull the stycast in to the feedthrough central hole, and pumping on this removes
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Figure 2.4: Pressure cell diagrams. Schematic cross sectional views of a (a) piston
cylinder cell and (b) anvil cell. The sample space diameter for the piston cylinder cell
is around 2mm, with a height available of a few cm. For the anvil cells, the diameter
available is typically around 250-300 um, with a height of around 80 um. (¢) An exploded
view of the Quantum Design piston cylinder cell used in Oxford with all components
labelled.

any air pockets and ensures the stycast fills and seals this space. During this, one
must ensure the insulation of the wires is not scratched, which can short the wire(s)
to the cell body. The sealant is then cured at room temperature for >24 hours. It
can be advantageous to protect the wires where they leave the stycast with tubing
to prevent breakages during the cell preparation.

In this thesis, work is presented from seven piston cylinder cell pressure experi-
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ments. Five of these used a commercially available Quantum Design pressure cell
in Oxford. The other two were measured at the National High Magnetic Field
laboratory in Tallahassee, one to 45T, and the other 41 T. Further efforts were
made on a different piston cylinder cell in Oxford in an attempt to measure crystals
from the same batch with transport and TDO simultaneously, and the pressure

verified with a ruby, but no results are presented from this work.

2.2.2 Anvil Cells

In order to achieve pressures above a few GPa the cell must be scaled down,
and the material strength increased. Thus, anvil cells are used to reach higher
pressures of tens to hundreds of GPa. These are often moissanite (more readily
available), or for the highest pressure, diamond anvils. A schematic of an anvil
cell is shown in Figure 2.4b.

The sample space is formed between the two flat and parallel culets of diamond
anvils, and walled by a gasket, typically made of heat-hardened BeCu. The sample
space is filled with a pressurising medium and the samples to be measured. The
gasket must first be indented to sit neatly between the two diamond anvils. This
requires placing the fresh gasket between the anvils and slowly increasing the applied
load to squeeze the gasket. The gasket will flow outwards and the area between the
anvils will decrease, increasing the pressure. A thinner gasket is capable of reaching
higher pressures before deforming too much and the sample space increasing past
the culet diameter. The maximum pressure depends also on the position of the
sample space, gasket material, culet size and the sample space size. Next, the
centre of the indented region is drilled to between 1/3 and 1/2 of the diameter of
the culets, and the drilled hole cleaned of any scraps. If using BeCu, the gasket
must be heat hardened at 325°C for 15 minutes.

Insulation is required on the gaskets to prevent the wires being shorted to the
gasket and cell body. Insulation was prepared using stycast 1266 (28:100 of parts
B:A as per manufacturers instructions), which is chosen as it is transparent, whereas

the black stycast 2850 FT is perfectly suitable for piston cylinder cells, allowing some
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visibility of the pre-drilled hole on the gasket later in the preparation process. The
mixed stycast is used fresh, so as to be very runny, when it is mixed with Alumina
power in the ratio 57:43 (Alumina powder:stycast 1266). All weight measurements
were measured with an analytical balance, in order to achieve the desired ratios
with a high precision. A good method for the mixing of powder and stycast is to
use a toothpick or small needle to massage small amounts of powder at a time into
the mixture. This helps to minimise the formation of lumps and produce an overall
smoother consistency, packing as much powder into the stycast as needed.

A thin layer of insulation is applied such that the drilled hole is packed, and the
indented region is covered in a thin layer that extends just over the lip of the indent.
The gasket with fresh insulation is cured inside the pressure cell under an applied
load of 2800 N, with liquid PTFE sprayed on to the anvils to prevent the insulation
sticking to the anvils instead of the gasket. This is cured at 120°C for at least 1 hour.
Finally, the insulated gasket has to be drilled again to create the sample chamber.
A smaller drill bit (around 25um is sufficient if performed carefully) creates this
chamber, insulated around the perimeter. Under a microscope, it can be possible to

see where the hole is through the insulation, which can assist in aligning the drill.

2.2.3 Pressure calibration

The pressure inside the cell is detemined by the superconducting transition of
a sample of high purity tin inside the cell. At ambient pressures, tin has a

superconducting transition of 7, = 3.72K [142] and decreases with pressure

according to 2k = —0.0489 K /kbar = —0.489 K/GPa [141]. Figure 2.5a shows for
two experiments the relationship between applied load on the piston to increase the
pressure, and the pressure as determined via the change in the superconducting
transition temperature of the tin. In the first case® (red crosses) the applied load
was continuously increased up to a maximum (a load of 300 bar for a pressure

of 20.1(3) kbar), whereas in the second case (blue circles) the applied load was

increased and then decreased several times. The figure shows how the applied load

2This is typically the case for most pressure cell experiments presented here
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Figure 2.5: Pressure calibration. (a) Applied load from the hydraulic press to the
piston cylinder cell and the corresponding low temperature pressure from measurements
of the change in tin superconducting transition temperature. The shaded region is marked
out by the expected pressure for an applied load in theory (p = 74x load) and the in
practice value provided by the manufacturer (p = 64x load). The red markers are from a
pressure run with Cu-FeSe (Chapter 4) where the applied load was continuously increased.
The blue markers are from FeSe g2S0.1s sample S1 (Chapter 5), arrows denote the order
of pressure runs. (b) Resistance temperature dependence of the tin manometer from
Chapter 4. The cooling(warming) data is in blue(red) taken at 0.02 K/min, whilst the
scanning measurements sweep the field from —100 Oe to 100 Oe every 0.02 K in black. (c)
Variation in the tin manometer resistance at room temperature as the pressure increases.
Three pressure experiments are included (A, B and C). Grey circles are data about Sn
adapted from Eiling et al. [141]. (d) Example ruby spectra taken at room temperature in
a diamond anvil cell. The dashed lines show a fit to three Gaussian peaks (R, Rg, and a
wide small amplitude background) to determine the position of the Ry peak shift.
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maps well to the low temperature pressure with a linear behaviour. When the
direction of load change is reversed, a lag appears which is then corrected over
the next few pressure changes. Additionally, at low pressures when the load is
first applied, the actual pressure is much lower than expected. This is due to the
pressure cell overcoming initial internal friction, and once this is complete the actual
pressure then recovers to the expected pressure from the linear dependence. The
shaded region in Figure 2.5a denotes the theoretical conversion (74 times) and the
manufacturer supplied conversion (64 times). I found these to be a good estimate
of the actual pressure, after the initial lag is overcome.

Due to the tin being high purity, there is a very low residual resistivity and
almost no temperature dependence to the resistivity at low temperatures. Hence,
in order to obtain a large signal and sharp transition a long thin slice of tin is
prepared (R = pl/A). Figure 2.5b shows an example transition from an Fe;_,Cu,Se
measurement, corresponding to a pressure of 18.0(3)kbar. For each measurement,
the pressure is checked by sweeping, in zero-field, the temperature in cooling
and warming at 0.02 K/min through the transition to check for hysteresis. Next,
to account for any remanent magnetic field, a method is used where at fixed
temperatures (every 0.01-0.02K) the field would oscillate between £100 Oe to
remove the effect of any remanent magnetic field, seen in Figure 2.5b.

The room temperature resistivity of the tin decreases with pressure, and thus
can be used as a proxy for the pressure at high temperatures [141]. Figure 2.5¢
shows the reduction in the room temperature resistivity for the tin manometer from
three separate experiments, and from literature [141]. There is a small difference
compared to literature, this is attributed to the pressure values from literature being
determined at room temperature, whereas the pressure from the experiments here
are the low temperature values. The low temperature pressure values are reduced
compared to room temperature estimates through solidification of the pressurising
medium. Other suitable metals for an in-situ manometer, if tin is not available,

with slightly different T, ranges would be lead or zinc.
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A second method to determine the pressure in-situ is from the fluorescence
spectrum of ruby, when illuminated by a laser light (a 532nm green laser was
used in Oxford). Two strong lines appear in the spectrum, Ry and R; (where
R; has a larger intensity, and a longer wavelength), owing to the de-excitation of
excited electrons after being energised by laser light. The wavelength of theses
lines are strongly pressure, and temperature, dependent. The pressure dependence

at room temperature fits the empirical formula:

p=51G) -1 27

with a and b constants [143, 144], A the wavelength of Ry at applied pressures, and
Ao the wavelength of Ry measured in ambient conditions as this can vary slightly
per ruby. At low temperatures, small differences in the pressure change from shifts
in Ry require accounting for compared to room temperature [145]. This technique
requires optical access to the sample space, either directly or with a fibre optic cable
(as is required for a piston cylinder cell). A particular benefit of this technique is
that, for a diamond anvil cell for example, multiple rubies can be placed inside to

verify (or not) uniform hydrostatic conditions across the sample space.

2.3 Low Temperature Techniques
2.3.1 Flow cryostat

In order to screen single crystals of new materials with transport measurements, I
often used a flow cryostat for the measurement. The principle of a flow cryostat is
that a pump is used inside the cryostat which pulls helium from a dewar into the
sample space and cools the sample, down to 4.2 K (or slightly lower with pumping
on the sample space thus lowering the pressure and therefore temperature). The
rate of pumping is controlled such that the cooling is performed slowly and improves
thermalisation of samples during the measurement. At low temperatures, the rate
of cooling/warming was controlled by restricting the pumping on the cryostat.
The warming above ~30 K is performed with no pumping, and instead only from

thermalisation with the atmosphere. Hence, the rate of change in temperature
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is smoother and slower for warming?®, therefore the warming measurements are
utilised for determining sample quality and properties. The temperature would be
determined using a 4 point resistance measurement of a cernox thermometer on
the probe, and a Lakeshore 340 temperature controller to convert the resistance

to a temperature using that specific thermometers calibration curve.

2.3.2 Physical Properties Measurement System (PPMS)

I performed many experiments using the Quantum Design Physical Property
Measurement System [146]. This is a cryostat with control over temperature
(down to 2 K) and magnetic field (up to 16 T, both polarities). The system uses a
variable temperature insert (VTI) which sits in a liquid helium bath and inside a
superconducting magnet made of Nb3Sn. The temperature is controlled through a
needle valve connecting the sample chamber and helium bath. Heaters and sensors
are used to balance the flow rate of He to set the temperature.

The conditions in the cryostat were controlled using the PPMS MultiVu software
provided by the manufacturer, which displays the current state of the system.
The cryostat is controlled directly by the Model 6000 PPMS controller. List of
instructions (a sequence) can be issued from MultiVu to the controller to execute
on the PPMS. The sequence is executed in order using wait commands to ensure a
certain time, field, or temperature is reached. For the pressure cell experiments,
MultiVu is used to control the cryostat conditions, but a second thermometer
next to the pressure cell is simultaneously measured to more accurately measure
the temperature of the sample. In addition, slow temperature sweep rates of
typically 0.5 K/min were used as this was sufficiently slow to observe no lag in

the temperature of both thermometers.

2.3.3 High Magnetic Fields

One of the most useful tools in the exploration of superconductors is magnetic fields.

A magnetic field can suppress the superconductivity to reveal the normal state at

3Typically around 10 hours for warming to room temperature without a heater, although this
value is seasonal.
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low temperatures and access quantum oscillations. The magnetic fields are also
used to explore the magnetotransport of a system above the superconducting state,
and therefore probe the charge carrier densities and mobilities, to understand the
scattering processes. Additionally, quantum oscillations can be measured in high
magnetic fields at low temperatures to directly probe the Fermi surface.

In this thesis, measurements have been taken in a variety of instruments hosting
magnetic fields. Much of the fine-detailed pressure work, amongst others, used
a 16 T Quantum Design Physical Property Measurement System (PPMS), down
to 2 K. User facilities allowed access to higher magnetic fields, where quantum
oscillations can then be measured. The user facilities at the National High Magnetic
Field Laboratory, NHMFL, Tallahassee, Florida were used for a 45T hybrid resistive
magnet, and a 41 T fully resistive magnet, both operating with 3He cryostats down
to 0.35 K. Slightly closer to Oxford, other measurements used fully resistive 35T
magnets at the High Magnetic Field Laboratory (HMFL), Nijmegen, Netherlands.

Magnetic fields are generated by passing a current through wires in the shape
of a solenoid. Measurements here have used both superconducting and resistive
Bitter magnets to generate high magnetic fields continuously. The Bitter magnets
are more conventional, and often made of multiple concentric coils connected in
series though which large currents are passed to generate the magnetic field. Each
coil is made up of layers of Bitter plates, conductive plates the current passes
through, and separated by insulating spacer layers, which are designed to extend
the current path around the plate on each layer. The plates are designed with
holes across the surface for cooling water to pass through. These require a large
cooling power, up to 33 MW for the Tallahassee 41 T fully resistive magnet, which is
typically provided with high pressure cold water continuously cooling the magnets.
Meanwhile, superconducting magnets are made with superconducting wires, which
instead need to be kept cold to maintain their superconducting properties. This
is typically done by immersing the magnet in liquid *He. Finally, the largest

continuous DC field hybrid magnet uses a combination of an 11.5T superconducting



2. Experimental Methods and Techniques 5d

magnet and a 33.5 T resistive magnet to achieve up to 45T, at the National High
Magnetic Field Laboratory, NHMFL, Tallahassee Florida.

Superconducting magnets often retain a non-zero remanent field when the current
is removed, owing to trapped flux inside the magnet. This is of particular concern
for measurements intended to be taken in zero-field, such as cool-downs and the tin
manometers inside the pressure cell where accurate measurements of 7, are needed
to accurately determine the pressure (tin is a type I superconductor with a pgHco
around 0.03T [147]). Thus, as discussed earlier, the superconducting transition
temperature of tin is checked by oscillating the magnetic field between —100 and
100 Oe at low temperatures to account for this remanent field.

Whilst advantageous time-wise to fit as many samples on to a single probe
during experiments, care must be taken to account for any offset away from the
field centre, and any significant distances between thermometers and samples.
In addition, the thermal load from multiple transport samples can cause issues
with stabilising temperatures, particularly at the lowest temperatures. Checks
were performed for temperature lag on each sample in high field experiments, and
transport values (T¢, resistivity at specific temperatures and/or fields) compared

to resistivity curves performed from screening in Oxford.

2.3.4 Temperature Extrapolation in High Magnetic Fields

For the experiments in the 45T hybrid magnet the field range accessible in
each field sweep is only 11.5 to 45T. As the resistance of the thermometers
have field dependence, in addition to the temperature dependence, mapping the
temperature from both resistance and field would require extensive calibration.
Instead, the temperature is calculated from using two thermometers with opposite
magnetoresistance to extrapolate a 0T temperature value from the field dependence
of the resistors. One Cernox and one RuOx thermometers are used, because
they have a positive and negative magnetoresistance respectively. A second

order polynomial is fitted over a suitable field window for each thermometer,
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Figure 2.6: High magnetic field temperature extrapolation. A second order
polynomial is used to extrapolate the 0T temperature from both a cernox and a RuOx
thermometer nearby to the sample to a common value.

and simultaneously extrapolated to 0T such that there is agreement. Figure 2.6 is

an example extrapolation of the temperature unaffected by high magnetic fields.

2.4 Other Techniques

I will briefly discuss other techniques that have been used for measuring and

characterising single crystals.

2.4.1 Tunnel Diode Oscillator (TDO)

The tunnel diode oscillator technique is used in this thesis in Chapter 6 for
measurements up to 41T in Tallahassee. The technique utilises a tunnel diode as
part of an LC circuit for a contactless probe with high resolution [148]. Tunnel
diodes are heavily doped semiconductor diodes with a small gap junction between
the position (P) and negative (N), where the valence band holes on the P side are
aligned with the conduction band electrons on the N side to allow for quantum
tunnelling. The sample is placed inside a coil which acts as an inductor, L, at the
end of the circuit, in parallel with a capacitor, C'; which produce an oscillating

current with a DC voltage. The tunnel diode counteracts the positive resistance of
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the circuit to prevent power loss and damping of the oscillations. The frequency of

the oscillations can be approximated close to a simple LC circuit, which would be:
F=——— (2.8)

The inductance, L, of a coil depends on the length, [, number of turns, N, and
cross sectional area, A:

_ ILLO/"LT'NQA

L
l

(2.9)

Crucially, the inductance is proportional to the relative permeability of the space
in the volume of the coil (4, = 1+ x). The skin depth of the sample is given
by § = +\/p/(mpF), with p the magnetic susceptibility of the sample. Hence, the
skin depth will decrease as the resistivity decreases, and/or as the susceptibility
increases. Therefore, as the skin depth decreases, the inductance will decrease and
thus the oscillation frequency F' will increase. Inside the superconducting phase,
the penetration depth from the magnetic field is measured. The frequency of the

oscillations F oc L~1/2

will respond to such changes, particularly phase transitions.
Experimentally, the frequency measured includes a background contribution, which
is field and temperature dependent, and increasing the filling factor of the sample
(relative to A) in the coil will increase the relative size of transitions. Typically
the background frequency is on the order of tens of MHz, and changes through
transitions on the order of 0.01-1 MHz. However, when set-up correctly there is
very good sensitivity and stability to changes in the inductance, allowing accurate
measurements of small changes. Hence, in the systems investigated here the

phase transitions for the nematic, magnetic (SDW), and superconducting phases

can be probed.

2.4.2 Energy Dispersive X-ray (EDX)

Energy Dispersive X-ray analysis (EDX) is a common way to measure the com-
position of different elements of crystals. The principle idea is to measure x-rays

emitted from the sample when a beam of electrons is shone on to the sample to
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remove inner shell electrons, and then when a higher energy shell electron fills
the vacancy a photon is emitted for the energy difference. The energy of these
x-rays produces a different spectrum for each chemical element. Software can
be used to then determine the relative abundance of each element, based on the
intensity and position of peaks in the emission spectrum and calibration of the
instrument against a well known source.

For a batch of new crystals, multiple sample crystals would be measured with
EDX to produce an average and spread of the composition in that batch. For chapter
3, the nominal 0.25% composition of copper, relative to the Fe, was impossible to
verify beyond a trace amount. In addition, as the nematic transition, 7, is sensitive
to the composition, this can be used as an indirect measure when compared with

other crystals in FeSe;_,S, and Fe;_,Cu,Se here.

2.4.3 X-ray Diffraction

X-ray diffraction (XRD) was used for the determination of the crystal structure,
lattice parameters, and the degree of mosaicity of the crystals. In particular, lattice
parameters can be used as a proxy to identity the composition of crystals when
isoelectronic substitution is the tuning parameter. XRD works because when a
periodic array of atoms is exposed to a monochromatic source, in this case X-
rays as this wavelength is most comparable to the space between scatterers (the
atoms), spherical diffracted waves will be emitted. For most angles, the waves will
destructively interfere, except for points which fulfil the Bragg condition where
constructive interference occurs and produces a Bragg peak. Analysis of these
peaks reveals the unit cell and symmetries of the system. The XRD instrument
used for measurements in this thesis was an Agilent Supernova Single Crystal
X-ray diffractometer.

The crystal used in a TDO experiment in Chapter 6 is presented with corre-
sponding Bragg peaks along high symmetry planes in Figure 2.7. The Bragg peaks
are point like, and the peaks are compared to the expected points of each crystal

structure (in this case 347 out of 351 peaks matched), indicating this is a single
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crystal. The measurements confirm the crystal is tetragonal (with lattice constants:

a=0b=37747A and ¢ = 5.5030 A) with space group P4/nmm.

Figure 2.7: X-ray diffraction results. (a) Single crystal of FeSe 650,04 (sample E).
The Bragg peaks are along (b) [h 01] (¢) [h k 0] and (d) [0 k 1]. As this crystal is tetragonal
at this temperature (300K), (b) and (d) look effectively the same by symmetry. Lattice
parameters are: a = b = 3.7747 A and ¢ = 5.5030 A.



The effects of impurity scattering in
Fei_,.CugzSe

This chapter reports on a study into the effect of chemical substitution in the Fe-plane
of FeSe using copper ions in Fe; _,Cu,Se, up to x = 0.02. In this study, the incredibly
small Cu substitution amounts allow a sensitive investigation of the effects of
controlled disorder in the FeSe system (the lowest being where 1 of every 400 Fe sites
are replaced with Cu). The substitution of Cu introduces a strong impurity potential
in the Fe-plane, significantly affecting the electronic and superconducting properties
of these single crystals. Both the nematic and superconducting phases are suppressed
remarkably quickly, requiring only 2% Cu to suppress the superconductivity fully.
The residual resistivity is continuously increased with the amount of Cu, due to
enhanced impurity scattering. In addition, I find a strong correlation between
T, and T;. I will use magnetotransport measurements up to 35T on a very low
substitution, Fegggr5CugaosSe (x = 0.0025), to show a reduction in the charge
carrier mobilities by a factor of ~ 3 as compared to FeSe, whilst the charge carrier
densities remain unaltered. As the hole-like carriers remain more mobile than the
electron-like carriers, a positive Hall coefficient is found, in contrast to the negative
coefficients of FeSe and Co-substituted FeSe single crystals. At low temperatures a

linear in temperature resistivity is found, as is a H'% magnetic field dependence of
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the magnetoresistance, identifying additional signatures of anisotropic scattering.
The suppression of superconductivity with the Cu substitution can be described by
the Abrikosov-Gor’kov formula for a sign-changing order parameter in the presence
of non-magnetic impurities. Additionally, the upper critical field behaviour follows
similar trends to FeSe, where all curves collapse onto a single curve in reduced units of

poHea/Te, but for H||(ab) no low temperature upturn is detected, as found in FeSe'.

3.1 Introduction

Perhaps the most explored tuning parameter of iron-based superconductors is
chemical substitution. The substitution of transition metals in iron-based supercon-
ductors, such as in BaFeyAss, suppresses the structural and magnetic transitions
and stabilises a dome of superconductivity [29, 38]. Not all transition metals
are equal. Some, like Co or Ni, can stabilise superconductivity in FeSCs [38, 150].
Meanwhile, Cu substitution displays unusual behaviour as sometimes being a dopant
of electrons or of holes [38, 151, 152], causing major changes in transport behaviour
and local magnetism [153]. In NaFeAs, Cu substitution increases the resistivity
and induces a metal-to-insulator transition [153, 154], leading to a decreasing in
the spectral weight [151]. Such a transition has been linked to a Mott-like insulator
phase, raising the possibility that Cu substitution can be a tuning parameter
towards strong correlations [152, 153].

FeSe enters a nematic electronic phase below 90 K, but unlike most iron-based
superconductors, no long-range spin-density wave is stabilised at any temperature
for ambient pressure [155]. Nevertheless, a large range of spin excitations are
present [156], and these low-energy spin fluctuations can stabilize the anisotropic
superconductivity in FeSe, as observed in scanning tunnelling microscopy (STM)
[50], and influence the low temperature normal state transport properties [71].
Isovalent substitution of Se with S or Te occurs outside the Fe-plane and has

moderate effects with nematicity slowly suppressed and superconductivity quite

IThis chapter is adapted from work published in Physical Review B 105, 115130 [149]
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robust [55, 56]. In contrast, substitution of Fe using transition metals in the Fe-
plane leads to the suppression of both nematicity and superconductivity [72-76].
Further Cu substition in FeSe induces a metal-to-insulator transition even for small
substitutions (z = 0.04) [74, 75, 157], and even higher substituions can induce
local magnetism around the Cu sites [75]. The insulating behaviour is suppressed
and the superconductivity restored with applied pressure, although with a reduced
superconducting fraction [158-160]. This highlights how Cu substitution in FeSe is
a prime system for investigating the normal and superconducting states, and if an
insulating state can be tuned into a high-T. superconductor with applied pressure
in iron-based superconductors. Furthermore, the strong impurity scattering effects
induced by the substitution of various transition metal ions in the Fe plane can
be compared with those induced by electron irradiation, where superconductivity
of FeSe was found to be enhanced by defects [161], thus raising further questions

about its pairing symmetry in the presence of disorder.

3.2 Experimental details

The single crystals of Fe;_,Cu,Se, with nominal compositions of x = 0.0025 to
0.02, in this chapter were grown by Shiv Singh using the KCI/AICl; chemical
vapour transport method and the same growth conditions for all compositions
[102, 162]. The batch of single crystals with the lowest nominal composition, x
= 0.0025 was measured using EDX by Jason Brown, indicating a small variation
in composition of x = 0.0029, from measurements of three unique crystals. The
ratio of (Fe+Cu)/Se was found to be around 0.95, suggesting a small excess of
Se (or deficit of Fe/Cu). Table 3.1 details transport parameters of single crystals
from several batches of different nominal composition. Across all batches, more
than 20 samples were measured with transport, the residual resistivity ratio was
found to be smaller than in FeSe (= 7.5 compared to 25-30). Notably, the absolute
resistivity varied more for larger substitution values, x, within each batch, as a

result of inhomogeneous distributions of copper.
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Table 3.1: Sample details for single crystals of Fe;_,Cu,Se. Parameters extracted
from transport measurements of the crystals from different batches of Fe;_,Cu,Se.

Batch Sample T, Tor  T=d TR RRR po 0300
K&K (K (100m) (uShem)
SS13 ZP1-81 76(1) 7.5 6.6 6.2 7.8 59 581
x =0.0025 ZP2-S52 74(2) 6.6 6.0 5.4 7.5 65 542
Z75-S3 719(1) 7.3 7.0 6.0 7.5 60 533
773 -S4 81(1) 7.3 6.1 6.0 7.3 68 598
7276 - S5 T76(2) 7.5 5.0 4.8 5.7 63 419
771 76(2) 6.5 5.1 5.0 6.3 50 388
774 81(2) 6.8 6.0 5.7 6.8 40 339
777 78(1) 5.9 5.0 4.8 6.3 52 371
HJ2 74(1) 7.4 6.7 5.9 7.2 70 570
HJ3 74(1) 86 74 59 70 92 743
SS10 771 72(1) 53 40 290 47 04 173
x = 0.005 772 72(1) 4.7 4.3 3.2 4.9 123 623
SS9 MB1 51(1) 3.2 <2 <0.3 2.2 211 463
z = 0.01
SS12 1 50(1) 31 N/A N/A N/A 397 933
z = 0.02 773 63(2) 5.3 N/A N/A 2.9 456 1348
774 29(1) N/A N/A N/A N/A 343 538
775 343) N/A NJA N/A NJ/A 465 805
776 48(3) 3.0 NJ/A NJ/A 23 213 493
ZZA1  N/A N/A N/A N/A N/A 740 1161

Transport measurements were always performed with the current applied in-plane
(I]|(ab)). The single crystals were prepared as detailed in Chapter 2 with indium
solder. The maximum a.c. current applied was 1 mA RMS. Low field transport
measurements were taken in a 16 T Quantum Design PPMS in Oxford. Additional
high (d.c.) field measurements were performed in a variable temperature cryostat
up to 35T and down to 0.38 K on samples S2, S3 and S4. The magnetic field was
mostly applied along the c-axis, but measurements with the field parallel to the
conducting plane (H||(ab)) are also reported. The polarity of the applied magnetic
field was reversed to allow measurements in positive and negative fields for later
(anti)symmetrising to isolate py and pyy. Finite solder contact sizes result in errors
on the absolute value of the resistivity on the order of 13% for each sample. The high
field measurements in 35 T were performed at the High Magnetic Field Laboratory in

Nijmegen by Pascal Reiss, owing to travel restrictions during the Covid-19 pandemic.
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From Table 3.1 the crystals SS13 HJ2, SS13 HJ3, and SS12 HJ1 were prepared
and measured by Helen Jones, and SS9 MB1 was prepared by Matthew Bristow,
parameters are shown to further indicate the range of parameters in each batch.

All analysis and figures presented in this chapter are that of the author.

3.3 Transport properties of Cu-FeSe

Figure 3.1a shows the temperature dependence of resistivity for single crystals of
Fe;_,Cu,Se for different compositions up to x = 0.02 (0.0025, 0.005, 0.01, 0.02).
Upon cooling, a strong kink is identified at 7§, the structural transition temperature.
Below T the system is in the electronic nematic phase, which is driven by electronic
correlations and orbital-ordering effects and an associated coupling to the lattice
induces a structural transition from a tetragonal to an orthohombic strucutre [155].
The typical metallic-like behaviour of the temperature dependence of the resistivity
of FeSe changes to an almost invariant temperature dependence below 100 K with
Cu substitution (see z = 0.02 in Figure 3.1a). This is accompanied by an increasing
residual resistivity at low temperatures, as expected from Matthiessen’s rule in
the presence of strong impurity scattering. Larger Cu substitutions (z > 0.02)
show the trend continues with a temperature independence becoming insulating-like
(dp/dT < 0) for z = 0.2 with a factor of 100 increase in resistivity at low temperature,
as reported by Williams et al. [75, 163]. The resistivity displays an unusual linear
temperature dependence for the low Cu substitution of x = 0.0025, up to 60 K
near 7. Figure 3.1a also shows a similar linear behaviour for higher substitutions
too, albeit for a smaller temperature range. This behaviour of the resistivity in
the normal state is often a signature of a system close to an antiferromagnetic
critical point in the presence of disorder [164].

In addition to the increased resistivity from the introduction of Cu in the Fe-
plane, the superconductivity is strongly suppressed such that a zero resistance state
is not measured down to 0.3 K for z = 0.01. Compared to FeSe, the superconducting
transition becomes broader, AT ~ 1.5 — 2K, which indicates the Cu substitution

leads to a more inhomogeneous electronic structure, even with substitutions on
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Figure 3.1: Transport behaviour for single crystals of Fe;_,Cu,Se. (a)
Temperature dependence of the resistivity as a function of Cu doping, normalised at
100K. (b) The evolution of the residual resistivity ratio, RRR, (defined as the ratio
of the resistivity at 300 K to that at the onset of superconductivity) and that of the
resistivity at 20 K with different Cu substitution. (¢) Temperature-doping phase diagram
for Fe;_,Cu,Se. Open symbols correspond to data previously reported in reference [76].
(d) The linear dependence between the nematic transition 7y and T, caused by the Cu
substitution. The blue open diamonds represent data from FeSe single crystals grown
using different temperature gradients that can lead to the formation of defects in the
crystals by Béhmer et al. [102].

the order of 1 in every few hundred atoms. Indeed, the superconducting fraction
is reduced with Cu substitution, shown in Figure 3.1a. Meanwhile, Figure 3.1b
shows the resistivity at 20 K, just above the onset of superconductivity, increases
with increasing x. For higher = the resistivity at low temperatures is only reduced
partially in response to an applied magnetic field, as if the system is not fully
superconducting (see Figures 3.7c and d in Section 3.10). This suggests that Cu
substitution promotes the formation of isolated clusters of superconductivity. If
such clusters cannot act as a full percolating path in a parallel network resistor
to contribute significantly to the total conductivity, then this results in the zero

resistivity at low temperatures being suppressed. At higher doping, these effects
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also lead to increased variation in crystal quality and transport values between
individual samples from the same batch (see Table 3.1).

The nematic phase is suppressed from 87K for x = 0, to 29K for x = 0.02,
and the structural transition becomes increasingly broader in temperature, similar
to effects influencing the superconducting transition. No structural transition or
superconductivity is detected in powder samples with x > 0.03 [74, 163], these
transitions would not be expected if the transition continued to be suppressed
linearly, as shown schematically in Figure 3.1c. As the resistivity temperature
dependence weakens with increased Cu doping, the residual resistivity ratio, RRR,
defined here as the ratio of resistivity at 300 K and onset temperature, drops from 30
for FeSe [71] towards 7.5 and lower, as shown in Figure 3.1b. The (decreased) RRR
is a measure of the effect of disorder in each system, similar to previous reports on
single crystals of Fe;_,Cu,Se [76, 163], powder samples of Cu-substituted FeSe [75]
and Co and Ni doping [165]. Additionally, the full temperature dependence, from 2
to 300 K, for each substitution is shown in Figure 3.4a, with a drastic increase in
the high temperature resistivity for larger x. The residual resistivity increases faster
with Cu doping than with Co doping, for the same amount of substitution [73, 165],
suggesting that Cu produces a larger impurity scattering potential and/or may not
provide additional charge carriers. However, all substitutions on the Fe conducting
plane lead to the suppression of superconductivity [165], in contrast to other iron-
based superconductors in which the electron doping with Co normally leads to an
enhancement in superconductivity [38]. Moreover, this in-plane substitution of FeSe
has a faster, more disruptive, effect as compared with isoelectronic substitution
outside the plane with S or Te for Se [55, 56].

Figure 3.1c¢ shows the phase diagram of Fe;_,Cu,Se and comapres to previous
work on single crystals [76] and powder samples [75]. Notably, a linear correlation
between Ty and 7. persists across all the superconducting compositions, similar to
studies on single crystals of FeSe grown in different conditions that have a different
degree of disorder [102], shown in Figure 3.1d. In both of these circumstances,

the correlation is likely induced by strong impurity scattering due to reduced



3. The effects of impurity scattering in Fe;_, Cu,Se 67

values of RRR. Similar trends have also been observed for FeSe thin flakes, with
RRR reducing as the thickness is reduced, suggesting that disorder may also play
a role in those systems [166]. In contrast, FeSe tuned by uniaxial strain shows
behaviour where the nematic state is suppressed but the superconductivity is

enhanced for compressive strain [167].

3.4 Magnetotransport behaviour

The magnetotransport behaviour is studied extensively for the lowest Cu concen-
tration of x = 0.0025 to understand the impact of the impurity scattering on the
nematic electronic phase in the presence of anisotropic spin fluctuations [168, 169].
Figures 3.2a and b show the magnetic field dependence of py, and py, respectively
for a sample S1 measured in magnetic fields up to 15T. Similarly, Figures 3.2¢ and
d show the resistivities for sample S2 measured up to 35T, all with the magnetic
field applied perpendicular to the conducting plane (H||c). The transition from
superconducting to normal state broadens in magnetic field at low temperatures
(ApgH ~ 10T) as compared with FeSe, even for this small substitution. The zero
resistivity is used to define the critical field, ugH.o. Firstly, at higher temperatures
inside the normal state, the longitudinal resistivity, p., shows little field dependence,
and the Hall resistivity has a quite linear field dependence, as is expected for a two-
band compensated metal. At lower temperatures, below 60 K, the Hall resistivity
develops a non-linear magnetic field dependence (see the derivatives showing field
dependence in Figure 3.8d in Section 3.10). Notably, no sign change from positive
to negative is found, which is the case for FeSe inside the nematic phase at low
temperatures [170]. The magnetotransport close to T, is shown for a sample of
each composition in Figures 3.7a~-d (Section 3.10), notably highlighting the reduced
superconducting fraction in x = 0.01 and 0.02.

The Hall coefficient, Ry, a measure of the transverse resistivity, can be extracted
from the low field regime (poH < 1T) from the field dependence of py, by assuming
a linear field dependence at low fields for the curves in Figure 3.2b. Figure 3.2f

shows the temperature dependence of Ry for both Cu and Co substituted FeSe as a
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Figure 3.2: Magnetotransport results for Fe;_,Cu,Se with £ = 0.0025. The
field dependence of the longitudinal resistivity, pxx, and Hall resistivity, pyy, for sample
S1 in magnetic fields up to 15T in (a) and (b), and for sample S2 measured in magnetic
fields up to 35T in (c) and (d) respectively. The measurements were performed with
the magnetic field along ¢ axis (H||c) and at different constant temperatures. (e) The
longitudinal resistivity, pxx, for the sample S3 was measured with H||(ab) up to 35T at
temperatures below 5 K. The positions of Ty for different compositions are indicated by
arrows of corresponding colours. (f) The temperature dependence of the Hall coefficient,
Ry, for Cu-substituted FeSe compared with FeSe [171] (down open triangle), z = 0.0048
(up open triangle) from [76], and Co substitution x = 0.001 (open square) from [73]. (g)
The mobility spectrum generated from the field sweeps in (a) and (b) using an approach
developed in Ref. [129]. (h) Carrier densities and (i) mobilities of charge carriers as a
function of temperature extracted considering a compensated two-band model at higher
temperatures and a compensated three-band model at lower temperatures below 60 K.
Data for FeSe are taken from [170]. The solid lines are a guide to the eye. The dashed
line indicates the expected low temperature value from quantum oscillations data [55,
170]. This apparent drop in the carrier number inside the nematic phase is a consequence
of the anisotropic scattering, as found for FeSe [170].

function of the amount of substitution [73, 76, 163, 171]. For the lowest Cu doping
of x = 0.0025, Ry remains positive at lowest temperatures, but the magnitude
demonstrates a weak temperature dependence with a local peak around 75 K and

a local minimum around 40 K. At a higher substitution of = 0.01, Ry remains
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positive at lowest temperatures, increases slowly as the temperature decreases, and
displays no minimums or maximums in the measured range from 70 to 2 K. In FeSe,
Ry changes sign below 70 K with a positive local maximum around 80 K, for a T}
of 90K [71, 73, 163, 170, 171]. No negative values of Ry are found across different
compositions of Cu-doped FeSe systems inside the nematic phase [76, 163], which is
in contrast to Co-doped FeSe where Ry remains negative at low temperatures for
all measured samples up to z¢, = 0.075 [73]. Hence, this suggests that although
the Cu and Co substitution both cause strong impurity scattering in the Fe plane,
they behave differently with respect to the doping of electrons, with Co being a
more significant donor of electrons as shown by the negative Hall coefficient [73].
If the Cu substitution donated electrons to the systems, then a similar response
would be expected in Ry as found with Co doping. Although, through isoelectronic
substitution in FeSe;_.,S, the Hall coefficient at low temperatures does change
sign and becomes positive for higher z, as the distortion of the Fermi surface is
suppressed and the anisotropy scattering reduced [55, 71, 171]. Overall, between
the different substitution methods, Ry has shown marked sensitivity that likely
arises from the different combinations and balances of impurity scattering and

anisotropic scattering for this multiband system.

3.5 Mobility analysis

Next, effects on the charge carriers are investigated through simultaneously fitting
the longitudinal and Hall resistivity components to extract the carrier density and
mobility of each charger carrier for Cu substituted FeSe. Figure 3.2g shows the
mobility spectrum of charge carriers at a range of temperatures, using the method
detailed in Chapter 1. At high temperatures only one peak can be resolved, centred
around g = 0, which is expected to be a combination of holes (positive mobility)
and electrons (negative mobility) with low mobilities. Upon cooling, two peaks
develop in the mobility spectrum which are fairly symmetrical around zero, with one
electron and one hole peak. As the temperature decreases inside the nematic phase,

both the hole and electrons become more mobile. At lower temperatures inside the
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normal state, below 60 K, an additional local peak develops in the mobility spectrum
which would correspond to a second electron-like carrier, this one of higher mobility.

The peak positions in the mobility spectrums, and the corresponding carrier
densities (n = s/eu), are then used as starting points for the simultaneous fits of
Pxx and pyy,. The models used assume charge compensation, as the Cu-substitution
does not appear thus far to be doping the system with holes or electrons, as is
the case with Co doping. Concerning any doping effects, Cu has been suuggested
to be an electron dopant for Cu-FeSe from DFT [172] and ARPES [173], but for
this low concentration of x = 0.0025, any excess of electrons or holes is negligible.
Moreover, the Hall coefficient becomes positive by Cu substitution, which is in
contrast to Co substitution and the expected changes in a basic Drude model
[73]. Therefore, to analyse the magnetotransport data a compensated two-band
model at high temperatures and a three-carrier model at low temperatures are
used (see equations 1.39 and 1.40 for the two band case), similar to the approach
used in FeSe [87, 170]. Examples of the fits are shown in Figures 3.8e and f, in
Section 3.10. Figures 3.2h and i present the carrier density and mobility for each
charge carrier as a function of temperature for both Cu-FeSe with z = 0.0025,
and, for comparison, FeSe [170]. For the charge carrier densities, no significant
changes are found compared to FeSe, as expected with such a small change in the
composition. Firstly, through the nematic transition, at T, a smooth reduction in
the carrier density of both the dominant hole and electron carriers (n; and n.;) is
found, comparable to bulk FeSe [87, 170]. Sudden drops in carrier density are likely
related to Fermi surface reconstructions, however the apparent reduction in the
nematic phase here is likely a product of the anomalous transport present in the
nematic phase from anistropic scattering [71, 170], which persists in the presence
of small Cu substitution and strong impurity scattering. As the temperature is
reduced, the mobilities increase for all charger carriers. Compared to FeSe, the
mobilities for all charge carriers in Cu-FeSe are reduced by a factor ~ 3. This can
be attributed to an increase in the scattering rate, u = er/m*, from Cu ions acting

as strong scattering centers [172]. At low temperatures a divergence occurs in the
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behaviour of the hole and electron mobilities, where the electron mobilities become
less temperature dependent below 50 K, which is similar to the behaviour found
in thin flake devices of FeSe [130]. For the low temperature regime, the impurity
scattering dominates the changes in spectrum, as seen with the increased values of

po, and similar reductions were observed for higher Cu doping at 10 K [76].

3.6 Normal electronic behaviour at low temper-
atures

The normal state resistivity, above T., in zero-magnetic field for Cu-doped FeSe
displays linear in temperature behaviour with this increase in disorder, as shown
in Figures 3.1a and 3.4b, consistent with previous reports [76]. This behaviour of
p o< T was also noticed in samples with smaller RRR values in FeSe and FeSe;_,S,,
inside the nematic phase [71, 174]. To investigate the temperature dependence of
the normal state to lowest temperatures, going below T, high magnetic fields are
employed to suppress the superconductivity. The high field, normal state, resistivity
can be extrapolated to determine a zero-field value for the normal state at low
temperatures. Two approaches are made for this method, varying the orientation of
the magnetic field (H||(ab) and H||c) to the current (I||(ab)). For H||(ab), the in-
plane longitudinal resistivity can be extrapolated with a linear dependence, because
such an orientation eliminates orbital effects, as shown for sample S3 in Figure 3.2e.
Switching the orientation such that H||c requires a suitable choice of power law
field dependence for the orbital magnetoresistance. Figure 3.3a demonstrates in
this system a power law of ~ H'% works well, similar to the dependence found for
FeSe [71]. Combining the zero-field resistivity measurements, with the extrapolated
zero-field resistivity points, the linear temperature dependence is found to extend to
the lowest measured temperatures, giving access to the zero-temperature resistivity
po, presented in Figure 3.3c.

The zero temperature resistivity can be used in determining the value of
the local resistivity exponent, n, from the relationship p = py + AT™. This
method follows that described in Section 2.1.3, and is applied to the data in
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Figure 3.3: Normal electronic state of Cu-substituted FeSe with = = 0.0025.
(a) Longitudinal resistivity versus (uoH)® for sample S2 inside the nematic phase
at constant temperatures (represented in the colour bar) for H||c. The dashed lines
are linear fits to the curves. (b) Kohler’s scaling applied to the data in (a), where
Apxx = pxx(oH, T) — p(0,T). (c) The low-temperature zero field resistivity, with 0T
resistivity (black, solid line), and low temperature extrapolated values from high field
measurements with H||(ab) (blue squares) and from H||c, as extrapolated in (a) (black
triangles). The red dashed line is a fit to the low temperature H||(ab) points. (d) The slope
of the (poH)'® magnetoresistance, 3, extracted from (a), as a function of temperature.
The black points are taken from a similar field dependence of FeSe from Ref. [71].

Figure 3.4a. Figure 3.4b shows how n varies with temperature for each composition
of Fe;_,Cu,Se measured. Hence, in the presence of strong impurity scattering
the linear temperature dependence in Cu-FeSe extends through the entire nematic
phase to the lowest temperatures, which is consistent with the existence of strong
antiferromagnetic critical fluctuations in the presence of disorder [175]. In contrast,
the close to linear resistivity found in FeSe and FeSe;_,S,, in clean systems eventually
enters a crossover regime to Fermi liquid behaviour (n = 2) [71, 105, 110]. A similar
crossover occured in thin flakes of FeSe which are in the presence of strong two-

dimensional fluctuations and disorder [130].
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Figure 3.4: Transport of Cu-substituted FeSe. (a) Resistivity temperature
dependence for single crystals with different Cu substitutions, x. (b) The temperature
dependence of the local resistivity exponent, n, of the zero field resistivity data in
zero-magnetic field, p(T") = p(0) + oT™, calculated from (a).

Furthermore, py can be used to estimate the mean free path at low temperatures
for the multiband FeSe, assuming the Fermi surface consists of two-dimensional

cylinders with a compensated hole and two electron pockets (kg ~ 0.1 A=1), such

that ¢ = N@’;Zfépo [78]. For FeSe, a clean system with a typical value around
po ~ 5pufem corresponds to a mean free path of £ ~ 712A [71]. With the
lowest Cu substitution, the mean free path? is reduced by a factor 10 towards
¢ ~ 55(5) A due to the increased residual resistivity. Furthermore, the scattering
time is estimated by using the mobilities extracted from the magnetotransport
earlier. For the three pockets at low temperatures, the scattering time varies between
0.6 - 1.2 ps, which is a factor of 3 shorter, resulting in more frequent scattering, than
for FeSe [170]. The increase in residual resistivity with increasing Cu substitution
naturally leads to the mean free path reaching the limit where ¢ ~ a, corresponding
to the average distance a quasiparticle travels between collisions approaching the
interatomic spacing. The system then reaches the Mott-loffe-Regel limit [176]
where the coherent quasi-particle motion vanishes and the electron scattering rate
77! becomes comparable to the Fermi energy Fr/h [177]. With increasing Cu

substitution, this limit is reached for very low substitution at low temperatures,

and consequently systems will become insulating above x > 0.02.

2With the small substitution of = 0.0025 here, ¢, N, and kp are assumed to not significantly
change from FeSe.
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Figure 3.5: Scaling of the longitudinal magnetoresistance of Cu-substituted
FeSe with =z = 0.0025 (H]||c). (a) Kohler’s rule scaling Apyx(poH)/psx(0) ~
(ko H /pxx(poH = 0))?, where Apx(oH,T) = pxx(pioH,T) — pxx(0,T). (b) Modified
Kohler’s rule scaling using the Hall angle, tanfuy = pyy/pxx. () poH-T scaling
of Apux(poH)/po ~ poH/T, where Ap(puoH) = pux(poH) — po and pg is the
zero-temperature zero-field resistivity. (d) Energy scaling of resistivity as I', where
I = akgT\/1+ (8/a)?(uppoH/(kgT))? using « = 1 and 8 = 1. This data does not
follow the proposed energy scaling, similar to FeSe;_,S, [71]. This magnetoresistance
scaling was used to describe the antiferromagnetic critical region in BaFes(As;_;Py)2
[178].

The classic magnetoresistance and symmetry conditions in a tetragonal system
lead to a quadratic dependence of the electrical resistivity, Ap/p, on magnetic
field (poH)? in the low-field limit [179]. For FeSe; .S, this result is followed in the
tetragonal phase outside the nematic phase, whereas inside the nematic phase the in-
plane Fermi surface distortion and the anisotropic spin fluctuations alter the observed
power law dependence, found to be ~ H5® [71]. For Cu substituted FeSe of z =
0.0025 a similar power law of H'¢ is found to best describe the magnetotransport,
with the resistivity shown against H® in Figure 3.3a. To compare with FeSe, the

amplitude of the power law (that is 3 for p(uoH,T) = p(0,T) + BuoH' ) is shown
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for both FeSe and Cu-substituted FeSe in Figure 3.3d. Both measurements are in
the same field regime, up to 35T, with the FeSe data adapted from reference [71].
A significant reduction is found by a factor of 10 compared to FeSe, which is close
to the expected change due to the factor of 3 reduction in mobilities found earlier.

Next, scaling laws are briefly considered which might be expected in different
regimes, and the implications from violations of such scaling laws. Firstly, it might
be expected that Kohler’s rule would be obeyed where the Cu substitution helps to
impose a single dominant scattering process. In such a case the magnetoresistance
is scaled with Ape/pex(0) ~ (poH/pex(0))?. However, Figure 3.5a shows that
deviations from Kohler’s law remain (as they did in bulk FeSe [71]), despite the fact
that the impurity scattering increases. Other considerations arise from the linear
temperature dependence in the resistivity. A modified Kohler’s rule unsuccessfully
uses the Hall angle as scaling, tan 0y = pyy/pxx, in Figure 3.5b. Simlarly, a poH-T
scaling is attempted in Figure 3.5¢. Finally, an energy scaling which successfully
described the antiferromagnetic critical region of BaFey(As;_,P, )2 [178] does not
scale the low temperature resistivity of Cu substituted FeSe in Figure 3.5d. To
summarise, these various proposals for scaling of the magnetoresistance cannot
successfully describe the behaviour for Fe;_,Cu,Se, x = 0.0025, which matches

that found for FeSe;_,S, inside the nematic phase [71].

3.7 Upper critical fields

Figures 3.6a and b show the temperature dependence of the upper critical magnetic
field, pioHo, with the magnetic field orientated with H||c and H||(ab) respectively.
The results are shown for two single crystals (S3 and S4) of Fe;_,Cu,Se, x = 0.0025,
and compared to bulk FeSe (adapted from references [78, 79]). The most notable
feature is that at the lowest temperatures the upper critical field of FeSe shows
an unusual upturn in critical field for H||(ab), which has been associated to the
stabilisation of an FFLO state [78], magnetic field-induced transitions [79] or simply
the manifestation of multi-band effects on the upper critical field [180]. For the

Cu substituted systems, no such upturn region is identified for H||(ab), similar
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again to the disordered systems of thin flakes FeSe [166]. To account for small
variation in the value of T, between samples, which then continues into shifts in
toHco, both the upper critical field and temperature are reported in reduced units,
that being pugHeo /T, and T/T, using the offset temperature of superconductivity.
In Figure 3.6c with reduced units, all curves collapse onto a single dependence,
except for the low temperature upturn in H||(ab) of FeSe. This indicates that
the superconducting pairing mechanism does not change significantly for low Cu
substitution, and meanwhile the low temperature upturn for H||(ab) is smeared out.
These small changes in the upper critical field behaviour of Fe;_,Cu,Se could be a
consequence of changes in pairing due to the presence of impurities that promote
intraband pairing over interband pairing. Interestingly, in the case of single crystals
of FeSe with small amounts of disorder (RRR reduced from 30 to 12 and T, reduced
from 9.1 to 7.2K) the slight upturn in upper critical field H||(ab) was found to
be robust [174]. This prompted suggestions the high field phase of FeSe is not a
conventional FFLO state [174]. Whilst these features are smeared out for further
enhanced disorder in Cu substituted FeSe, the temperature dependence can still
be described by a similar multi-band model suitable for FeSe corresponding to an
st pairing, but with a reduced velocity anisotropy [180].

The first model to describe the behaviour of the upper critical field is the standard
three-dimensional Werthamer-Helfand-Hohenberg (WHH) model [25], describing
the low temperature orbitally limited critical fields and determining the value
of the Maki parameter. Orbital pair breaking alone determines the temperature
dependence of poHo for H||e, with a slope of H., ~ —1.7(1) T/K, similar to FeSe
(—1.84T/K) [180]. Switching orientation to H||(ab) requires introducing a Pauli
pair breaking contribution which reduces the orbital-limited critical field at low
temperatures. Close to T, the slope is H., ~ —4.7(1) T/K, which corresponds to
an orbital value of 19.2T, larger than the experimental value of 15.8 T at 0.6 K,
attributed to Pauli paramagnetic effects. For FeSe, the expected Pauli paramagnetic

limit field, based on the values of different band gaps, can vary between 4.8 T to
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Figure 3.6: Superconducting properties of Cu-substituted FeSe. Upper critical
field-temperature phase diagram of Cu-substituted FeSe for x = 0.0025 and FeSe for
Hllc in (a) and H||ab in (b), respectively. The position of pugHe is defined as the
offset of superconductivity at the zero resistance temperature. Data for FeSe are from
Ref. [79] in (a) and Ref. [78] in (b). The data are described by a two-band model using
similar parameters to those for FeSe [180] but with reduced 7 anisotropy factor, which
corresponds to an sy pairing. (¢) The reduced upper critical field, pgHco/T., versus
reduced temperature, T'/T¢, for two orientations in magnetic field using the data from
(a) and (b). (d) The suppression of the superconducting transition temperature, T¢,
form the impurity scattering expressed by the zero temperature residual resistivity pg of
Cu-substituted FeSe (open diamonds) and Co-substituted FeSe (solid circles) [73]. The
solid red line is a 3-band AG formalism as seen in [73] using parameters from quantum
oscillations and previous magnetotransport studies [60, 170]. The effective masses used
are: mp1 = 4.5 Me, Me1 = 7 My, Mea = 1.5 m.. The carrier densities used for the three
band model are estimated from quantum oscillations at the lowest temperatures (low 1)
(red solid line): ny, = 3.75 x 10%Y cm™3, ne; = 4.33 x 102 cm ™2 and nep = 0.78 x 1020
cm~3 and those from magnetotransport analysis at T = 20 K [170] (grey solid line) are:
ny = 1.45 x 1020 cm_3, ne = 1.25 x 10%° cm_3, ny = 0.22 x 1029 cm 3. The dashed line
is a 2-band AG formalism reported previously by Urata et al. [73].

28 T [180], for which the Maki parameter would vary between 1-1.5 for the hole
and electron pocket, increasing to 5.7 for smallest gap [180].

To further describe the temperature dependence of the upper critical field, a two-
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band model in the clean limit is used (justified as the coherence length for z = 0.0025
is £ = 3.4nm < £). A model is chosen that is similar to those employed for thin
flakes and bulk FeSe [166, 180]. Figures 3.6a and b show the fitted data® described
by the following coupling parameters for both orientations using A;; = 0.81, A9y = 0,
A2 = A1 = 0.5, n = 0.025 with oy = 1.6 and ay = 0 for H||(ab). The coupling
parameters are similar to FeSe, whereas the velocity anisotropy, 7, is slightly larger
than for the highly anisotropic FeSe [180]. This suggests that the Cu substitution,
due to the increase in impurity scattering, is smearing the superconducting gap.

As many single crystals have been measured across the different batches of
Fe;_,Cu,Se the relationship between changes in 7. and the residual resistivity are
considered here. Comparisons are made with results reported for Co substitution
[73] and previous Cu-substituted FeSe [76]. Normally, the suppression of T
by nonmagnetic impurities in iron-based superconductors with si sign reversal
superconducting states would obey the Abrikosov-Gor’kov (AG) formula [23], similar
to a magnetic impurity in a single-band conventional BCS superconductor. A model
specific to FeSe implies a full suppression of superconductivity when the residual
resistivity is close to 4 uQcm [73]. The general form of the AG formula requires
knowledge of the scattering time in the system, 7. Here, the average scattering
time is estimated using contributions of each band to the total conductivity in a
parallel resistor network. Due to the magnetoresistance analysis reported earlier
(Section 3.4) and the presence of an additional small electron pocket, a three-band
model of the Fermi surface for FeSe is used. The effective masses and charge carrier
densities are taken from quantum oscillations and magnetotransport studies at low
temperatures in literature from reference [60, 170]. The estimate for an average
scattering time then follows the method described in section 1.4.1. Three scenarios

are considered and presented in Figure 3.6d:

3The software used to model the upper critical field was developed by Matthew Bristow and
Alex Gower.
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1. A three band model using the charge carrier density and mobility from

quantum oscillations at the lowest temperature, values taken from reference

[60] (red solid line, AG 3-band (QOs)).

2. A three band model as in (1), but now using the estimates of the charge
carrier density and mobility at 20 K, values taken from reference [170] (grey

solid line, AG 3-band (20K)).

3. A two band AG formalism for FeSe reported previously in reference [73] (blue
dashed line, AG 2-band).

Figure 3.6d presents the variation of 7T, with the residual resistivity for both Cu and
Co substituted FeSe [73]. The errorbars for Fe; ,Cu,Se are from errors in estimating
the contact size (resistivity) and superconducting transition width (AT). Indeed,
the suppression in superconductivity obeys the AG formula with the carrier density
and mobility considered at 20 K (scenario (2)). On the other hand, for the other
scenarios with the low temperature values (scenario (1)) and two band formalism
(scenario (3)) require a stronger suppression rate. The decrease in carrier densities at
20 K are likely to be a consequence of very anisotropic scattering inside the nematic
phase, whereas the low temperature values are from a regime of more dominant
isotropic scattering. This finding is consistent with an s pairing symmetry in FeSe,
and emphasizes the importance of the anisotropic scattering inside the nematic
phase and its effect on the anomalous magnetotransport. Such a pairing symmetry

is in agreement with the finding from scanning tunnelling microscopy of FeSe [50].

3.8 Discussion

The focus of this study is understanding the role of the Cu substitution in FeSe,
in particular on the changes of the electronic and superconducting behaviour that
occur for small substitutions. Normally, the substitution with a metal-transition
ion, such as Co, adds additional electrons into the Fe plane and affects its spin state

[73], but Cu substitution is found to act mainly as a source of impurity, at least
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for low substitutions [153]. As a result, the superconductivity is suppressed and
resistivity increased. However, the field-induced magnetotransport power law and
the upper critical field behaviour inside the nematic phase have surprisingly similar
trends to FeSe. If Cu is an electron dopant, similar behaviour to the Co substitution
would be expected, but is not observed for these low subsitutions. Recent ARPES
studies find that only large Cu substitution in FeSe potentially dope the system
with electrons [173], as long as the surface of the sample is not charging during
photoemission studies of non-metallic samples. For Cu-doped NaFeAs, doping drives
the system towards a more correlated Mott-like state due to strong electron-electron
correlations and therefore localization of electrons [152], .

Superconductivity of FeSe is strongly suppressed in the presence of either Cu or
Co [73, 76], as compared with the isoelectronic substitution of S and Te [55, 56].
Spin fluctuations, with potential orbitally-dependent character, are likely responsible
for the superconducting pairing in the FeSe family, and remain unchanged with
increasing S, but are strongly suppressed by Co substitution [181]. This would
lead to an s4 pairing mechanism supporting both nodeless and nodal states, and
would stabilize highly anisotropic superconducting gaps on both electron and hole
pockets [50]. The presence of such nodes or gap minima are found in crystals
of higher quality only, with a small amount of disorder being sufficient to smear
out the small gap in more isotropic lower quality crystals of FeSe [182]. The Cu
substitution, which introduces a significant amount of impurity scattering, leads
to a suppression of velocity anisotropy, as detected from the parametrization of
the upper critical field (Figure 3.6). The suppression of superconductivity with Cu
and Co impurity substitution is consistent with sign changing si pairing, described
by the AG formula. However, the effect of anisotropic scattering can affect the
apparent drop in the carrier density inside the nematic phase [170] and consequently
requires consideration in an extended AG formula.

Next, I compare the effect of impurities induced by Cu in FeSe to those introduced
by electron irradiation (2.5 MeV) [161]. Interestingly, the superconducting transition

temperature is slightly enhanced by the point-like disorder induced by electron
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irradiation, and it was suggested that the irradiation-induced Frenkel defects enhance
the pair interaction, in turn enhancing the spin fluctuations [161]. This modest
increase in 7. of 0.4 K is accompanied by a decrease in the nematic temperature 7;
of 0.9 K. The small change in T, could be related to the relatively low concentration
of radiation defects, as well as the location of these defects in the conducting Fe
layers or outside in the van der Waals gaps of FeSe. Therefore, the small changes
in the transition temperatures with electron irradiation do not follow the trends
observed by Cu-doping, but are closer to the behaviour of FeSe substituted with S
outside the Fe plane [55], as well as FeSe under the effect of small applied pressure
[87] or uniaxial strain [167]. The variation in the response of superconductivity
to different kinds of impurities suggests that the pairing mechanism has a strong
three-dimensional dependence that needs to be taken into account, as suggested
by k. dependent ARPES studies [183].

The precise power law of the temperature dependence of resistivity is often
influenced by the nature of the critical fluctuations, its dimensionality, the presence
of disorder and its proximity to quantum critical points. At lowest temperatures, the
resistivity of FeSe; .S, displays a Fermi-liquid-like behaviour (p ~ T?), whereas
inside the nematic phase a regime of linear resistivity was associated with the
presence of spin fluctuations [71, 105]. Interestingly, in FeSe samples with larger
amounts of disorder (smaller RRR values) the resistivity seems to display linear
behaviour at the lowest temperatures. This behaviour was found in FeSe crystals
with small RRR values [71, 174], Cu-substituted FeSe in this work, and thin flakes of
FeSe [130]. In the vicinity of an itinerant antiferromagnetic quantum critical point,
as proposed for FeSe [184], the resistivity is strongly affected by small amounts of
disorder. Strongly anisotropic scattering due to spin fluctuations in the presence of
disorder would generate an anomalous temperature dependence of resistivity with
exponents varying between n = 1 and 1.5 [164]. Here, the linear 7 resistivity persists
over a large temperature regime, to the lowest temperatures, but is superimposed on
a large background caused by the resistance of the channel dominated by impurity

scattering. For higher Cu substitution, the Mott-loffe-Regel limit is reached, in which
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the usual description of a metal in terms of ballistically propagating quasiparticles is
no longer valid, and this could lead to suppression of spin fluctuations and enhanced

local magnetism that would lead to the disappearance of superconductivity.

3.9 Conclusions

In summary, this study has presented conclusively the effect of impurity scatter-
ing induced by low level Cu substitution on the electronic and superconducting
properties of FeSe. The introduction of Cu rapidly suppresses both the nematic
and superconducting phases, whilst increasing the impurity scattering in the
system. Detailed studies for a very low concentration (x = 0.0025) investigated the
suppression of superconductivity, the upper critical fields, and magnetotransport
in high magnetic fields. In particular, both the suppression of superconductivity
and the behaviour of the upper critical field can be accounted for by taking into
account the multi-band effects in the sign-reversal symmetry (si) of the order
parameter. This is true for the relationship between reduction in 7, and increase
in residual resistivity described by the AG formula when anisotropic scattering
effects reducing the charge carrier density inside the nematic phase are considered.
The magnetotransport studies reveal suppression of the charge carrier mobilities,
and a reduction in the magnetoresistance, due to the increase in the scattering
rate in Cu-substituted FeSe. However, the power law of resistivity (H'%) seems to
have a similar field dependence to FeSe, suggesting the electron-electron collisions
remain unaltered by the electron-impurity collisions for low Cu substitutions. This
study raises questions about the universality of impurities through in-plane doping,
the effect of irradiation, sample thickness in thin flakes, and growth conditions

in suppressing the superconductivity of FeSe.
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3.10 Additional Figures
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Figure 3.7: Magnetotransport of Cu-substituted FeSe. Longitudinal resistivity,
Pxx, as a function of magnetic field up to 16 T at constant temperatures for different Cu
substitutions: (a) x = 0.0025, (b) z = 0.005, (¢) z = 0.01, (d) = 0.02.
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Figure 3.8: Magnetotransport behaviour of Fe;_,Cu,Se, x = 0.0025. (a)
Longitudinal resistivity, pxx, with the magnetic field H||c for sample S3. Dashed lines
are fits to a (uoH)'% field dependence, in the normal state, to extrapolate the zero-field
resistivity at low temperatures in Figure 3.3c. (b) Longitudinal resistivity, pxx with H||(ab)
for sample S3. Dashed lines are fits to a linear dependence in magnetic field, in the normal
state, to extrapolate the zero-field resistivity in magnetic field in Figure 3.3c. (c¢) The
derivatives of pxx and (d) pxy in magnetic field of sample S2 (raw data in Figure 3.2(c)
and (d)). An example of simultaneous fitting to a three-carrier model of the resistivity
component pyx in (e) and pxy in (f) (red dashed lines) measured at 7' = 20 K.



Pressure effects in Fej_,.CugzSe

This next chapter investigates the phase diagram of Fe;_,Cu,Se x = 0.0025 under
applied pressure to understand the changes induced by the impurity scattering.
The superconductivity of FeSe is enhanced under applied pressure, and its rich
phase diagram contains different phases competing with superconductivity, such
as the nematic electronic phase and spin density wave phase. From the previous
chapter, I reported the strong impurity scattering effects from the Cu substitution
on the superconducting and nematic phases. Here, I investigate how an impurity
inside the Fe plane induced by the Cu substitution can alter the balance between
competing electronic phases of FeSe at high pressures. At low pressures, the
nematic and superconducting phases remain suppressed compared to FeSe. At high
pressures, above 10 kbar, the superconductivity becomes comparable to FeSe, but
the resistivity shows no signatures of magnetic order, which in FeSe presented as
an upturn in resistivity and assigned to a spin density wave phase. However, with
large magnetic fields the resistivity does shows an upturn in 15T, which displays
hysteretic behaviour. Hence, the high pressure superconducting phase of FeSe
is demonstrated to be robust even in the presence of a disruptive Cu impurity,
whereas the magnetic phase is suppressed. This could suggest the high pressure
superconducting phase has a sign-preserving order parameter due to the robustness

of this phase. In addition, I will analyse the magnetotransport across the pressure

85
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phase diagram to show a reduction of the charge carrier mobilities at high pressure,

which is accompanied by an increase in the charge carrier densities’.

4.1 Introduction

Hydrostatic pressure is an invaluable tool to stabilize novel electronic phases as
well as to enhance superconductivity towards room temperature [14]. Among
unconventional superconductors, FeSe displays the signature of a nematic elec-
tronic phase before becoming superconducting at low temperatures below 9K
[155]. However, with applied pressure the nematic phase is suppressed and the
superconducting transition temperature is enhanced towards 37 K close to 6.3 GPa
[16, 69, 72, 85, 90-92]. This enhanced superconductivity at high pressures occurs
in a region in which a new electronic phase, believed to be of magnetic origin
is present [86]. The volume and the local magnetic field of this magnetic phase
is strongly dependent on the applied pressure [86] and it coincides with a first-
order structural transition at high pressures, suggesting a potential magnetoelastic
coupling and phase coexistence [93].

Another tuning parameter for the superconducting and nematic phases of FeSe is
the chemical substitution either inside or outside the conducting Fe plane. As shown
in the previous chapter, the Cu substitution is highly disruptive due to the larger
size of the Cu relative to the Fe ions inside the conducting planes. This introduces
significant impurity scattering that mainfests in most of the electronic properties
probed by transport measurements. The nematic and superconducting phases are
quickly suppressed, fully by 3% Cu substitution, and the carrier mobilities are
quickly reduced even with a small amount of Cu substitution [75, 76, 149]. With
increasing Cu substitution the system undergoes a metal-to-insulator transition
and it could lead to the stabilization of local magnetic moments at Fe sites [75,
157, 173]. However, under applied hydrostatic pressure the superconductivity could
be restored by suppressing the insulating behaviour in powder samples [158] or

quenching from high pressures in single crystals [160]. Theoretical studies suggest

!This chapter is adapted from work published in Physical Review Research 4, 043123 [185]
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that non-magnetic disorder has the potential to enhance superconductivity in a
multiband system [186], and thus the Cu substitution can be used to assess this
proposal and to understand its unusual manifestation.

This chapter will first look at the results in the absence of an applied magnetic
field. The transport measurements up to 20 kbar present the zero-field phase diagram
and reveal the evolution of the homogeneity of the superconducting state. Following
that, magnetotransport measurements will be presented and used to analyse the
presence of the magnetic phase, and changes to the charge carrier mobilities and
densities. The upper critical field is extracted from the in-field measurements and
compared to FeSe under pressure. Finally, the temperature-pressure phase diagram
of Cu substituted FeSe is presented and compared to FeSe in zero-field, in high-field

and when scaled in temperature by the nematic transition.

4.2 Methods

Single crystals of Fe;_,Cu,Se were grown by Shiv Singh, with the nominal compo-
sition of x = 0.0025(4) were grown using the KC1/AICl3 chemical vapour transport
method [102, 162], as reported in the previous chapter. Magnetotransport and
Hall effect measurements under pressure using a 5H-contact configuration were
carried out in a 16 T Quantum Design PPMS and an ElectroLab High Pressure
Cell, using Daphne Oil 7373 which ensures hydrostatic conditions up to about
21 kbar. The pressure inside this cell was determined via the superconducting
transition temperature of Sn after cancelling the remanent field in the magnet. In-
plane transport measurements (/||(ab)) were performed in a 16 T Quantum Design
PPMS, with the magnetic field applied along the c-axis, for ambient and pressure
measurements. The resistivity pyx and Hall ps, components were measured using a
low-frequency five-probe technique and were separated by (anti)symmetrizing data
measured in positive and negative magnetic fields. Good electrical contacts were
achieved by In soldering along the long edges of the single crystals, and electrical
currents up to 1 mA (peak-to-peak) were used to avoid heating. Errors in estimating

the exact contact positions and their size result in errors in the absolute values of
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resistivity being up to 13% of the total value. The superconducting transition, Tp,
is defined as the offset temperature or field, unless stated otherwise. The nematic
structural transition, 7T;, and the high pressure magnetic phase transition, Ty,
are defined by the minimum in the derivative of the resistivity as a function of
temperature. All experimental preparation and measurements, and the analysis

of said results, in this chapter was performed by the author.

4.3 Transport studies under applied pressure

Figure 4.1a shows the temperature dependence of the resistivity in the absence
of a magnetic field for pressures up to 20 kbar for a sample of Feg gg75Cug.ggs5€
(see shifted curves in Figure 4.2a). Recalling from Chapter 3, due to the presence
of Cu, the nematic transition 7§, at 80 K, and superconducting transition, 7T, at
6.2 K are suppressed, as compared with FeSe. The structural transition into the
nematic phase is linearly suppressed with applied pressure up to 15kbar, similar to
FeSe [94]. In contrast, the superconductivity is continually enhanced with applied
pressure up to 20 kbar, without showing any dome like-feature inside the nematic
phase, as is visible for FeSe under pressure [94]. The superconducting transition
width at low pressures, AT, = T, — Tog, is around 1.3(2) K, before increasing by
a factor of 2 at higher pressures above 10 kbar, as shown in Figure 4.1b. Whilst
in FeSe under pressure the superconducting transition width is narrower at low
pressures (1K), this increases significantly towards 7 K for higher pressures where
the magnetic phase is present [187]. This suggests that either the high pressure
superconducting phase becomes inhomogeneous through competition with another
phase, or that strong superconducting and/or magnetic fluctuations are present
in this high pressure regime [94].

The resistivity behaviour reveals additional information about the normal
electronic phases as a function of pressure. The resistivity at room temperature
initially decreases with applied pressure, indicating that the pressure increases
in-plane transfer integrals, increasing the bandwidth, and the system becomes

a better metal, as shown in Figure 4.1b. However, at pressures above 15 kbar
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Figure 4.1: Zero-field transport properties of Fe;_,Cu,Se z = 0.0025 under
pressure. (a) Temperature dependence of the resistivity as a function of applied pressure.
(b) The evolution of the superconducting transition width, AT, = T,,,, — Tog (black circles),
and the resistivity at 300 K (blue triangles) with pressure. (c) Temperature-pressure
phase diagram in zero magnetic field tuned by pressure. The nematic phase occurs at Ty
(blue triangles) and the superconducting phase at T, (red squares). The phase diagram
can be divided into different regions: the low pressure region up to p; = 10kbar, inside
the nematic phase, the high-pressure region above ps = 15 kbar, once the nematic phase is
fully suppressed, and the intermediate pressure region between p; and ps. Shaded regions
indicate the different phase boundaries.

this trend reverses with resistivity increasing, and matches the trends observed
in the low temperature behaviour with py (Figure 4.2b). The substitution of
Cu in FeSe increases the impurity scattering and the residual resistivity, leading
to the suppression of superconductivity and inducing a linear dependence down

to 0.4K, see Chapter 3.

wch
NeZkrpo

Figure 4.2b shows the mean free path, ¢ = , calculated with a constant
value for ¢ and kg. For 0 to 20 kbar, ¢ for FeSe changes at a rate of —0.0088 A/kbar,
from a starting value of 5.5237 A, which is not a significant change. Similarly, kp

will change with pressure as is known from FeSe quantum oscillation measurements

[87], however the exact change is not known for Cu-FeSe and so is assumed to
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Figure 4.2: The zero-field resistivity and the local resistivity exponent of
Fe;_,Cu,Se x = 0.0025 under pressure. (a) Resistivity temperature dependence in
0T for each pressure, curves are shifted for clarity. Figure 4.1a shows the curves not
shifted. (b) The pressure dependence of the zero-temperature resistivity, pg, extracted
from a linear extrapolation of the zero-field resistivity above the onset of superconductivity
similar to the ambient pressure dependence [149]. The red triangles are the mean free path,
calculated from the py values. (c) The temperature dependence of the local resistivity
exponent, n, for different pressures in zero magnetic field and (d) its interpolated colour
map as a function of temperature and pressure.

be constant for this analysis. Additionally, it is unknown exactly how large the
Fermi surface is for Cu-FeSe inside the magnetic phase.

To check the resistivity temperature dependence, the resistivity can be expressed
using the form p = pg + 1™, where n is the local resistivity temperature exponent.

At ambient pressure the zero-temperature resistivity, pg, is obtained by using high
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magnetic fields to suppress the superconductivity at temperatures below 7T, and
extrapolating the high-field dependence at zero-field for each temperature [149].
Here, under pressure a linear temperature dependence (n = 1) is found both inside
the nematic phase at low pressures, as well as in the high pressure phase, as
illustrated by the temperature dependence of the resistivity exponent, n, shown in
Figures 4.2c¢ and d. In the tetragonal phase at high temperatures, a power law of
T describes the resistivity well, which is similar to that found in both FeSe;_,S,
tuned by the isoelectronic substitution or applied pressure [71, 105].

Interestingly, in the high pressure regime above 10 kbar the resistivity of Cu-
substituted FeSe shows no additional anomaly associated to other phase transitions,
see Figures 4.1a or 4.2a. This is in contrast to FeSe where an anomaly of a clear
upturn in the resistivity was associated with the presence of a magnetic transition,
at temperatures higher than 7;. [69, 94, 187, 188].

From these transport measurements, the zero-field temperature-pressure phase
diagram of Feg gg975Cug.002559€¢ up to 20 kbar is presented in Figure 4.1c. The super-
conducting transition temperature at high pressure increases once the nematicity
is suppressed even in the presence of the Cu impurity. This behaviour is in
agreement with previous studies in powder samples of Cu substituted FeSe (z =
0.04), where insulating behaviour is transformed into superconducting behaviour
with applied pressure, although not to a zero resistance state [158]. Furthermore,
the phase diagram in zero-magnetic field in the presence of the Cu impurity inside
the conducting plane is remarkably similar to that of FeSe; .S, under pressure for
various z, in which the isoelectronic substitution takes place outside the conducting
plane [104-107], as will be shown in Chapter 6. The phase diagram is split into
three regions here. First, the low pressure region up to p; = 10kbar, inside the
nematic phase up to the point where the superconducting transition width increases.
Second, from p; up to po = 15kbar at the nematic phase boundary. Finally, above

p2, where the nematic phase is fully suppressed.
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4.4 The high-pressure electronic phase in high
magnetic fields

Next, high magnetic fields are used to suppress the superconductivity to reveal if
there are any hidden electronic phases under the superconducting dome, and to
explore the normal electronic behaviour at lower temperatures. Figure 4.3a shows
the temperature dependence of resistivity in different magnetic fields at 17 kbar
(>p2). At this pressure, the nematicity has been suppressed already. Here, an
upturn in resistivity occurs at T}, as the superconducting transition temperature is
reduced in large enough magnetic field. This anomaly shows hysteretic behaviour
between the cooling and warming curve, independent of the temperature sweep rate,
indicative of a first-order phase transition, as shown in Figure 4.3b. In FeSe, the
high pressure magnetic phase displays evidence of hysteresis in heat capacity and
NMR studies implying the existence of a concomitant structural transition via a
spin-lattice coupling [94, 99]. The temperature dependence of the resistivity in 15T
shows smooth changes in the upturn anomaly as a function of the applied pressure,
as shown in Figure 4.3c¢ and the corresponding derivatives in Figure 4.3d. As the
pressure increases, this anomaly shifts to higher temperatures and it tracks closely
the zero field superconducting transition temperature. In FeSe, this anomaly in
transport was associated to a magnetic phase and it occurs already in zero-field
at temperatures higher than where superconductivity is stabilized (T}, > T¢.) but
its appearance in resistivity seems to vary strongly with pressure, either as an

increase, decrease or change in slope [69].

4.5 Magnetotransport behaviour

The magnetotransport behaviour can provide insightful details related to the evolu-
tion in the electronic structure and scattering with applied pressure. Figures 4.4a
and b show the field dependence of the longitudinal and Hall resistivity, p« and
Pxy, at 13.3kbar. A linear field dependence of the Hall component is a hallmark

sign of two-band behaviour, which seems to manifest at high pressures, as shown
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Figure 4.3: The transport behaviour in magnetic field of the Fe;_,Cu,Se
x = 0.0025 under pressure. (a) The temperature dependence of the longitudinal
resistivity in different magnetic fields at p = 17kbar. (b) The resistivity upturn at Ty,
in 15T at 17kbar using various temperature sweep rates. The solid lines correspond
to the warming sweeps whereas the dashed lines correspond to the cooling sweeps. (c)
The temperature dependence of resistivity in a magnetic field of 15T (H||c) for different
applied pressures and (d) their corresponding derivatives. The value of Ty, is defined as
the minimum in the derivative and indicated by arrows, similar to FeSe [104]. Curves are

offset for clarity.

in Figure 4.5 and in the tetragonal phase, as shown in Figure 4.10 in Section 4.10.
Figure 4.12f shows the Hall coefficient, Ry, for different pressures extracted from
the slope of the Hall resistivity, pxy, in low fields, which is positive and generally
increases with decreasing temperature. This is in stark contrast to FeSe where

Ry is negative at low temperatures inside the nematic phase, and only becomes
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Figure 4.4: Magnetotransport of Fe;_,Cu,Se x = 0.0025 under pressure. Field
dependence of (a) the longitudinal resistivity, px, and (b) the Hall resistivity, pxy at a
pressure of p = 13.3kbar. (c¢) Mobility and (d) carrier density of each charge carrier (holes,
h, and electrons, e;) at different pressures considering a two-band compensated model
(np, = ne). For O kbar only data up to 7T is used in the two band model, and results
from a three band model up to 15T, as shown in Chapter 3, and shown for comparison
in Figure 4.12 in Section 4.10. Solid and dashed grey lines are guides to the eye.

positive at quite high pressures (~ 3.8 GPa and above) [77, 170, 189].
Magnetotransport measurements enable construction of the mobility spectrum,
where peaks appear at the mobilities of different hole and electron carriers. The
mobility peaks shift to slightly lower mobilities with increasing pressure, as shown
in Figure 4.6. However, by simultaneously fitting the p. and py, to a two-band

compensated model the charge carrier density and mobilities can be extracted
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Figure 4.5: Magnetotransport behaviour in the normal phase of Fe;_,Cu,Se
xz = 0.0025 under pressure. The field dependence of (a) pxx and (b) pyy at a fixed
temperature just above the onset of superconductivity for different pressures and their
corresponding derivatives in relation to the magnetic field in (c) and (d), respectively. The
derivatives of pyy show a constant behaviour at high-pressures above 10 kbar indicative of
two-band behaviour. Note, for the three lowest pressures the highest temperature sweep
available is used, which is not above the onset of superconductivity.

as a function of temperature and pressure. At ambient pressure a three-band
compensated model can account for the non-linear Hall resistivity, as in the previous
chapter, and similar to FeSe [77, 149, 190], whereas at high pressures a two-band
compensated model is more appropriate. Here, a two-band compensated model is
used in the low-field regime (< 7T) for ambient pressure for comparison to the

high pressure results. Figures 4.4c and d compare the temperature dependence
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Figure 4.6: Mobility spectrum at different pressures of Fe;_,Cu,Se = = 0.0025.
(a) The mobility spectrum extracted from magnetotransport data [129] for different
pressures at 30 K. Arrows indicate the positions of mobilities the positive and negative
charge carriers. Mobility spectrum are extracted for constant temperatures at different
pressures of (b) 0kbar, (c) 13.3kbar and (d) 18 kbar, respectively.

of the charge carrier mobilities and carrier densities at various pressures. As the
system enters the nematic phase from high temperatures there is a significant
decrease in the carrier density due to the development of anisotropic scattering,
as found with FeSe [77, 190]. In the high pressure phase, above py, the carrier
density is significantly larger, indicative of an increase of the Fermi surface size
similar to findings for FeSe;_,S, [105]. Furthermore, the mobilities of both holes

and electrons are suppressed with applied pressure, with stronger suppression for
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Figure 4.7: Different scaling rules applied to Fe;_,Cu,Se (z = 0.0025) at
different pressures. These are all for the longitudinal magnetoresistance with H||c.
(a) - (d) Okbar, (e) - (h) 13.3kbar, (i) - (1) 18kbar. (a, e, i) Kohler’s rule scaling,
Apsx (0 H) [ pxx(0) ~ (poH/psx(poH = 0))?, with Ap(poH,T) = px(poH,T) —
pxx(0,T). For all three pressures Kohler’s rule is violated, indicating the transport
is not dominated by a single scattering time. (b, f, j) Field-temperature scaling
using Apxx(oH)/po ~ poH /T, where Ap(poH) = pux(poH) — po and po is the
zero-temperature zero-field resistivity. (¢, g, k) Energy scaling varying I', where
' = akgTV1+ (B/a)2(upuoH/(ks T))2, as used in BaFey(As;_,P.)2 [178]. (d, h, 1)
Modified Kohler’s rule scaling with the Hall angle, tan 6y = pyy/pxx-

the negative charge carriers, similar to findings in thin flakes of FeSe [77]. This could
indicate an increased scattering rate of spin fluctuations at high pressures and/or
an increase in effective mass, which is consistent with the enhanced resistivity found
in the high pressure phase of Cu-substituted FeSe shown in Figure 4.1b. This

behaviour is rather similar to that of FeSe under pressure, where a three-band
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model is required to explain its low temperature behaviour for all pressures, but
in this case the carrier densities are enhanced and the mobilities decreased with
increasing pressure by about 30% for an intermediate pressure (where the nematic
and magnetic phases both stabilise) [96].

To elucidate further the role of scattering, one can look for scaling of the longitu-
dinal magnetoresistance. Most simply, if a single scattering process dominates the
transport behaviour then Kohler’s rule should be obeyed, but in these systems this
is not the case, as detailed in Figure 4.7. Violation of Kohler’s rule is found in many
unconventional superconductors, and often a modified Kohler’s rule is employed
where the magnetoresistance is related to the Hall angle, 8y = arctan(pyy/pxx)
[191]. However, no suitable scaling law describes the magnetoresistance data here
for Cu-FeSe (Figure 4.7) including the energy scaling employed to describe the
anti-ferromagnetic critical region of BaFes(As;_,P,)s [178]. This suggest a complex
scattering dominates the magnetotransport behaviour of this multi-band system,

which may be influenced by the nematic and magnetically-dependent scattering.

4.6 Upper critical field

Figure 4.8a shows the temperature dependence of the upper critical field extracted
from the longitudinal resistance studies under pressure up to 15T (Figures 4.10
and 4.11 in Section 4.10). The upper critical field shows a linear temperature
dependence for H||c for all measured pressures, similar to FeSe [79, 180, 192] and
FeSe;_,S, [107] under pressure. The upper critical field curves at different pressures
collapse onto a single curve when scaled to the zero resistivity critical temperature
T. as a function of the reduced temperature t = T'/T,, as shown in Figure 4.8b. A
similar dependence is found for FeSe for H||c only [79, 192]. The full temperature
dependence of the upper critical field can be modelled using a clean two-band
model at Okbar, as discussed in the previous chapter, and one can extract the
zero-temperature orbital upper critical field pgH2(0) at each pressure from the
slope, as shown in Figure 4.8c. From this, the in-plane coherence length &, is

found to decrease from 60 A towards 35 A close to 20 kbar.
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Figure 4.8: Upper critical field of Fe;_,Cu,Se (z = 0.0025) under pressure. (a)
The temperature dependence of the upper critical field for different pressures. (b) Scaling
of the upper critical field in reduced units, pgHea/T. versus t = T/T.. (c) Orbital field
(1oHc2(0)) and coherence length (£,1,) pressure dependence. (d) Pressure dependence of
the ratio 1/T¢|duoHca/dT| for Cu-FeSe compared to that of FeSe. The ratio is calculated
using both the offset zero resistance, M0H92 (blue solid circles), and midpoint, uoHZ,
(black solid circles), defined through the peak in the derivative for the transition. The
symbols corresponding to FeSe are the red squares (from reference [96]), blue up and
green down triangles (from reference [88]), and black right triangles (from reference [95]).
Solid lines are guide to the eye only.

The slope of the critical magnetic fields close to T, |dugHe/dT|, shows little
pressure dependence, being around 1.8(2) T/K up to 20 kbar and it is comparable to
that of FeSe [87, 88]. In a two-band model the ratio 1/7,|dugH.2/dT.| is inversely
proportional to the sum over each band of nz»)\iiv}%i, with n; the density of states, \;;
the normalised coupling constant, and vg,; the Fermi velocity [28], see Section 1.2.2.
Similarly, it is proportional to the quasiparticle effective mass (squared) in a
clean single band system. Figure 4.8d shows this ratio continuously decreases
with pressure as the critical temperature increases, and so could indicate that the

quasiparticles effective masses decrease with pressure. On the other hand, in FeSe
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as the critical temperature has a two-dome structure this ratio changes across the
three different regions under pressure, with a peak where T, reaches a minimum
[87, 95, 107], similar to changes observed in the heat capacity under pressure [94].
In Cu-FeSe, no such dome is found as 7, monotonically increases with pressure.
No differences were found between when the gradient was determined from the
peak in the derivative of the transition (uoHY), or from the offset critical fields
(noHY,), which is verified to account for the width variation of the superconducting

transition with pressure (see Figure 4.11 in Section 4.10).

4.7 The pressure-temperature p-71' phase diagrams

The findings are now summarised in detail through the comparison of the temperature-
pressure phase diagram of Cu-FeSe with that of FeSe [187] in 0T and 15T, as
shown in Figures 4.9a and b respectively. The phase diagram can be split into
three distinct regions: firstly, the low pressure region, p < p; ~ 10 kbar, where the
superconducting phase emerges from the nematic phase, secondly at intermediate
pressures, p; < p < ps ~ 15kbar, where signatures of the magnetic phase are
detected in FeSe in zero-field, and finally, at higher pressures, p > p, where the
magnetic and superconducting phases coexist and the nematic phase is suppressed
at po. Interestingly, as the pressure increases beyond p;, the superconducting
transition temperature, T, displays a broadly similar pressure dependence for the
two systems, indicating a strong robustness to impurity scattering. Unlike the low
pressure region, the superconductivity of Cu-FeSe is no longer suppressed relative
to FeSe. On the other hand, the magnetic phase above py is highly sensitive to
impurity scattering being washed out by the Cu substitution and its signatures are
only visible in strong magnetic fields, as discussed earlier and shown in Figure 4.9b.
In order to account for the relative changes in superconductivity due to the Cu
substitution, the temperature-pressure diagrams are scaled by the ambient value of
Ts(0kbar) for each system, as shown in Figure 4.9c. A remarkable scaling occurs
for the nematic and superconducting transitions between FeSe and Cu-FeSe, up

to p1. Thereby suggesting that the impurity scattering affects the nematic and
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Figure 4.9: The pressure-temperature phase diagrams of Cu substituted FeSe.
The comparison between the different electronic phases of FeSe (open symbols) from
Chen et al. [187] and Cu-FeSe (z = 0.0025) (solid symbols) measured in (a) 0T and
(b) in magnetic field, 15T for Cu-FeSe and 16 T for FeSe. Solid lines in (b) are guides
to the eye for the phase boundaries of FeSe. Shaded regions in (a) and (b) denote the
difference phase regions of Cu-FeSe, in (b) the nematic phase boundary is assuming a
field-independent Tg. (c) Scaling of the pressure-temperature phase diagram from (a) by
using the reduced temperature ¢t = T'/Ty, where Ty is the nematic transition at ambient
pressure for each system. The two shaded regions schematically show two proposed
superconducting regions.

superconducting phases in the same manner, as found also for Cu substitution
in Fe;_,Cu,Se in Chapter 3. As the superconductivity at low pressures remains
strongly suppressed, like for ambient Fe;_,Cu,Se, this is indicting a sign-changing
s4-type of order parameter in the low pressure regime, as presented in Chapter 3.

Interestingly, at high pressure above p, the magnetic and superconducting phases
enhance their transition temperatures with a similar behaviour, suggestive of a
cooperative relationship between them. However, the very small Cu substitution is
sufficient to break this trend, where in Cu-FeSe the upturn in resistivity, a signature

of the magnetic phase, is not present in the absence of magnetic fields. Instead, the
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requirement of a magnetic field to detect, and possibly for the stabilising of, the
magnetic phase highlights the fragility of this phase. As seen for high magnetic
fields of ~ 15T, the magnetic phase is strongly suppressed as compared to FeSe,
whereas the high pressure superconducting dome shows similar behaviour and
absolute value, as seen in Figure 4.9b.

Significant disruption of the high pressure magnetic phase was also detected
under pressure for FeSe single crystals with higher amounts of disorder, where no
signatures of magnetic order were found in zero field [35, 193]. Similar results occur
in thin flakes of FeSe under pressure, in which the magnetic phase occurs above
T, for thick flakes down to 140 um, but the signatures of the magnetic phase are
suppressed as the thickness decreases further [194]. In the presence of sulphur
substitution outside the Fe planes, the magnetic phase is also suppressed at lower
pressures in FeSe;_,S,, although it has been suggested that the magnetic phase
could be stabilized at higher pressures around 50 kbar [104]. The superconductivity
at high temperatures is recovered in systems with larger amounts of Cu substitution
(x = 0.04) for a power sample, and in this scenario no signatures of the magnetic
phase in zero-field were detected [158]. This implies that the impurity scattering
affects strongly the interplay between the magnetism and superconductivity in the
high pressure phase. The robustness of the superconducting phase to impurity
scattering is consistent with a sign preserving s, pairing symmetry. In such a
system the superconductivity can be enhanced even in the presence of large disorder,
if the disorder can induce spatial modulations where the coherence length is a
few nanometers [186, 195]. Another scenario is that the high pressure phase is
inhomogeneous, which would be consistent with a sign changing sy symmetry
because connected emergent disorder regions are unable to provide large-momentum
transfer interband scattering connecting opposite signs of the superconducting gap
function of electron and hole pockets. Therefore strongly limiting any substantial
pair-breaking processes from the inhomogeneous disordered state. Although, the
expected response in a sign changing order parameter system is that 7 is quickly

suppressed with impurity scattering, as found for Fe;_,Cu,Se in Chapter 3. Figure
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4.9c indicates the separation into two superconducting domes describing the pressure-
temperature phase diagram of Cu-FeSe. Notably, two superconducting domes are
also found in the isoelectronic substitution outside of the conducting Fe-plane in

FeSeq 950,11 under pressure, where no magnetic phase was detected [105].

4.8 Discussion

The increase in resistivity in the high pressure phase, combined with the reduction
of mobilities despite the increase in the charge carrier densities, suggests that either
the high-pressure phase is highly inhomogeneous, or that there are very strong spin
fluctuations that do not permit the stabilization of the long-range magnetic order.
These effects are also evident in the evolution of the superconducting transition
width which becomes extremely broad above p;, both in FeSe and Cu-FeSe, as
shown in Figure 4.1b [187]. Evidence of short-range static local magnetism was
found in FeSe under pressure using pSR, as well as Mossbauer spectroscopy, up to
very high pressures with its volume fraction dependent on temperature and pressure
[86, 89, 93]. The hysteresis effects in resistivity, for different cooling rates in high
magnetic fields at high pressure, could suggest the local short-range magnetic order
is affected by the presence of Cu by freezing of dynamical spin fluctuations of the
Fe magnetic moments in the presence of the Cu non-magnetic disorder [196].
Theoretically, the non-magnetic impurities in FeSe are expected to locally induce
magnetic order and the structure of the induced magnetization cloud can be modified
by orbital selectivity [197, 198]. The Cu substitution into the Fe-plane in the SDW
phase can lead to increased phase fragmentation, or glassy behaviour. A SDW
glass was proposed to arise for systems with weak non-magnetic disorder [199]. For
iron-based superconductors, microscopic calculations suggest that inside the SDW
phase strong non-magnetic potentials can generate extended magnetic nematogens,
a region of competing magnetic order centred on the impurity site, such as the Cu
in this system [198]. These features could short-circuit the transport of the system,
and hide or suppress the SDW signature in transport measurements, despite the

tiny amount of Cu present. The observation of the SDW signature with a strong
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external magnetic field, could be induced by the magnetic field re-aligning the
magnetic regions and result in additional spin-dependent scattering which enhances
the resistivity, as found in the systems without Cu impurities. Spatially-resolved
probes to investigate the electronic structure of Cu-FeSe would provide invaluable
insights to understand the interplay between the magnetic and superconducting

phases, and disorder, in the high pressure phase of FeSe.

4.9 Conclusions and Outlook

This study provides insight into the nature of superconductivity and the sensi-
tivity to impurity scattering in Fe;_,Cu,Se = = 0.0025. In particular at high
pressures, the magnetic phase is profoundly affected by the impurity scattering,
where fragmentation of the magnetic order can lead to phase separation of the
superconducting and magnetic phases. The magnetic phase transition is found
to be a hysteretic first-order transition. The low pressure region with suppressed
nematic and superconducting phases continues to suggest a sign-changing pairing
mechanism, as seen with ambient Fe;_,Cu,Se. Conversely, the robust high pressure
superconducting phase instead implies a non-sign changing mechanism through
the robustness of this phase, or a very inhomogeneous phase with suppressed pair-
breaking effects for sy superconductivity. Future measurements using spatially
resolved probes, particularly focusing on the magnetic phase, are required.
Future work to explore the low substituted Cu-FeSe (x = 0.005 and 0.1 in
particular), using piston cylinder cells for new substitutions and anvil cells for
higher pressures of this substitution, could further provide valuable insights in to
the stability of this superconducting phase, to build upon this work. A previous
study on powder samples of x = 0.04 at high pressures could be repeated with
single crystals measuring the magnetotransport, to map out the phase diagram
and determine if any magnetic order stabilises. In particular, determining the peak
value of T, and the pressure this occurs at for all Cu substituted FeSe. Additionally,
whilst only 0.25% Cu in this work has significantly disrupted the magnetic phase,

the question then arises on how a slightly larger substitution, for example 0.5%
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Cu, affects the overall phase diagram. It may be that the suppressed nematic
phase and magnetic phase lead to a larger 7T, at lower pressures. Finally, pressure
experiments on Fe; ,Co,Se would provide a fascinating comparison to the work
presented here on Fe;_,Cu,Se, due to the similarities and differences that were

found between the two substitution series in Chapter 3.
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Figure 4.10: Magnetotransport behaviour at different pressures of

Fe,;_,Cu,Se zx

0.0025. The field-dependence of (a) pxx and (b) pyxy measured a

different constant temperatures. Each panel corresponds to a different applied pressure.
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Figure 4.11: The derivative of magnetotransport curves in relation to mag-
netic field at different pressures for Fe; ,Cu,Se z = 0.0025. Derivatives with
respect to magnetic field for (a) pxx and (b) pxy as a function of magnetic field measured
at different constant temperatures. Each panel corresponds to a different applied pressure.
Examples of how the critical field is defined are shown in (h). The peak of the derivative
is referred to as poHLY, and the zero extrapolation as pgHY,
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Figure 4.12: Mobility spectrum at different pressures for Fe;_,Cu,Se z
0.0025. The mobility temperature dependence for (a) holes and (b) electrons. The 0kbar
is modelled in a high field 3 band model and shown from Chapter 3, whilst the 2 band
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Signatures of the high-pressure phase ot
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In contrast to the previous chapters investigating substitution inside the Fe-plane
in FeSe, this chapter investigates a system with isovalent substitution of sulphur
for the selenium ions in FeSeg2Sg.1s. The sulphur substitution suppresses the
nematic phase at ambient pressure, with full suppression around x = 0.18 where
the system then remains tetragonal to the lowest temperatures. Thus, this allows
access to the superconducting state in the absence of any nematic or magnetic
ordering. Low magnetic field transport measurements produce the temperature-
pressure phase diagram of the tetragonal FeSeg g2Sg.1s. The superconducting critical
temperature remains around 6(1) K up to 10kbar, before increasing threefold
towards 19 K at 21 kbar. The electronic transport can be described by a non-Fermi
liquid behaviour with a temperature exponent that varies slightly with pressure
around 7°/? at higher pressures before crossing towards Fermi liquid behaviour
at low temperatures. Additionally, magnetotransport measurements show that
the charge carrier density continuously increases with pressure, and the mobilities
of both holes and electrons similarly increase with pressure. In high magnetic
fields, quantum oscillations are detected for pressures up to 22 kbar. The quantum

oscillations show that the Fermi surfaces expand with increasing pressure, much
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like the charge carrier density from the magnetoresistance analysis. The electronic
correlations show little variation with pressure, despite the enhancement of the
superconductivity. This suggests that this phase is weakly correlated and the
large sizes of the Fermi surfaces promotes nesting, and potentially heading towards

stabilization of a magnetically-ordered phase at high pressures.

5.1 Introduction

In conventional superconductors one route to enhance superconductivity towards
room temperature is the use of extremes of applied pressure in the hydride systems,
which increases the density of states at the Fermi level and phonon energies [13-15].
FeSe, an unconventional iron-based superconductor, under applied pressure exhibits
a strong enhancement in superconductivity from 9 K to 37 K, with the peak T around
60 kbar [16, 69, 89, 90]. In this system, applied pressure stabilises a magnetically
ordered state above 8 kbar, which persists up to pressures close to the vicinity of the
peak T, [69, 97]. FeSe is unique in iron-based superconductors with no magnetic order
in the absence of applied pressure. Instead, in the low pressure regime, a nematic
electronic phase exists that is driven by orbital degrees of freedom, and strong
electronic correlations give rise to highly anisotropic electronic and superconducting
behaviour [50]. For FeSe, due to the small Fermi surface, it is predicted there is
competition between the different electronic nematic, magnetic and superconducting
orders on similar energy scales [200]. For small Fermi pockets inside the nematic
phase a spontaneous orbital order is stabilized before st superconductivity, whereas,
outside the nematic phase, the magnetic phase is potenetially more stable due
to the increase in the Fermi energy [200].

Chemical pressure has many effects analogous to applied pressure. Isovalent
substitution of seleneium for sulphur introduces chemical pressure in FeSe;_,S, and
suppresses nematicity. Once the nematic phase is suppressed, around x = 0.18, the
system remains tetragonal for all temperatures [55]. Inside the tetragonal phase
the superconductivity is not enhanced, no magnetic order is detected and electronic

correlations are strongly suppressed [55, 70, 71, 201]. Across the nematic end
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point, the superconducting pairing states and the gap structure change [202, 203].
A topological transition into an ultranodal phase with Bogoliubov Fermi surface
phases has been postulated [204]. Interestingly, by applying pressure to different
FeSe;_,S, systems the magnetic order seems to be stabilized at higher pressures
for higher sulphur substitution [104]. Hence, whilst the magnetic and nematic
phases overlap in FeSe, combining chemical and applied pressure can decouple the
two phases to identify their role on superconductivity, and explore the region of
a possible quantum nematic phase transition [105-107, 205, 206].

One puzzling aspect of the superconducting behaviour of FeSe is that T, decreases
and remains relatively unchanged when the nematic phase is suppressed with
chemical substitution but it is strongly enhanced by applied pressure [55, 104].
Despite the differences in superconductivity, the normal electronic state displays
certain common features in the vicinity of the nematic critical point, with non-
divergent behaviour of the quasiparticle effective masses and a similar temperature
dependence of resistivity, found both in FeSe;_,S, [55, 71] and FeSeq g9S¢.11 under
pressure [105]. In the latter system, the presence of a quantum Griffiths phase
stabilised with applied pressure is linked to the distribution of sulphur ions and
local strain [205]. An empirical relationship between the anion height and 7 has
been found in iron-based superconductors, with a potential optimal value of the
anion height of 1.38 A [35]. In FeSe;_,S, the height of the Se/S above the Fe-plane
for pressures at the maximum 7, differs slightly with 1.42 A for FeSe, and 1.44 A for
x = 0.20 [207]. Anion height is considered as a key determining factor in increasing
superconductivity under pressure with a lower Se height leading to a more enhanced
T. with the maximum stabilizing around the optimum anion height of 1.38 A[35].

This work also presents measurements of quantum oscillations under pressure up
to 22 kbar into the high-7, phase. The quantum oscillations are a direct measure of
the Fermi surface and are used to help understand the changes in electronic structure,
electronic correlations, and pairing interactions, which can play significant roles
in the enhancement of superconductivity. An advantage of quantum oscillations

compared to other spectroscopic techniques, such as angle resolved photoemission
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(ARPES) and scanning tunneling microscopy (STM), is that quantum oscillations
can be measured in extreme conditions under high pressure and can access the
high pressure high-7;. phase of FeSe;_,S,. Due to the high quality of these single
crystals, quantum oscillations have been observed at ambient pressure in FeSe [60,
208, 209] and FeSe;_,S, [67, 100], revealing the presence of multiple Fermi surface
pockets with relatively large effective masses [55]. Results with chemical pressure
suggests the Fermi surfaces continuously expand with sulphur substitution up to
FeS, based on quantum oscillations [67, 100] and ARPES [190, 201]. Additionally,
a Lifshitz-transition was detected by these quantum oscillations in FeSe;_,S, and
FeSeq.8950.11 under pressure, coinciding with the nematic end point [67, 105]. Under
pressure, quantum oscillations studies of FeSeg 955004 (Chapter 6) and FeSe [87] have
a sudden change from high frequency oscillations to low frequency only, consistent

with a Fermi surface reconstruction in the presence of the magnetic phase.

5.2 Materials and Methods

Single crystals of FeSeqg2S0.18 were grown by Amir-Abbas Haghighirad using the
KCI1/AICl3 chemical vapor transport method, as reported previously [101, 102].
Single crystals from this batch were found to have large residual resistivity ratios
(RRR) up to 25 between room temperature and the onset of superconductivity.
Crystals from the same batch were previously used in quantum oscillations and
ARPES studies [67, 201]. All samples measured are from the same batch and
EDX measurements measured the composition to contain a suplhur content of z
= 0.18(1), which places the batch in the vicinity of the nematic end point [201].
Magnetotransport and Hall effect measurements under pressure using a 5-contact
configuration were carried out on samples S1 and S2, in two different experiments, in
low fields up to 16 T in an Oxford Quantum Design PPMS and an ElectroLab High
Pressure Cell using Daphne Oil 7373 which ensures hydrostatic conditions up to
about 21 kbar. The pressure inside this cell was determined via the superconducting
transition temperature of Sn after cancelling the remanent field in the magnet.

The magnetic field was applied along the crystallographic ¢ axis for all samples.
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Figure 5.1: The low temperature resistivity of different crystals. (a) The
temperature dependence of the resistivity normalised at 40 K and (b) the corresponding
first derivative of the resistivity for the different single crystals of FeSeg 925¢.18 from the
same batch. The arrow at T indicates the position of the nematic transition for sample

S2.

A maximum current of up to 2mA flowing in the conducting tetragonal ab plane
was used. The pressure cell with sample S1 was prepared by Pascal Reiss. This
author performed that experiment alongside Pascal Reiss. The author of this thesis
analysed all the data and produced all the figures presented in this chapter.
High magnetic field measurements up to 45T at ambient pressure and under
hydrostatic pressure were performed using the hybrid magnet d.c. facility at the
NHMFL in Tallahassee, Florida, USA on sample S3. Pressures up to 22 kbar were
generated using a piston cylinder cell made of a NiCoCrMo alloy (MP35N), using
Daphne Oil 7575 as pressure medium. The pressure inside the cell was determined
by means of ruby fluorescence at low temperatures where quantum oscillations
were observed. This experiment was prepared and perform by Pascal Reiss, Amalia
Coldea, and David Graf. All analysis presented was performed by this author.

Figure 5.1a shows the zero-field resistivity temperature dependence at low
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Table 5.1: Sample details for single crystals of FeSe 2S¢ 15. Extracted parameters
for the different single crystals of FeSey g2Sg.1s measured at ambient pressures. Sample S3
was measured in the hybrid magnet only at low temperatures.

Sample Label  Experimental Details max p (kbar) RRR T, (K) T, (K)

T3C S1 Oxford, 16 T, 2K 21 36 - 6.5
P1 S2 Oxford, 16 T, 2K 9.2 21.5 26 9.2
T3B S3'  Tallahassee, 45T, 0.4 K 22 - - 7.5

temperatures for each of the three samples at 0 kbar. Sample S2 enters the nematic
phase below a structural transition at 7, = 26 K, as shown in Figure 5.1b. The

0 kbar transport properties for each sample are described in Table 5.1.

5.3 Temperature dependence of resistivity with
applied pressure

Figure 5.2a shows the temperature dependence of the longitudinal resistivity, pyx,
of sample S1 for a range of applied pressures. At ambient pressure (p = 0kbar),
the resistivity has no anomaly, indicating that the system is in the tetragonal phase
and the nematic order has been suppressed fully by the isoelectronic substitution
of sulphur for selenium. For a second crystal from the same batch, sample S2,
there is an anomaly associated with the structural transition at 26 K, which is
suppressed at low pressures (~ 0.6 kbar), as shown in Figure 5.1a and in Figure 5.15
in Section 5.8. The superconducting transition temperature, T, is defined through
the offset as 6.5 K, and with increasing pressure the transition temperature, Tt,
remains relatively unchanged up to 11 kbar, with a minimum of 6 K around 5 kbar.
However, further increasing pressure enhances superconductivity by a factor of 3 to
19K at 21 kbar. The superconducting transition region becomes broader at high
pressures, shown in Figure 5.2b. This occurs in the region where 7. is enhanced,
above 12kbar. Here, the increased transition width is found despite the lack of
any signatures of another competing phase at low temperatures, as is the case for

FeSeg 9650.04 in Chapter 6 and Cu-FeSe in Chapter 4. In both those cases, and for

'For sample S3 the dimensions are not available for conversion to resistivity, so the resistance
is reported for this sample only.



5. Signatures of the high-pressure phase of FeSey .S, 115

50 - - . 4 . . .
a g1 Okbar 10 20 b S1 + p(300K)/10
o W + /A30K) 1%
g 30t
G
2
.20}
QX
10+
ol . .
0 10 20 30
T (K)
C 30~ : :
E>Nematic T T
] S1
3 Tetragonal A  S3
= T
10 i i
%"W%@r% L e
Superconductivity XXX x X
ok ; : - : 0 : : : Il
0 5 10 15 20 0 5 10 15 20
p (kbar) p (kbar)

Figure 5.2: Transport under pressure in FeSe;52S(.1s Sample S1. (a) Tempera-
ture dependence of resistivity in FeSeq g2Sg.18 for different applied pressures up to 21 kbar.
T¢ is defined as the temperature at which the system reaches zero resistivity. (b) The
superconducting transition width, AT, = Toy, — Tog (red circles), and resistivity at 300 K
(black squares, scaled by a factor 1/10), and at 30K (blue triangles) as functions of
pressure. Solid lines are guide to the eye only. (c¢) Temperature-pressure phase diagram
of FeSep g2S0.18. Okbar is ambient for samples S1 (red solid squares) and S3 (upwards
open triangles), whilst sample S2 (downwards triangles for T, and blue diamonds for
Ts) is shifted by —1kbar. (d) Pressure-temperature phase diagram with a colour map
representing the local resistivity temperature exponent, n from p = pg+ AT™. The crosses
represent the offset of superconductivity from (a).

FeSe and FeSe;_,S, under pressure generally, the superconducting transition width
increases in the vicinity of where magnetic phase signatures have been detected [69,
94, 105, 187]. At much higher pressures around 50 kbar, tetragonal FeSe;_,S, under
pressure displayed anomalies in transport that have been assigned to a spin-density
wave, close to the maximum 7, = 35K, for z = 0.17 [104].

In the normal state and at high temperatures, the resistivity reaches values of
the order p(300K) = 500 pf2em, which decreases strongly with applied pressure
having a linear slope in the high pressure regime of 6.5 u{2cm/kbar, as shown in

Figure 5.2b. This suggests that the tetragonal system becomes a better metal
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with increasing pressure and its bandwidth increases. In the low temperature
regime around 30 K, the resistivity decreases initially with pressure before slightly
increasing again in the region where superconductivity is enhanced, see Figure 5.2b.
This disparity between the high and the low temperature normal states suggests
that besides changes in the bandwidth, the pressure tunes across different electronic
phases from which superconductivity emerges.

Figure 5.2c presents the temperature-pressure phase diagram as constructed from
the transport measurements of samples S1 (from Figure 5.2a), S2 (from Figure 5.15a)
and S3 (from Figure 5.3). The pressure for sample S2 is shifted by —1 kbar, such that
the first pressure measurement without the nematic anomaly coincides with 0kbar.
The superconducting transition temperature smoothly evolves for S2 through the
nematic end point and is in good agreement with the other samples.

In order to understand the nature of the electronic normal behaviour, the
resistivity temperature dependence is investigated. The resistivity exponent, n,
is defined through the relationship, p = py + AT™, and can be used to determine
the value locally both with temperature and pressure (see Section 2.1.3 for more
details). The exact dependence of the resistivity exponent is heavily influenced by
the value of py (Figure 5.16¢) which is extracted from low temperature resistivity
measurements in high magnetic fields.

In the low temperature regime below 50 K, the resistivity exponent varies both
with temperature and pressure. Figure 5.2d shows the temperature and pressure
evolution of the resistivity exponent. It is found to be close to 4/3 up to 5kbar
before increasing slightly towards 3/2 and eventually close to a linear (n = 1)
dependence at the highest pressures, in close agreement with previous findings in
FeSe;_,S, [71, 105]. For both samples (S1 and S2) the behaviour of n is found
to be similar (the individual n curves are shown in Figure 5.16d for sample 1 and
Figure 5.16e for sample 2 in Section 5.8). While previous studies of FeSe;_,S,
found n = 3/2 to describe the resistivity over a larger temperature region in the

tetragonal phase [71, 105], here with applied pressure there is a slight deviation
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Figure 5.3: High magnetic field longitudinal magnetoresistance power laws of
FeSe( 22S0.1s Sample S3. (a)-(d) pxx magnetic field dependence of g H' 87 (uoH® for
22kbar) of each high pressure. (e)-(h) The zero field resistivity at low temperatures for
each pressure (black solid curve). Black circles are the corresponding extrapolated zero
field values at low temperatures from (a)-(d). Red dashed lines are fits at low temperatures
to a T? dependence. The coefficient of the T2 term, A, is shown in Figure 5.14h.

towards n = 4/3, which can describe a two-dimensional system in the vicinity

of a Pomeranchuk instability [114].

5.4 Magnetotransport

Figures 5.3a-d show the magnetotransport of a third sample, S3, measured in
high magnetic fields up to 45T, which allows access to the normal state at lower
temperatures. The power law that best models the measurements is o H*%", but
slightly reduced at highest pressures to jgH'®. From these, the resistivity can
be extrapolated down to 0T and then used to extend the normal state of the
resistivity below the superconducting transition in Figures 5.3e-h. Following these
extrapolated points a Fermi liquid dependence, T2, is found at low temperatures for
each pressure. At 22kbar, the critical field, pugH.o, is large enough to be seen in the
hybrid magnet (>11.5T) at low temperatures. Here, it is difficult to consistently
define an on-set after the superconducting transition where the sample enters the
normal state. The resistivity is quite linear in field at the lowest temperatures,
before recovering towards pyH™® and closer to that of the lower pressures.

The field dependence of the resistivity at low temperatures is shown for both

pxx and pyy respectively in Figures 5.4 and 5.5 for sample S1. For all measured
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Figure 5.4: Longitudinal resistivity of FeSes2S01s Sample S1. (a)-(g) Longitu-
dinal resistivity field dependence measured at fixed temperatures for a range of pressures
for FeSeD,SQS[),lg Sample S1.
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Figure 5.5: Hall resistivity of FeSe2S0.1s Sample S1. (a)-(g) Hall resistivity field

dependence measured at fixed temperatures for a range of pressures for FeSeg 25018
Sample S1.

pressures here py, increases with increasing field and increasing temperature, with
no kinks or anomalies that might be associated with another phase transition.
Additionally, Figure 5.6 shows temperature sweeps in fixed magnetic fields that
display no upturn at low temperatures for any pressure. This upturn is found for
FeSe and FeSe;_,S, under pressure and is suggested as the transport signature of
the magnetic transition [69, 96, 104, 107]. Hence, for these pressures the only phase
transition is the superconducting transition for sample S1.

Next the superconducting transition width is considered, a measure of the
homogeneity of the system. Figure 5.2b considers the transition in the absence of

an applied magnetic field and shows that the transition becomes very sharp with
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Figure 5.6: Longitudinal resistivity of FeSe,s2Sp.1s Sample S1. (a)-(i) Longitu-
dinal resistivity temperature dependence in fixed fields for different pressures.

only a small applied pressure, but broadens significantly above 15 kbar. Meanwhile,
a similar trend is found for the temperature sweeps in magnetic fields where the
superconducting transitions for the highest pressures are much broader, shown in
Figure 5.6 (and see derivatives in Figure 5.19 in Section 5.8). The superconducting
transition in field, at fixed temperatures, becomes broader at low temperatures.
Figure 5.18 shows the derivatives of py in field for each pressure. As the temperature
is lowered, the peak of the derivative through the transition decreases in amplitude
and becomes broader in field. In particular, the transition in magnetic field is barely
detectable in Figure 5.4g at the lowest temperatures for 15.2 kbar. For the transitions
in temperature, the superconducting transition becomes broader in the region of
the phase diagram where T¢.(p) increases fastest (1.2 K/kbar around 15-20 kbar).

A mobility spectrum can be constructed for a particular temperature and
pressure using the py and py, field dependence, as described in section 1.4.3.

Figure 5.7a shows the mobility spectrum for each pressure at 10 K (the 4.2 and
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Figure 5.7: Mobility analysis of FeSe( 25015 Sample S1. (a) Mobility spectrum
at 10K, using the field dependence of Figures 5.4 and 5.5. For 4.2 and 5.9 kbar, the
spectrum is calculated at 8 K (the highest available temperature). (b) The position of
the peaks in the mobility spectrums in (a), where peaks with > 0 are holes (squares),
and p < 0 are electrons (circles). (c¢) Charge carrier density and (d) mobility for each
pressure at low temperatures from simultaneous fits to pxx and pyy at fixed temperatures
to a compensated two carrier model (see equations 1.39 and 1.40). Colour denotes the
pressure across all panels, and the symbols the type of charge carrier. As ny, = ne only
one symbol is shown in (c).

5.9kbar spectrums are taken at 8 K, as no measurements were performed at 10 K).
For all pressures, a single positive mobility peak and a single negative mobility peak
are found, corresponding to hole-like and electron-like charge carriers respectively.

As the pressure increases the peaks move away from g = 0, indicating both charge
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Figure 5.8: Hall coefficient of FeSe(g2Sg1s Sample S1. The Hall coefficient
measured in magnetic fields of 1T at different applied pressures.

carriers become more mobile, as shown in Figure 5.7b.

The behaviour in field of pg and pyy, can be modelled using an appropriate mag-
netoresistance model, as described in section 1.4.3. Here, a two band compensated
model is used for all pressures and temperatures, using the mobility spectrums as a
starting point for the fits. From these fits, the charge carrier density and charge
carrier mobility can be found and the temperature and pressure evolutions are
shown in Figures 5.7c and d respectively. The mobilities from this method follow
that of the mobility spectrum, with the electron and holes becoming more mobile
at lower temperatures and at higher pressures. At all temperatures and pressures
measured here, the holes are always more mobile than the electrons. Similarly, the
charge carrier density for each carrier increases as the temperature decreases or the
pressure increases, for these low temperatures. The behaviour is similar to Cu-FeSe
(Chapter 4 and FeSeggsS0.04 (Chapter 6) under pressure with the charge carrier

densities increasing, and the holes being more mobile than electrons.
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In Figure 5.8 the Hall resistivity is extracted from py, in low fields (1 T) for various
pressures, and found to be positive for all measured values at low temperatures
around T.. The Hall coefficient has the same temperature behaviour for the full
pressure range, but the magnitude of Ry decreases with pressure. When considering
the changes in the mobility, this is expected. For the two band compensated
magnetoresistance, Ry is expected to vary with (pn—pte)/(tn+pe). From Figure 5.7d,
the mobilities of both holes and electron-like carriers increase with pressure by a
similar amount. Therefore, u;, — . is approximately pressure invariant, and the
absolute increase in mobilities as pressure increases will reduce the Hall coefficient.
No significant changes occur to Ry, even as T, begins to increase. The Hall
coefficient is negative at low temperatures for FeSe, but with sulphur substitution
this negative region is reduced and eventually (around x = 0.16) becomes positive at
low temperatures [171, 210]. A positive Ry is consistent between the applied pressure
of FeSeq g25¢.18 reported here, and the chemical pressure in tetragonal FeSe;_.S,

[171, 210], indicating the similar hole dominated transport of the tetragonal phase.

5.5 The evolution of the Fermi surface with pres-
sure.

This next section uses high magnetic fields at very low temperatures to suppress the
superconductivity, and reveal the normal state magnetoresistance which displays
oscillations as a function of magnetic field on top, as shown in Figure 5.10a. These
are quantum oscillations, which arise due to Landau quantization of allowed energy
levels for a metallic system in an external magnetic field [133]. The frequency of
these oscillations are directly related to the (extremal) cross-sectional areas, Ay, on
each Fermi surface by the Onsager relation: Fj = %Ak [132]. From examining the
changes in amplitude with temperature and field due to damping effects, insights
can be made into the effective mass of quasiparticles and scattering times, see
section 1.5. As FeSe;_,S, is a multiband system, there are contributions to the
quantum oscillations from the minimum and maximum orbits of each Fermi surface,

leading to a complex superposition of many frequencies.
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Figure 5.9: High-magnetic field longitudinal magnetoresistance of FeSe( 250,13
Sample S3. The field dependence of the (a - ) magnetoresistance, (f - j) first derivative
in field, and (k - 0) second derivative in field. Each row is a different pressure, and the
colour scale applies across each row.

Figures 5.9a-e shows the resistance up to 45T for 5 pressures up to 22 kbar
from 0.4 K to high temperatures for FeSegg259.1s sample S3. For every pressure
the quantum oscillations emerge at high magnetic fields and low temperatures.
The first and second derivative emphasise these oscillations being largest at lower
temperatures and higher magnetic fields, see Figures 5.9f-j and 5.9k-o. Notably,

Figure 5.9j suggests that for the highest pressure, 22 kbar, the oscillations begin
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before the system reaches the normal state because the low temperature derivatives
remain higher valued than the high temperature derivatives acting as a normal
state baseline. At 0kbar, the resistance in field is dominated by a low frequency
oscillations, whereas the measurements under pressure only show higher frequency
oscillations. The low frequency dominates the signal for FeSe;_,S, for systems
inside the nematic phase [67], suggesting that sample S3 is inside the nematic
phase for O kbar. Although, no signature of the nematic phase was seen in the
0T resistance curve in Figure 5.1, which likely places S3 very close to the nematic
end point (the 0T curve was measured at around -0.5 K/min, which is unlikely
to smooth out a strong structural transition resistance kink). The change in
oscillations appearance is consistent with the evolution of the Fermi surface and
a possible Lifshitz transition between the nematic and tetragonal phases, tuned
by both chemical and applied pressure [67, 105].

Figure 5.10 describes how to isolate the oscillatory signal, beginning with the
resistance up to 45T for different pressures up to 22kbar at a base temperature
of 0.4K in Figure 5.10a. To isolate the quantum oscillations from the normal
state background, the background is estimated using a polynomial fit of order 7,
the oscillatory signal is shown in Figure 5.10b. The frequencies of the multiple
oscillations are determined using a fast Fourier transform (FFT) on the oscillatory
signals to produce a frequency spectrum, as shown for base temperature in Fig-
ure 5.10c. Each frequency, F', corresponds to a minimum or maximum orbit for
a Fermi surface, where a larger F' is for a larger area orbit. From Figure 5.10c,
individual frequency peaks can be tracked as the pressure increases. Figure 5.14d
shows that, with increasing pressure, all the frequencies increase in size linearly.
According to Luttinger’s theorem, the carrier density is directly proportional to
the volume enclosed by a systems Fermi surface [211], and therefore the carrier
density is growing approximately linearly with pressure.

Figure 5.10d shows a schematic of the Fermi surface, cut at k, = 0, with
orbits assigned to each surface. The two largest frequencies are assigned to the

frequencies v and 0, which correspond to the maximal orbit of the electron and
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Figure 5.10: Evolution of quantum oscillations with pressure in FeSe( 2S¢ 1s-
(a) Magnetotransport at 0.4 K for a range of pressures, shifted for clarity. (b) Shubnikov
de Haas oscillations obtained as the residuals from fitting the magnetoresistance to
a polynomial order seven over a field window of ApugH = 22 — 45T (c) Fast Fourier
transforms (FFT) using a Hanning windowing function of each signal. The ambient signal
is amplified above 200 T for clarity. Several peaks are tracked across the different pressures
and labelled, as are observed harmonics. (d) Schematic Fermi surface of FeSe 825018
(Okbar) cut at k, = 0. The bottom left outer electron orbit is intentionally omitted
to highlight the inner orbit. Labels correspond to the Fermi surface that orbit is on
(both minimum and maximum). (e) Pressure dependence of the FFT amplitude at base
temperature for each orbit, extracted from the FFT spectrums in (c).

hole outer surfaces respectively. The next largest frequency, (3, is the outer hole
minimum, at the I' point, and the minimum of the outer electron is the € orbit.
Next, the y frequency corresponds to the maximal orbit of the three-dimensional
inner hole [201]. Finally, the two low frequencies, a; and «s, are assigned to the
inner electron. Figure 5.10e shows how the amplitude of the high frequency § peak
increases significantly with pressure up to 17kbar but then decreases significantly
at 22 kbar. In contrast, the other orbit amplitudes remain relatively stable in the
tetragonal phase, with small changes, and a consistent, small, decrease at 22 kbar.
Note that the lowest frequencies assigned to the «; and ay orbits are determined
both from the frequency spectrum, and investigating the oscillations with a low
pass filter. A quasi-two dimensional cylinder is expected here for FeSeg g2Sg.1s from

ARPES measurements [201]. Table 5.2 contains all the experimentally determined



5. Signatures of the high-pressure phase of FeSey .S,

Q
<)
w
W
)
N

FFT Amp. (a.u)
o ¢
N

o
N

(e
o

N o
IS o

FFT Amp. (a.u)
©
N

2000

. 00
FT)

-

Norm. FFT Amp. (a.u)
o
wn

22 kbar °
0
0 2 4

11 kbar

17 kbar

T(K)

(237 T,2.32) m,)

X
- (873 T,5.8(15) m,)
5

(971T,3.9(1) m,)

< X (276 T,2.1(2) m,)

* B(4837T,3.7(2) m)
* §(1091T,3.8(3) m,)

< X (347 T,2.02) m)

o

€ (447 T,6.0(10) m,)

« B(610T,4.1(2)m,)
© 4 (1158 T, 4.1(5) m,)
* §(1236 T, 3.6(2) m,)

© X (408T,2.0(2) m,)

o

¢ (511T, 4.5(10) m,)

. B(7327T,4.2(2)m,)
- 5(13437T,3.5(2) m,)

< X (453T,1.92) m,)

o

€ (588 T,6.5(13) m)

- B(835T,4.5(3)m,)
- 5(14317,3.8(3) m,)

126

Figure 5.11: Frequency spectrum of oscillations and amplitude temperature
dependence. (a-e) Quantum oscillations at each pressure for a range of temperatures
where a background of polynomial order seven has been removed and the remaining
oscillatory signal fast Fourier transformed (FFT). The signals are from a field window
of 22 to 44.5'T, with the average inverse field used in the LK formula, and a Hanning
window was used for every FFT. (f-j) The temperature dependence of the amplitude of
the main peaks. The solid lines are fits to the Lifshitz-Kosevich formula to extract the
effective mass of that orbit. Each plot is normalised at T" = 0. The second harmonic of

the x orbit is labelled 2x.

frequencies for each orbit and pressure.
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5.5.1 Quasiparticle masses

The effective mass of the quasiparticles can be extracted from the thermal damping
term describing changes in the quantum oscillations due to smearing of the Fermi
surface as the temperature increases. This is governed by the Lifshitz Kosevich (LK)
formula, equation 1.64 [133]. Figures 5.11a-e show the temperature dependence of
the amplitude for each orbit at different pressures in the FFT frequency spectrums.
To determine the effective mass of a particular orbit and pressure the LK formula is
applied to the FF'T amplitude temperature dependence, as shown for each orbit and
pressure in Figures 5.11f-j. An orbit with strong electronic correlations has a heavier
effective mass, and the FFT amplitude will decrease faster as the temperature
increases than for a lighter effective mass. Here, the y orbit has a lighter effective
mass than the, quite similar, 6 and g orbits. The heaviest effective masses are
found in the v and € orbits, although these are hard to track across each pressure
due to the low amplitude, and/or proximity in frequency to larger amplitude orbits.
Additionally, this suggests the effective masses for the outer electron pocket are
heavier than for the outer hole pocket, as found for FeSe with the v orbit effective
mass at 7m, [67]. The pressure dependence for the effective mass of each orbit
is shown in Figure 5.14f. Perhaps surprisingly, the effective masses of each orbit
show only small changes under applied pressure, despite the significant increase in
T. at high pressures (see pgH.o for 22kbar in Figure 5.10a). The y orbit effective
mass has a weak linear decrease under pressure, whilst there is a small increase for
the [ effective mass. The § orbit effective mass shows no changes under pressure
within experimental errors. The effective mass can be enhanced by both electron-
electron coupling and electron-phonon coupling, m*=my,(1 + Aej—pn) (1 + Ae—e) [133].
For FeSe, the electron-phonon coupling was predicted to increase with pressure
from Ag_pn = 0.98 at Okbar to 1.159 at 26 kbar [212]. Such an increase would
increase the effective mass of § by 0.4m,, and x by 0.2m,, these changes are
within the experimental errors of the measurements. However, the 3 orbit effective
mass increases by 0.8 m, from 4.6 to 22kbar, which is larger than the increase

predicted just from changes in the electron-phonon coupling of 0.4 m,, hence other
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Figure 5.12: Dingle analysis of the § orbit. (a) Dingle plot for each pressure focused
on the § orbit. The amplitude, A%FT, for each point is for the § peak in the FFT centred
at that 1/ugH. Black lines are linear fits. (b) The slope of the fits in (a). (¢) Pressure
dependence of the mean free path, ¢, assuming a circular orbit for the Dingle damping
with the values in (b) equivalent to —1140v/F/¢.

contributions, such as electron-electron interactions may also be increasing with
pressure. Ideally, to fully understand the effect of electron-electron correlations
comparisons would be made between the effective masses from quantum oscillations
and the band masses from DFT calculations. However, DFT calculations are very
challenging in these systems because of the strong correlations and the DFT band
structure requires orbital dependent band shifts to match experimental results.
Notably, for FeS at 0 kbar, which has weaker correlations, there is a ratio of the
effective mass to band mass around 2.0(2) for all bands [213].

The impurity level is not expected to change between different pressures
because the same sample, with a well-defined impurity content, is pressurized.
As such, any further changes in scattering could be caused by additional type
of fluctuations coupled to the electronic system. The Dingle term refers to
damping of quantum oscillations from broadening of quantum levels due to impurity
scattering. Figure 5.12a is a Dingle plot for the ¢ orbit of each pressure at the lowest
temperature (0.4 K). By plotting In( A%y /o H?Ry) against the inverse field, the
slope reveals the Dingle temperature, 1. For a circular orbit, the slope is equal to
—1140V/F /poH (see Section 1.5.3), where F is the frequency and ¢ the mean free
path. Figure 5.12b shows the value of the slope for each pressure, which is used to

calculate £ in Figure 5.12¢. It should be noted that the curves have a weak oscillation,
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which is expected for two closely spaced frequencies, as expected here for the nearby
~ orbit?. With increasing pressure, in general, the mean free path increases. At
22kbar, the amplitude of the ¢ orbit decreases significantly (see Figure 5.10e),
although it now appears the mean free path is largest here which should help the
observation of quantum oscillations. A possible explanation is that the oscillations
for 22 kbar are observed near to the superconducting transition, inside the vortex
state. From Figure 5.9j the low temperature resistivity derivatives do not return to
the values of the high temperature derivatives until very high magnetic fields, unlike
at lower pressures, an indication the system is not fully in the normal state. In this
scenario, a damping effect due to the opening of the superconducting gap is expected
close to He [214], but such analysis is complicated by the complex spectrum here. In
contrast, FeSeq g9Sp.11 under pressure, the scattering time of the ¢ orbit showed little

pressure dependence across the nematic end point, within experimental errors [105].

5.5.2 Fermi surface simulations

Using the experimentally measured values of the quantum oscillation frequencies,
the evolution of the Fermi surface of FeSeg 25015 up to 22 kbar is simulated®, where
the constraints of the model are these frequencies. The model expands the Fermi
surface, kpr into symmetric parameters which are allowed by the symmetry of the

system with cylindrical coordinates:
kp(1, k) = koo + kos cos 41 + kg cos k (5.1)

where 1) is the radial angle, and xk = ck,, with ¢ the lattice constant. The coefficients,
koo, kos, and ki, are varied such that the extremal orbit areas of the Fermi surface
model match the observed frequencies. The aim is to replicate the Fermi surface
distortions seen in ARPES [190, 201], where a Lifshitz transition is seen at the I"
point [67]. It is assumed that, due to curvature effects, the outer electron surface (the

~ and € orbits) is harder to observe than the others [190]. As the pressure is increased,

2An attempt to bandpass the signal around the high frequency and fit directly the Lifshitz-
Kosevich formula for two frequencies was attempted, but has too many variables to be reliably
successful.

3Thank you to Roemer Hinlopen for access to the software used to model the Fermi Surface.
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Figure 5.13: Model of the Fermi surface of FeSe(g.Sgp1s evolution with
pressure. Fermi surface model of FeSep 2S0.18 at (a) Okbar, (b) 11kbar, and (c) 22 kbar.
(d) Pressure dependence of the frequencies from experiments (symbols) and the model
(solid lines). (e) The carrier density, n, using the Fermi surface model (blue triangles),
and compared to the fitted magnetoresistance at 2 K (sample S1) (red squares, error bars
correspond to 8 K difference). (f) The kgp and (—1)k19 changes with applied pressure
from the model. The values are included in Table 5.3.

the surfaces all expand in size to match the linear expansion of the frequencies
measured. Additionally, the ko4 values which affect the shape for the electron
surfaces are fixed in pressure and estimated from ARPES [67, 190]. As FeSe;_,S,
systems are compensated metals, and no signatures of a Fermi surface reconstruction
under pressure for this system have been found, the models are compensated with
slight adjustments to the size of orbits to maintain compensation at all pressures.

The kg values describing the surfaces are included in Table 5.3. The pressure
dependence of the parameters, frequencies and the model itself are included in Figure
5.13. As expected, the value of ko, which affects the overall surface size, increase
with pressure with a similar evolution for the inner and outer surfaces, as would
be expected to maintain compensation. The ko values show more differentiation.
For the inner hole orbit, kg = —kgo, and so is increasing in magnitude. Similarly,
k1o increases for the inner electron, as the surface becomes more three-dimensional.
Likewise, the outer electron becomes more three-dimensional, whereas the outer
hole becomes more two-dimensional with less warping (compare Figures 5.13a and

¢). A natural comparison is with FeS due to the similarities between chemical
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pressure with sulphur substitution and applied pressure. The inner electron in
particular for FeS has quite different minimum and maximum frequencies [213],
which is the direction the inner electron is heading in here with pressure.

By having an overall shape of the Fermi surface, the evolution of the charge
carrier densities can be estimated, and appears to increase linearly, doubling from
0 to 22kbar, see Figure 5.13e. The density at 0kbar is larger than that found
in FeSe from ARPES (0.7 x 10*! ecm™3) [170], despite T, being lower here. The
magnetoresistance analysis on sample S1 is shown with the fitted carrier densities
at 2 K displaying the same behaviour and similar values as the simulation carrier
densities. Notably, in FeSe the carrier density decreased inside the nematic phase,
but recovered the high temperature tetragonal value at lowest temperatures [170].
Here, the carrier densities increases for all pressures inside the tetragonal phase

are in broad agreement for the different methods.

5.6 Discussion

Figure 5.14 compares changes to the electronic structure and effective masses of
FeSeg 825018 under pressure to that of the chemical substitution in FeSe; .S, [67].
Figure 5.14a shows the FeSe;_,S, phase diagram as a function of isoelectronic
substitution where the superconducting transition temperature decreases across
the nematic end point, around x = 0.18. This study examines systems around this
substitution under pressure in Figure 5.14b. The superconductivity is very stable up
to around 10 kbar, before a strong enhancement up to 21 kbar. Firstly, Figure 5.14d
shows the frequencies expand linearly with applied pressure in FeSeyg2S¢.18, similar
to trends observed in the tetragonal phases of FeSe;_,S, [67, 105]. This rules out
any reconstruction of the Fermi surface at high pressures (up to the measured
22 kbar) in FeSepg25¢.18, in contrast to the magnetic phase in FeSe under pressure
[87], and in FeSeq 96S0.04 under pressure in Chapter 6. Next, the effective masses for
FeSep.8250.18 under pressure are lighter than the effective masses found in the nematic
phase of FeSe;_,S, [67] (comparing Figures 5.14e and f). For FeSe under pressure,

the effective masses increased inside the nematic phase before the Fermi surface
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reconstruction, and were slightly heavier compared to the same orbit values found
here [87]. These changes indicate there are weaker correlations in the tetragonal
phase, if the band mass is not significantly altered itself. Notably, a previously
discussed correlation between the effective mass of the ¢ orbit (outer hole) and
T. in the nematic phase of FeSe;_,S, and FeSejggSp.11 under pressure, which
persists at least somewhat across the nematic end point, is not found to persist
significantly into the tetragonal phase here (Figures 5.14a and e). Whilst the §
effective mass shows little pressure variation here, T, increases three fold at high
pressures (Figures 5.14b and f). Similarly, NMR measurements found that AFM
fluctuations strongly correlated with 7. in the nematic FeSe;_,S, [169], whereas
the AFM fluctuations displayed little pressure dependence in FeSe up to 20 kbar,
into the tetragonal phase [168, 169].

Figure 5.14h shows the pressure dependence of the T? coefficient in resistivity,
A, which corresponds to Fermi liquid behaviour, and is linked to electron-electron
interactions such that A oc (m*/m.)?. With increasing pressure up to 10kbar A
decreases, and plateaus at higher pressures, this behaviour is consistent across all
three samples measured here, and two similar ones in literature [206]. It is expected
that A would show little pressure dependence if solely related to the effective
masses, which all show minimal pressure dependence (Figure 5.14f). Instead, A
plateaus in the region that T. increases significantly. This may indicate additional
scattering effects, which do not alter the electronic correlations as measured by
the thermal damping of quantum oscillations.

Next, I consider the similarity between chemical pressure and applied pressure
in FeSe; .S, in the tetragonal phase where the Fermi surface expands in both cases
[55, 67], but the enhancement in superconductivity is only found under applied
pressure, such as here [104, 105]. The size of the Fermi energy, E, in a multiband
superconductor is a parameter that provides important clues about the stabilization
of different ground states competing with superconductivity [200]. In the case of a
small Fermi energy, a Pomeranchuk instability is favoured, whereas a spin-density

wave is stabilized for large Fermi energies. For this study, Figure 5.14g shows the
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Figure 5.14: Pressure-temperature phase diagrams. (a) Sulphur substitution-
temperature phase diagram of FeSe;_,S,, the nematic and superconducting phases are
highlighted. (b) Pressure-temperature phase diagram of FeSe( 825915 for different applied
pressures up to 21 kbar, in no magnetic field and a 4T field. Frequencies from quantum
oscillation measurements of (c) FeSe;_,S, and (d) FeSeq g2S0.18 with applied pressure.
Quasiparticle effective masses from quantum oscillation measurements of (e) FeSe;_,S,
and (f) FeSepg2S0.18 with applied pressure. (g) Fermi energy of each Fermi surface
using the values in (d) and (f). (h) A pressure dependence with A extracted from low
temperature Fermi liquid behaviour (p = pg + AT?). Values for samples S1 and S2 are
calculated in zero field, for a temperature range of Ty, + 2K to Ty, + 10 K. Sample S3
values are extracted from Figure 5.3 with T' < 10 K, these are in resistance and labelled
A*. Data is reproduced from Ayres et al. [206] for FeSe;_,S, with = 0.18 and 0.20.
Values for the frequencies, effective masses and Fermi energies are included in Table 5.2.
Data for figures (a), (c), and (e) reproduced from [67].
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Fermi energy, EF, calculated for each orbit using the frequencies (Figure 5.14d) and
effective masses (Figure 5.14f) with the relation: Fr = ehF/m*, assuming parabolic
dispersions. With increasing pressure, the Fermi energies increase steadily in the
tetragonal phase for all orbits, towards 50 meV, because the frequencies increase
but the quasiparticle effective masses show little pressure dependence. For the high
pressure phase of FeSe, the Fermi energy seems to remain around 10 meV, although
this is in the magnetic phase [87]. A previous study on FeSeqg9S¢.11 highlighted
an increase in Fr from the nematic to tetragonal phase under pressure [105], to
comparable values found here at low pressures. It is expected that large hole
and electron Fermi surface sheets at high pressures enhance nesting, which could
enhance spin fluctuations and which promotes the stabilization of magnetically
ordered states. This does not explain why such order is stabilised across the
FeSe;_,S, pressure phase diagrams as both the chemical and applied pressure
expand the Fermi surfaces, but the smallest pressure required to stabilise magnetic
order is found in FeSe (8 kbar) and not a higher substitution [104]. A possible
explanation is that how well the Fermi surfaces overlap through the nesting vector
may change since both the chemical and applied pressure alter the shape and size
of the Fermi surfaces to affect nesting.

A crystallographic study of FeSeg gpSg.20 showed the lattice constants all decrease
with pressure [207], and hence in reciprocal space k, = 27 /c will increase. Extensive
structural studies of FeSe under pressure have shown the interlayer compressibility
(dlnc/dP) is a factor 2.5 larger than the compressibility in the (ab) plane [16].
This suggests the Se-Se interlayer interactions will be most strongly affected, and
therefore interplane distortions of the Fermi surface (k, = 27 /c) must be accounted
for. The Fermi surface simulation does this with the kiy parameter of each surface
(Figure 5.13f). These simulations showed that with pressure the small inner pockets
are sensitive to the distortion and k;g increases. The outer hole becomes less warped
and more two-dimensional in shape, whereas the outer electron surface became

more three dimensional for the high pressure phase. These trends are also found
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with chemical pressure. For FeS the hole cylinders are more two-dimensional as
compared with the more distorted electron pockets [100, 213].

An additional consideration is the increase in the charge carrier density, n, from
the expansion of the Fermi surface. Figure 5.13e shows from 0 to 22 kbar a doubling
of n (calculated from the quantum oscillations), whereas the superconductivity
increases by a factor 3 over the same pressure range. Interestingly, for FeS
even though the Fermi surface continues to expand T, is only 5K [100, 213].
Enhancements in the density of states should lead to an increase in T.. For a
conventional superconductor described by the BCS theory, the critical temperature
is related to the electron-phonon coupling, A = |geg|>g(Fr). The Fermi surfaces here
are not quite two-dimensional, so the density of states will not be constant in energy,
and therefore increases in Ep should increase gsp(E) o< \ﬂE), the density of states.
This increases A\, and therefore enhances superconductivity. In the unconventional
iron-based superconductors an empirical relationship has been found between the
anion (chalcgoen/pnictogen) height above the Fe-plane, h, and T, with an optimum
height of 1.38 A [35]. Additionally, in FeSe;_,Te, the value of h was closely linked
to magnetism in these systems, and thus the nesting between surfaces, where the
system becomes more magnetic as h increases towards FeTe [215]. With chemical
pressure the chalcogen height in FeSe;_, S, decreases towards FeS [216], which shows
some differences to that for FeSe and FeSeq gySo.20 under pressure [16, 207]. This
may explain the shift in the pressure range where the magnetic phase is stabilised,
and hence enhance spin fluctuations and enhance T, [104].

The increase in T, shows no correlation to the changes in effective mass, as
shown between Figures 5.14b and f. The effective masses in the high pressure
tetragonal phase of FeSe;_,S, are similar both for x ~ 0.18 reported here, and
x ~ 0.11 [105], as well as for the tetragonal FeSe;_,S, [67] and FeS at ambient
pressure [100]. As the resistivity at low temperatures generally decreases with
pressure, the bandwidth should become wider and lead to weaker correlations. The
smoothly varying transition temperature, T;, at low pressure can be linked to the

collapse of nematic fluctuations as the resistivity exponent varies strongly below
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5kbar [116]. However, the strong rise of T, in FeSe;_,S, under pressure cannot
be explained only by modifications of the phonon spectrum and thus being only

mediated by a conventional electron-phonon interaction [217].

5.7 Conclusions

This study explored the high pressure tetragonal phase of FeSe;_,S,. The phase dia-
gram of FeSeq 825015 has been constructed up to 22kbar, and, after the suppression of
nematicity, no other phases are found. The superconducting transition temperature
is very stable at low pressures, but exhibits a three-fold enhancement by 21 kbar.
The electronic normal behaviour was found to display non-Fermi liquid behaviour
evolving with pressure, and recovering Fermi liquid behaviour at low temperatures.
The A coefficient linked to 7% Fermi liquid behaviour decreased with pressure but
levels off at high pressures where T, is enhancing, and the quantum oscillations
amplitude of the large pocket, 6 decreases. The magnetoresistance showed that at low
temperatures both the charge carrier densities and mobilities continuously increased
with applied pressure. Furthermore, the high magnetic field measurements showed
the Fermi surfaces expand linearly with pressure, from the frequency evolution in
the quantum oscillations, matching the behaviour of the charge carrier density from
the magnetoresistance analysis. The effective quasi-particle masses of the main
frequencies, a measure of the electronic correlations, remain relatively constant in
the high pressure phase, despite the threefold enhancement of superconductivity.
The effective masses in the tetragonal phase here are lighter than those in the
nematic state of FeSe;_,S,, and their evolution with pressure may be explained
by a combination of electron-phonon coupling enhancement and nearest-neighbour

Coulomb repulsion weakening.
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5.8 Additional Figures and Tables

Table 5.2: Quantum oscillation results for FeSeg2Sp.1s Sample S3. Table of
Fermi surface orbit frequencies, effective masses and Fermi energies extracted from
quantum oscillation measurements under pressure. Frequencies for v are extracted from
bandpass filtered fits to the oscillations. All other frequencies extracted from FFTs.

P 0 kbar 4.6 kbar
Orbit F (T) m* (me) Er (meV) F (T) m* (me) Er (meV)
100(10)

100(10) 130(10)
237(6) 2.3(2)  1L.7(10)  276(5) 2.1(2)  15(2)

%QQQ”‘X[\%S
w
ot
Ne)
W

(4) 483(6)  3.7(2) 15(1)
470(15) 572(6)  3.8(3)  18(1)
873(24) 5.8(15)  18(5) 1068
071(11) 3.9(1)  29(4) 1001(7) 3.8(3)  33(3)
P 11 kbar 17 kbar
Orbit F (T) m* (me) Ep (meV) F (T) m* (me) Ep (meV)
a 103(12) 110(8)
as  180(15) 230(15)
X 347(10)  2.0(2)  20(2) 408(4)  202)  24(2)
: 47(3)  6.0(10) 8.6(14)  511(6)  4.5(10) 13(3)
3 610(8)  4.05(20) 18(1) 732(10)  4.2(2)  20(1)
2y T19(10)  3.6(4)  23(2) 828(12) 3.4(2)  28(2)
5 1158(18) 4.1(5)  33(4) 1285(11)
J 1236(10) 3.6(2) 40(3) 1343(5)  3.5(2) 44(3)
P 22 kbar
Orbit F (T) m* (me) Er (meV)
a; 120
oD 260
X 453 1.9(2)  28(2)
¢ 588 6.5(13)  11(2)
3 835  45(3)  22(2)
2 930 34(5)  32(5)
Y 1376
5 1431 3.8(3)  44(3)
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Table 5.3: Table of Fermi surface simulation parameters. These are the input
parameters used for the simulations. Beyond 3 significant figures the changes to the
frequencies is within the error of experimentally determined frequencies.

Electron
Inner Outer
p (kbar) Koo Koa E1o Koo Ko4 k1o
0 0.0575 0.005 —=0.0025 0.13 —-0.04 -0.035
4.6 0.0625 0.005 —-0.004 0.14 —-0.04 -0.035
11 0.0675 0.005 —-0.007 0.154 —-0.04 —-0.0355
17 0.0725 0.005 —-0.011 0.163 —-0.04 —-0.037
22 0.078 0.005 -0.015 0.171 —-0.04 —0.0365
Hole
Inner Outer
p (kbar) koo k1o Koo k1o
0 0.041 —0.041 0.137 —0.0335
4.6 0.043 —0.043 0.148 —0.0305
11 0.0495 —0.0495 0.161 —0.029
17 0.05615 —0.0515 0.171 —0.0268
22 0.0566 —0.0566 0.180 —0.025
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Figure 5.15: Transport of FeSe 32S0.1s Sample S2. (a) Temperature dependence of
the resistivity up to 9kbar and (b) the derivative for determining transition temperatures.
Curves are shifted for clarity. (c) The same as (a) without a shift for clarity. (d) The
resistivity extrapolated to zero temperature, py (blue circles), and at 20 K, p(20K) (red
squares), as a function of applied pressure. The dashed line is a guide to the eye.
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Figure 5.16: Variation of the n exponent with temperature. (a) Resistivity and
(b) derivative of FeSepg2So.1s Sample S1. The zero field and 16 T measurements are
used in (c). (c¢) Temperature dependence of the resistivity exponent, n, according to
p = po+aT" in 0kbar. The blue (n=1) and red (n=2) curves are both for zero field and
use different py values to extract n(7). (d) and (e) are the temperature dependence of
resistivity exponent for a range of pressures of samples S1 and S2 respectively. The colour
scale is the same for both, with S2 shifted by —1kbar. The exponents in (d) are used to
produce the colour map in Figure 5.2d. The exact dependence of the resistivity exponent n
is heavily influenced by the value of py which is extracted from low temperature resistivity

measurements in high magnetic fields.
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Interplay between different phases in
FeSeq 9650 04 under pressure

This chapter discusses the electronic and superconducting behaviour of FeSe .965¢.04
under pressure, which enables investigations of the interplay of nematicity, mag-
netism and superconductivity. This work shows how with the modest sulphur
substitution out of the Fe-plane in FeSeq gsSep.04 the nematic phase is suppressed,
but the superconductivity is slightly enhanced, as opposed to the effect of Cu
substitution. Applying hydrostatic pressure suppresses the nematic phase, and
enhances superconductivity at low pressures. On the other hand, at intermediate
pressures close to the nematic end point, a small dome of magnetic-like order emerges,
which coincides with a region where superconductivity is reduced. However, at higher
pressures no signatures of this magnetic phase are visible in zero field, similar to Cu
substitution, but applying an external magnetic field induces an upturn in resistivity
associated to a magnetic-like order. Quantum oscillations in magnetic fields up to
45T, using both transport and tunnel diode oscillator (TDO) measurements at low
pressures, reveal a complex multi-band Fermi surface with a range of high frequency
orbits, slightly higher than those at ambient pressure. At higher pressures where
signatures of the magnetic phase are found, the oscillations change significantly and

only low frequencies are observed, which is consistent with either a Fermi surface
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reconstruction due to magnetic order, or increased phase inhomogeneity which only
allows small orbits to be detected due to increased scattering. Magnetotransport
measurements show that the charge carrier density remains constant with pressure
in the tetragonal phase, but is reduced inside the nematic phase, and the magnetic
phase. The mobilities of charge carriers show little pressure dependence. The phase
diagram of the upper critical field as a function of temperature displays close to
linear behaviour, and the behaviour at different pressures can be scaled together in
reduced units (of 7). The gradient of the slope of the critical field near 7, shows a
small decrease with pressure, as the superconductivity is enhanced, and suggests

the Fermi surface changes at high pressures where magnetic order is found.

6.1 Introduction

The phase diagrams of high-T. superconductors are often complex with different
regions stabilising multiple competing phases. Hydrostatic pressure as a tuning
parameter allows precise exploration into these different regions of the phase
diagrams. In particular, FeSe at ambient pressure stabilises a nematic phase
at 90 K, a superconducting phase below 9 K, and no magnetic order [54]. Applied
pressure suppresses the nematic phase, and can stabilise magnetic order above
8 kbar which persists to high pressures [16, 69, 72, 85, 90-92]. Without applied
pressure in the absence of long range magnetic order, competition between Néel and
stripe spin fluctuations exists in FeSe, and which both couple to the nematic order
[83]. Overall, the superconductivity is enhanced by pressure, reaching a maximum
T, of 37K at high pressures where the magnetic phase is suppressed, suggesting
the superconductivity is driven by spin fluctuations [69, 90].

The nematic phase is sensitive to chemical substitution in the FeSe family
[56, 67, 165]. The isovalent substitution of sulphur for selenium in FeSe;_,S,
suppresses the nematic phase with x = 0.18, and forms a small superconducting
dome inside the nematic phase [67]. With increasing sulphur substitution for
selenium in FeSe;_.S,, the nematic phase is suppressed with both the chemical

and applied pressure [104]. Anomalies in resistivity, associated to a spin density
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wave (SDW), occur over a broad region in FeSe (~8 to 63 kbar) [69], but with
increasing x this region narrows, centred around 50 kbar [104]. Focusing on the low
pressure region where the nematic phase suppression happens, magnetic order in
FeSe;_,S, is suggested to exist at low pressure for low z inside the nematic phase
[107], which may be distinct to that found at higher pressure in the tetragonal
phase [104]. In order to best disentangle the different phases in the pressure region
below 20 kbar, to allow use of piston cylinder cells, a small sulphur substitution of
FeSep 9650.04 is chosen. The magnetotransport can reveal changes to the electronic
structure, and in high magnetic fields reveal quantum oscillations to directly probe
the Fermi surface. The pairing mechanism behind the superconductivity has been
suggested to most likely be driven by nematic or spin fluctuations, due to the close
proximity of nematic and/or magnetic order to superconducting domes [31, 41,
200]. Therefore, FeSeq 9650.04 offers an ideal opportunity to investigate the effect of
small isoelectronic substitution on the different phases which can be stabilised with
pressure. At 0kbar, the suppression of the nematic phase due to the S substitution
is comparable to that from Cu substitution in Chapter 4, which allows comparisons

of the effects of in and out of the conducting Fe-plane.

6.2 Methods

Single crystals of FeSeg 950,04 Were prepared by Shiv Singh using the chemical
vapour transport method with KC1/AICl; [102, 162], all single crystals in this
study originate from this growth. High quality single crystals, as considered by
their sharp superconducting transitions and high RRR values, were selected for
the pressure measurements, as detailed in Table 6.1.

The author analysed all the data and prepared all the figures presented in this
chapter. Two experiments were performed in Oxford using a piston cylinder cell,
up to 20 kbar, on samples A and B. These used a commercially available BeCu
pressure cell from Quantum Design, inside a Quantum Design 16 T PPMS (Physical
property measurement system), measured down to 2 K. A maximum a.c. current of

I mA (RMS) was applied to the sample. Daphne 7373 was used as the pressurising
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medium for hydrostatic conditions, which is hydrostatic up to 2.2 GPa [136]. The
pressure was determined in-situ through the reduction in superconducting transition
temperature of tin. The tin was measured using a four-probe technique, with contacts
made using silver paint. The superconducting transition of tin was measured in
cooling and warming at 0.02 K/min. Due to the small critical field on tin, any
remanent magnetic field in the superconducting magnet of the PPMS will suppress
T.. Therefore, to determine accurately the T; of the tin manometer by removing
any remanent magnetic field, a high resolution technique alternated the magnetic
field by £100 Oe at fixed temperatures (every 0.02 K) around the transition.
High magnetic field measurements were performed at the d.c. magnet facility at
the NHMFL in Tallahassee, Florida. One experiment used the hybrid magnet up
to 45T on sample C. The pressure cell was prepared by Pascal Reiss and David
Graf, the experiments performed by Pascal Reiss, Amalia Coldea, and David Graf.
For this experiment, the temperature of the magnetic field sweeps was extrapolated
using the magnetoresistance of a cernox and a RuOx thermometer, as detailed in
section 2.3.4. A second experiment used the fully resistive magnet up to 41 T in both
polarisations on sample D (transport) and sample E (TDO) in a single pressure cell.
This experiment used samples prepared by the author in a pressure cell prepared by
David Graf, who also performed the experiment locally whilst the author remotely
monitored the experiment!. For both experiments, a piston cylinder cell, made from
a nickel-cobalt base alloy (MP35N), was measured up to 22 kbar, with a pressurising
medium of Daphne Oil 7575. The pressure was determined at low temperatures
through the ruby fluorescence technique. Sample C used a maximum a.c. current
of 2mA (RMS), whilst sample D used a maximum a.c. current of 1mA (RMS).
For both experiments, the magnetic field sweep rate was 2 T/min when increasing
the magnetic field strength at low temperatures, and 4T /min for decreasing the
field strength at low temperatures, and always at higher temperatures (over 5 K).

No difference was found between field sweeps taken in up sweeps (d|puoH|/dT >

'Due to the Covid-19 pandemic, the original magnet time was delayed from April 2020. Whilst
travel from the UK was not possible in November 2020, this author sent the prepared samples to
David Graf to measure locally.
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Table 6.1: Properties of the FeSey96S0.04 single crystals measured under pressure.
Samples A-D were measured using transport, whilst sample E was measured using XRD
(X-ray diffraction) and TDO.

Sample  Method Measured T, (K) Ton (K) T.(K) Tn (K) RRR
A (MBL) 16T, 2K 80(2) 104  10.0 05 175
B (TZ1)  peo pxy 16T, 2K 80(1) 103 10.0 9.5 209
C(P1) p 45T, 038K 82(2) 104  10.0 0.6  20.6
D (TZ2) pxx, pxy 41T,0.38K  80(1) 10.2 10.0 94 21.1
E (XZ5) AF 41T, 0.38K

0) and those in down sweeps (d|uoH|/dT < 0). For sample D, the py and pyy
components were isolated by symmetrising and anti-symmetrising field sweeps in
positive and negative magnetic fields. For the single crystal measured using the
TDO technique, five crystals were screened using x-ray diffraction (XRD). The
crystal with the most point like diffraction pattern was chosen as sample E, and
the results are shown earlier in Figure 2.7. Sample E was placed inside a coil in the
pressure cell at the end of an LC tank circuit driven by a tunnel diode, where the
resonant frequency was recorded and analysed here. The measurement frequency
was found around 42 MHz. The coil contained 35 turns of 40 ym copper wire with
a diameter of 1.2mm and an approximate length of 1.5 mm.

The upper critical field for transport measurements (in both field sweeps and
temperature sweeps) is defined where the resistivity is first found to be finite as
the magnetic field or temperature is increased, classified as the offset. Similarly,
the superconducting transition temperature in zero field is defined through the

highest temperature of zero resistance.
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6.3 Transport behaviour

Figure 6.1a shows the evolution of resistivity with applied pressure for FeSeg.9650.04
sample A. At ambient pressure, there is a kink in the resistivity at Ty = 80(2) K as
the system undergoes a structural transition upon entering the nematic phase. The
resistivity continues to decrease with temperature, displaying metallic like behaviour,
until the systems enters the superconducting state at 7T, = 9.3 K in Figure 6.1a.
Applying pressure up to 7.5kbar, the slope of the resistivity as a function of
temperature is significantly reduced just below the structural transition over a
broad temperature range of ~ 25 K. For intermediate pressures (7.5 to 12.5 kbar),
an anomaly leading to an upturn in resistivity occurs at low temperatures, found
below the structural transition at 7. The nematic phase is fully suppressed for
pressures above 12.5kbar. The resistivity for each pressure decreases smoothly as
the temperature decreases before entering a superconducting state at T, which
increases with pressure up to 23.4 K at 20 kbar. For the resistivity under pressure,
the curves can be split into two bunches/regions separated by being in the nematic
phase, or being tetragonal, labelled ppen and pee respectively in Figure 6.1a.

Next, the behaviour of the upturn in resistivity is discussed, which has been
associated to a magnetic phase transition in FeSe for resistivity data [69]. Here,
the upturn is found only for pressures between p; = 7.5kbar and py, = 12.5kbar,
defined by a minimum in the derivative in Figure 6.1c. The boundaries of this
region split the pressure phase diagram into three regions: the low pressure regime
where p < p; = 7.5kbar, the intermediate pressure regime p; < p < py with the
upturn in resistivity at low temperatures, and the high pressure regime for p > po
where the nematic phase has been suppressed. In FeSe, the magnetic phase is
detected from above similar pressures (~8kbar) [94] and persists to pressures of
several GPa [69]. In Cu-FeSe (Chapter 4) and FeSe;_,S, with > 0.11 no upturn
is found at any pressures in zero-magnetic field, suggesting this magnetic phase is
highly sensitive to impurity and isoelectronic substitutions [105].

Figure 6.1b is the pressure phase diagram of FeSeg6S0.04, for all measured

samples. The superconducting transition temperature increases with pressure up to
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Figure 6.1: Transport under pressure in FeSe(9S004. (a) Temperature depen-
dence of resistivity for sample A at different pressures. Ty and Ty, are defined as the
minimum in the derivative. 7T, is defined as the temperature at which the system
reaches zero resistivity. (b) Temperature-pressure phase diagram of FeSeg96S¢.04 for
several samples indicated by different symbols. Background colours indicate phase
boundaries between different electronic phases. (c) Differential resistivity with respect
to temperature close to the superconducting transition, shifted by Ty for each pressure.
(d) Superconducting transition width, AT, = Ty, — Tog (black circles), and resistivity at
300K (blue triangles) as the pressure changes. (e) Local resistivity exponent, n, calculated
using the method described in section 2.1.3, and uses the same colour scale for pressure
as (c). (f) Colour map of n against pressure and temperature using the results of (d).

p1, and after p,. However, in the intermediate pressure region, T, decreases where
T, increases, suggesting a competition between the two phases. This phase diagram

is consistent with a pressure study measuring the inter-plane resistance p. on a
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similar composition, z = 0.043 [107]. On the other hand, a cubic anvil cell study of
x = 0.04, up to 80kbar, found a magnetic phase at high pressures, well above po,
which stabilises at high temperatures, above T, [104], similar to FeSe [69, 94]. The
anomalies associated to the magnetic phases found from these two studies occur in
different regions of the phase diagram, and therefore may be of different origins.

The reduction of the nematic transition temperature with pressure is quite
linear (—4.8 K/kbar), and similar to Cu-FeSe with a similar nematic transition T
(—4K/kbar) in Chapter 4. However, in FeSe a slower reduction of the nematic
transition temperature is found (—2.5-3.5K/kbar) [69, 95, 188], compared to
a quicker suppression as seen for FeSe; ,S, with x > 0.04 [105, 107]. Both
substitutions, inside (Fe to Cu, x = 0.0025) and outside (Se to S, x = 0.04) the
Fe-plane lead to a similar suppression of T, at ambient pressure, and a similar
suppression rate of T, with pressure, suggesting the nematic phase is sensitive to
changes from both in-plane and out-of-plane impurity scattering potentials.

The width of the superconducting transition changes significantly with pressure,
as represented by the derivative in Figure 6.1c where the curves are shifted by
Ty. In the low pressure regime, p < p;, the superconducting transitions are
sharp at < 2K. However, in the intermediate pressure regime, where signatures of
magnetic order are found, the superconducting transition broadens significantly,
see Figure 6.1d. The broader transition persists into the high pressure regime
above ps, despite the absence of signatures of any magnetic order. The broader
transitions suggest the presence of strong superconducting fluctuations, or that
the superconducting phase becomes inhomogeneous at high pressures, where the
transition width reaches AT, = T,, — Tog = 6 K.

To understand the trends of the electronic structure under pressure, the resistivity
at 300 K is shown to decrease with pressure in Figure 6.1d. However, at low temper-
atures, the resistivity does not continuously decrease with pressure and increases at
the higher pressures, see Figure 6.1a. This trend in the resistivity with pressure is

similar to FeSe, and S [69, 105, 107] and Cu (Chapter 4) substituted FeSe systems.
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Figures 6.1e and f explore the normal state of the system through the local
resistivity exponent, n, from p(T") = py + AT™. At low pressures where the system
enters the nematic phase, p < ps, n = 1.5 in the tetragonal phase, which drops to
n = 1 inside the nematic phase. At pressures above py, n evolves towards 1 by
20 kbar, which is linear behaviour in temperature, for the whole temperature range
(up to 100 K). The pressure and temperature dependence of n is reminiscent of that
of FeSe;_,S, inside and outside the nematic phase [71], and of FeSeqg9S¢.11 under
pressure [105]. For Fe;_,Cu,Se, x = 0.0025, under pressure similar behaviour was
found, albeit with an enhanced linearity at low temperatures inside the nematic

phase, and for all temperatures above py (Chapter 4).

6.4 Magnetotransport and the Magnetic Phase

The anomaly present in the zero magnetic field at T}, for intermediate pressures,
associated to magnetic order, can be explored further using an applied magnetic field
to suppress the superconductivity and reveal the normal state at lower temperatures.
Figure 6.2 describes the evolution of the resistivity temperature dependence in
different magnetic fields, at intermediate and high pressures. Interestingly, at high
pressure and high magnetic fields an upturn in the resistivity is found, as shown in
Figures 6.2c and d. The transitions are extracted from the corresponding derivatives
shown in Figures 6.2e-h. From Figure 6.2a the magnetoresistance, the increase in
resistivity with magnetic field, increases from the tetragonal to nematic to magnetic
phases. For example in Figure 6.2a, the ratio of resistivity in 0T to 15T at 20K
(nematic) is only 1.5, but increases to 2.75 at 14 K inside the magnetic phase.
Next, differences between the resistivity upturn in the intermediate and high
pressure regimes are considered. For intermediate pressures, Figures 6.2e and f
show that the differential resistivity upon cooling has a sharp minimum and then
a plateau before the superconducting transition at lower temperatures, such a
magnetic phase and magnetic phase transition are pointed out in Figure 6.2s. On
the other hand, Figures 6.2g and h at high pressure have no plateau feature in the

derivative, even in high magnetic fields. This is likely because in the intermediate
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Figure 6.2: High pressure longitudinal resistivity of FeSe 955004 sample B. (a)
- (d) Temperature dependence of the longitudinal resistivity under pressure in FeSeq 96S0.04
for sample B at pressures 10.6 kbar and above. (e) - (h) The derivative with respect to
temperature for pyx from the panels above. The magnetic phase transition Ty, is defined
through the derivative and shown as an example in (e).

pressure regime upon cooling in high magnetic fields the system fully completes
the magnetic phase transition before the onset of superconductivity, whereas in the
high pressure phase access to high enough magnetic fields to suppress 7. sufficiently
below T,, are not available here. Thus, no plateau in the derivative develops as the
system is either in the magnetic or superconducting phase transitions throughout.
Alternatively, the magnetic order is changing between these two regions, potentially
from being in coexistence to being in competition.

The magnetic order is expected to be a first-order phase transition, as seen in
x-ray diffraction measurements measuring the crystallographic axis through the
transition, and therefore hysteresis effects would be expected [89, 93]. Figure 6.3a
finds no significant hysteresis for the superconducting phase transition in zero field,
between cooling and warming at the same temperature sweep rate, for sample B,
as expected. Notably though, some hysteresis is seen at 12.5kbar through the
upturn. Furthermore, Figure 6.3b shows the resistivity temperature dependence
in 15T displaying modest hysteresis of 0.5(1) K between cooling and warming,
which is present from the initial upturn in resistivity down to zero resistance. For
FeSe, transport measurements attributed small thermal hysteresis to instrumental

effects [89]. Other experimental techniques such as heat capacity (up to 0.2 K when
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Figure 6.3: Hysteresis checks near the upturn in resistivity. (a) Resistivity
temperature dependence in 0T for cooling and warming at the same temperature
sweep rate for each pressure through the superconducting and magnetic transitions for
FeSep.9650.04 Sample B. (b) Cooling and warming in field through the magnetic transition.
(c) The position of the minimum in the derivative associated with the magnetic phase,
Th, taken in different fixed applied fields from Figures 6.2e-h. The errorbars are from the
width of the minimum in the derivative. Solid points were measured through cooling, and
open points from warming.

measured at 0.25 K/min) and NMR (1.5K when measured at 0.1 K/min) did observe
small hysteresis, consistent with a first order phase transition and a simultaneous
structural transition [94, 99]. A significant hysteresis was found in Cu-FeSe between
cooling and warming measurements through the magnetic transition, again in high
magnetic fields at high pressures, in Chapter 4.

Figure 6.3¢ shows Ty, to be field invariant for both 10.6 and 12.5 kbar, varying
within 1 K as the magnetic field increases. For higher pressures (14.8 and 17.0 kbar)
Ty decreases slightly as the field increases, and plateaus above 10T. I explain this
apparent decrease in T}, as the magnetic field increases through the two transitions
being near each other in temperature. The upturn in resistivity at Ty, appears as
a minimum in the derivative, in contrast the superconducting transition increases
the value of the derivative (to a maximum). When these two transitions are close
by, the superconducting transition onset can begin before the transition at T},
completes, which cuts off the minimum in the derivative at a higher temperature
for low magnetic fields. When the magnetic field is large enough to suppress

superconductivity sufficiently (>9T), the value of T}, at all pressures is found
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Figure 6.4: Longitudinal resistivity field dependence of FeSe( 95S¢.04 sample B.
(a) - (h) Longitudinal resistivity magnetic field dependence at different fixed temperatures,
for pressures up to 17kbar. (i) - (p) Differential longitudinal resistivity with respect to
magnetic field for (a) - (h) respectively. The colour scale applies to all figures for the
temperature of each curve.

to be field invariant. The increase in resistivity for temperatures below T;, are
consistent between the intermediate and high pressure regions. Therefore, the
signatures of magnetic order are found to have been suppressed below the zero-field
superconductivity (7, < T.(0T)) for p > py, compared to the intermediate pressure
region where the magnetic phase transition occurs before superconductivity (7, >
T.(0T)). The high pressure region is similar to Cu-FeSe in Chapter 4 where the
upturn is only revealed in high magnetic fields. A study of FeSe under pressure
found that around 8 kbar, at the very edge of the magnetic dome, T, is just below
T, such that a magnetic field of 16 T was required to suppress 7. and reveal the
signature of an upturn in the resistivity [187].

The increase in the magnetoresistance inside the magnetic phase can also
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be further visualised through the field dependence of the resistivity. Figure 6.4
shows the field dependence of py, at various temperatures for several pressures
of FeSeq 65004 sample B. For all pressures, the high temperature (T > 50K)
field dependence shows little magnetoresistance. Figures 6.4a-d show the low
pressure field dependence of py, with no signatures of magnetic order, where
the superconducting transition is well-defined, and the transition width does not
change significantly with temperature, as shown by the derivatives in Figures 6.4i-1.
Figures 6.4e-h show that for intermediate and high pressures there is a strong increase
in the resistivity at low temperatures, inside this low temperature magnetic phase,
such that the largest resistivity, strongest scattering, occurs for low temperatures
and high magnetic fields (note the change in scale of the vertical axis). At low

pressures, the superconducting transition in the derivative is a narrow peak with
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a large amplitude above a small background, the normal state of the system (see
Figures 6.4i-1). On the other hand, increasing the pressure above p; and examining
the derivatives (Figures 6.4m-p), the absolute height of the superconducting peak
does not change significantly compared to the lower pressures (~20 puf2cm/T), but
the high field normal state background at low temperatures increases significantly
when compared to the corresponding derivatives from high temperatures (from
< 5puQem/T to ~15 uQem/T). At this point, the well-defined transitions in the
resistivity (see Figures 6.4a-d) are smeared out and a superconducting transition
onset temperature is hard to define consistently. Figure 6.4n shows the position
of pgH* which is the onset of the superconducting transition from in high field
magnetic phase. Whilst the value of the derivative in the normal state is almost
temperature independent at low pressures, the derivative in the magnetic-normal
state is highly temperature dependent.

Figure 6.5 shows the field dependence of py, for FeSegg650.04 sample B. For the
Hall resistivity, a linear field dependence is found consistently at high temperatures
for all pressures, whereas a non-linear dependence is found at low temperatures.
Figure 6.6a shows the temperature dependence of the Hall coefficient for various
pressures, extracted from py, in low magnetic fields (poH < 1T). At low tempera-
tures for all pressures, the Hall coefficient is negative, and becomes positive with
increasing temperature at 7™ (See Figure 6.6b). Increasing the temperature above
T* results in a peak in Ry, with the magnitude of the peak reduced with increasing
pressure. At 10.6 kbar, where a structural transition occurs at 31(2) K, there is
no change in the behaviour of Ry across the structural transition. The difference
between T, and T™ decreases with increasing pressure, to only 2K at 17 kbar. In
high pressure FeSe, this negative region was found to have been fully suppressed
at 38 kbar and above [189]. For FeSe;_,S,, with sulphur substitution the absolute
value of Ry at low temperatures decreases but remains negative until z ~ 0.16,
alluding to a change in the scattering favouring hole-like carriers for higher x [171].

FeSe under pressure sees the low temperature negative Ry region suppressed with
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Figure 6.6: Hall coefficient of FeSe( 96S0.04 sample B. (a) The Hall coefficient, Ry,
as a function of temperature and pressure. Each point is extracted from the slope of pyy
below 1T, shown in Figure 6.5. Solid lines are from the Hall resistivity measured in 1T.
(b) Pressure dependence of the offset superconductivity in 1T (7¢) and the temperature
at which Ry is negative below (T*). Solid lines are guides to the eye.

pressure, and transitions to a strongly positive Ry at high pressures (4 to 8 GPa)
indicating the dominance of hole carriers on transport properties [189].
Concerning the presence of additional anomalies and features in the resisitivity,
around T}, this work is compared to a pressure experiment on FeSe 650,04 using
an inter-planar current (p.), which found similar magnetic transitions in anomaly
appearance and Ty, [107]. However, they identified a second anomaly at T.; just
above T, which appears as a small kink and increase in the resistivity which is
weaker than found at T}, in their work or this work. No signatures of a second
anomaly are found here in any sample. It may be that their second anomaly is

a feature of the inter-planar resistivity.

6.5 Charge Carrier Mobilities

The resistivity is a measure of the scattering in a system, and from the temperature
and field dependencies of the Hall and longitudinal resistivities, one can reveal
changes in the electronic structure. A mobility spectrum can be extracted at a
particular temperature using the technique described in section 1.4.3. Subsequently,
by simultaneously fitting py and pyy, to an n-carrier model, the quasi-particle carrier

density and mobilities are found as a function of temperature and pressure.
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Figure 6.7: Mobility spectrum for FeSe( 95S¢.04 sample B at various pressures.
Temperature dependence of the mobility spectrum for (a) 5.1kbar (b) 10.6 kbar (c)
12.5kbar (d) 14.8 kbar and (e) 17kbar. The colour scale in (a) applies to all of (a) - (e).
(f) The mobility spectrum at 30 K for each pressure in (a) - (e).

Figure 6.7 shows the temperature dependence of the mobility spectrum for each
pressure, where s = enu, with n and p the charge carrier density and mobility
respectively. For all pressures at high temperatures there is only a single peak
centred close to p = 0, which indicates the mobilities of the holes and electrons
are relatively small. By decreasing the temperature, this peak splits into one of
positive mobility for the hole, h, and one of negative mobility for the electron, e;.
In Figure 6.7a, as the temperature is decreased significantly below T, = 54K, a
second electron peak of high mobility appears, labelled e;. Small signatures which
could be ey appear at lowest temperatures in each spectrum, but are of too small
amplitude to be confirmed. The shape of the mobility spectrum does not change
drastically as the pressure is increased from Figure 6.7a to e. To compare these,
the mobility spectrums at 30 K are shown together for each pressure in Figure 6.7f.
The peak of the second electron is only found at 5.1kbar for this temperature,

which is the only pressure where the system is nematic at 30 K. The mobility
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Figure 6.8: Quasiparticle properties for FeSe 95S¢.04 sample B. (a) Hole mobility,
and (b) electron mobility temperature dependence at different pressures extracted from the
mobility spectrum peaks in Figure 6.7. (c¢) Charge carrier density of a 2 band compensated
system (per carrier), extracted from fits to temperatures below the superconducting
transition and using the high field resistivity measurements only. (d) Hole mobility, (e)
electron mobilities (note: peo is scaled down by a factor 4), and (f) charge carrier density
temperature dependence at different pressures extracted from simultaneously fitting pxx
and pyy. A two band model is used at high temperatures, and a three band model at low
temperatures as necessary. All grey lines and dashed lines are guides to the eye.

spectrum peaks show only modest pressure changes in the two well defined peaks.
Figures 6.8a and b show the extracted hole and electron mobilities respectively
from the peaks in the mobility spectrums. There are small but consistent changes
to the mobilities under pressure, where the hole mobilities increase and the electron
mobilities decrease with increasing pressure.

Next, simultaneous fits to the field dependence of py and pyy, are performed to
reveal the charge carrier properties further. The starting point for the fits use the
values of the mobilities given by the mobility spectrums (Figures 6.8a and b), and
ensure charge compensation. In the tetragonal phase, at temperatures above Ty, a
compensated two band model successfully captures the field dependence of both
Pxx and pyy, meanwhile inside the nematic phase a three band model is required.
The non-linearity of py, (Figure 6.5) at low temperatures would require either a
non-compensated model, or at least a third charge carrier. In this analysis, all

models assume a compensated system, a reasonable assumption because FeSe is a
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compensated metal, the sulphur substitution is isovalent, and the pressure tuning
parameter should not lead to any doping effects, despite the fact that it changes the
volume of the unit cell. Figure 6.8f shows the pressure dependence of the charge
carrier densities for a representative pressure in the low (5.1kbar), intermediate
(10.6 kbar), and high (17kbar) pressure regimes. The charge carrier densities at
high temperatures are similar for each pressure region, which are all tetragonal.
On cooling through T} for the lower and intermediate pressures a clear reduction
in n occurs. A similar factor of ~3 decrease in the carrier density through 7, was
also found in thin flakes of FeSe [130], and under applied pressure in FeSe [96], and
Cu-FeSe in Chapter 4. In FeSe, this reduction has been attributed to anisotropic
scattering [170], because even though the nematic transition distorts the Fermi
surface it should not alter the volume. The high mobility electron, ey, appears
at 30 K for 5.1 kbar, with an increase in carrier density at lower temperatures. It
is likely that e, is found at low temperatures for each of these pressures, but the
carrier densities are too small to be noticeable.

To investigate the charge carrier density at lower temperatures, below T, fits
are made using a compensated two band model for all temperatures in the high
field regime, and presented in Figure 6.8c. For temperatures close to and below
T., only the high field resistivities are used in the model that are clearly in the
normal state, far away from any superconducting fluctuations. A clear decrease
of factor 3 in the carrier density from 3.2(0.3) to 1.0(0.2)x10%° carrierscm™? is
observed on cooling through T}, for each pressure, similar to the decrease seen upon
entering the nematic phase (Figure 6.8f). The decrease would be expected with
a Fermi surface reconstruction in the magnetic phase.

Figures 6.8d and e show the temperature dependence of the mobilities below
100 K for hole-like and electron-like carriers respectively from fits to the magneto-
transport. Reducing the temperature increases the mobility for all three carriers,
however, the holes become much more mobile at low temperatures than the main
electron-like carrier. Where present, the second electron-like carrier mobility is

roughly 4 times larger than that of the main electron, ;. The hole mobilities show
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a weak increase with pressure, whereas the electrons become slightly less mobile
with pressure. Thus the enhanced superconductivity region is dominated by the
more mobile hole-like carriers, and this change leads to the positive Ry from earlier.
For FeSe under pressure up to 20 kbar, the mobilities of all carriers decrease with
pressure for temperatures above the magnetic phase [96]. However, the charge
carrier mobilities increase as the temperature decreases for the tetragonal, nematic
and magnetic phases, but the rate of increase is fastest inside the magnetic phase
[96]. Interestingly, for Cu-FeSe under pressure, the mobilities of both electrons and
holes were reduced at high pressure, from Chapter 4. In thin flakes of FeSe, the
hole mobilities remained relatively unchanged with decreasing thickness, whereas

the electron mobilities became temperature independent at low temperatures [130].

6.6 Upper Critical Field

This section considers the upper critical field, pgH.o, of the superconducting phase
for FeSe 9650.04 under pressure. The upper critical field is defined in the methods
section earlier (Section 6.2) as the offset value. Figures 6.9a and ¢ show the
field-temperature phase diagram for samples B and A of FeSe 9550.04 respectively.
Generally, as the superconductivity is enhanced, so is ugHe. Figures 6.9b and
d highlight an unusual temperature scaling for different pressures using reduced
units, poHe/T. v. T/T., with T, being the critial temperature in 0T. At low
pressures, the curves are linear. However, at high pressures the curves develop a
non-linear temperature dependence, particularly in low fields close to T.. For a
single-band superconductor, the upper critical field behaviour is expected to be
linear close to T, and saturate at low temperatures, from the WHH model [25].
Here, the linear behaviour extending to lowest measured temperatures suggests
multiband effects are important [218], as found for FeSe with H||c at ambient
pressure [79, 180], and under applied pressure [192].

In order to understand the effect of pressure, the slope of the upper critical field
near T¢, |duoHeo/dT |7=7,, is shown in Figure 6.9e. There is a small decrease in

the slope only at the highest pressures, above roughly 10-15kbar. As discussed in
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Figure 6.9: Upper Critical field, poHc, of FeSe(96S0.04 under pressure. Tem-
perature and pressure dependence for pgHce as determined from the offset value for (a)
sample B and (c) sample A. Solid lines are fits to a second order polynomial as guides
to the eye. (b) and (d) are the same as (a) and (c), but in reduced units using T.. Due
to the hysteretic nature of the resistivity curves at 12.5 kbar for sample B these are not
included in (a). (e) The slope of the gradient of 1oHco pressure dependence for several
samples. (f) The slope of the gradient divided by T,. Solid grey curves are guides to the
eye.

Section 1.2.2, the upper critical field close to T is, in general, determined by orbital
pair breaking effects. For a clean limit multiband system, the normalised upper
critical field close to T is a useful metric to consider: Ryeo = 1/T¢|dpoHeo/dT |71,
and changes can be related to changes in the Fermi surface [28]. Figure 6.9f shows
the pressure dependence of Ry being quite constant in the low and intermediate
pressure regions, up to 12.5kbar, but decreasing sharply with pressure in the high
pressure regime up to 20 kbar. As the slope itself does not change significantly, the
decrease in Ry.s is related to the enhancement of T,. This pressure behaviour is
similar to FeSe, where the slope remains relatively constant but the ratio decreases
at higher pressures, highlighting the potential decrease in the dominant effective
mass for FeSe; .S, [87, 88, 95].

Next, I compare the behaviour of the upper critical field for different sam-
ples investigated using different techniques, all the samples are from the same
batch and have similar transition temperatures and superconducting properties

at ambient pressure (see Table 6.1). Figures 6.10a-c examine the critical field in
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Figure 6.10: Upper Critical field, pgH.2, of FeSey96S0.04 under pressure. (a),
(b), and (c) are field-temperature phase diagrams for each sample at nearest measured
pressures to 5kbar, 11 kbar and 17 kbar respectively. (d), (e), and (f) are the reduced
units of the panels above them, scaled by T¢ of each sample respectively. Solid lines are
guides to the eye for Sample E. Large grey circles in (a), (b), and (c) represent the spread
of Tt in each pressure region.

the three different pressure regimes. Figure 6.10a shows the low pressure regime,
displaying a good agreement between all samples and measurement techniques.
However, at higher pressures in Figures 6.10b and ¢ the spread in values of T.(0T)
increases, particularly around 17 kbar in the high pressure regime, indicating the
superconducting phase in the high pressure regime is more inhomogeneous. To
account for the variance of T}, in 0T, the upper critical field curves are scaled by
T., and shown for each pressure regime in Figure 6.10d-f. Here, in the low pressure
regime, the different samples and measurement techniques continue to scale together.
Notably, differences are found in the scaled curves in both the intermediate and
high pressure regimes when comparing sample E (TDO) to the transport measured
samples. For sample E, poH.o is extracted as the intercept of linear fits through
the superconducting transition, and the low field response, which is similar to the
extraction in resistivity, but the transition is more rounded at the onset and offset
in the TDO measurements. As the TDO technique measures the penetration depth
inside the superconducting state, differences may be expected compared to bulk

measurements such as transport. Focusing on the transport measured samples, the
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two samples measured in Oxford (A and B) scale well together for all pressures,
when accounting for the small differences in T, from variation in pressure and
exact composition. Meanwhile, the two transport samples measured in Tallahassee
(C and D) scale together well in Figure 6.10d (low pressure regime, p < p;) and
Figure 6.10f (high pressure regime, p > py). However, differences between these
samples in Figure 6.10e could be attributed to the larger pressure difference between
samples (0.5 kbar), and the hysteresis effects at intermediate pressures as discussed
earlier. The regions where d7./dp is largest is where small pressure differences will
be most important to be accounted for. The pressure for all measurements were
verified at low temperatures using either the superconducting transition of tin (A,
B) or the ruby fluorescence pressure method (C, D, E).

To explain differences in temperatures between samples, such as T, at high
pressures, it is crucial to first consider instrument effects. One check for consistency
is to compare the pgH.o and T, values from field sweeps and temperature sweeps
for agreement. If the temperature sweep rate was too fast, one would expect to see
differences between measurements taken in warming to those taken in cooling, and
between the field sweeps at a fixed temperature. For Figure 6.9a about Sample
B, the transitions are defined from Figures 6.2 and 6.4. Only for pressures in
the intermediate pressure regime (10.6 and 12.5 kbar) were significant differences
found, and not for higher or lower pressures. This suggests that, for this sample,
temperature lags do not affect the extracted parameters. Overall, the differences in
T, occur between two groups, the pressure cells in Oxford and the pressure cells in
Tallahassee. The pressurising medium in Oxford was Daphne oil 7373, meanwhile in
Tallahassee Daphne oil 7575 was used. Both pressurising mediums should provide
hydrostatic conditions to pressures beyond those measured in this study [136,
137]. In iron-based superconductors, strain can substantially alter phase diagrams,
affecting superconducting, magnetic and nematic phases [167]. In BaFeyAsy the
pressurising medium has been shown to have profound effects on the temperature-
pressure phase diagram, in particular the SDW suppression and enhancement of

superconductivity [219]. In high pressure magnetisation measurements of FeSe
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significant differences were found above 5-6 GPa in the superconducting transition
when using different pressure-transiting mediums of Ar or He (which should ensure
hydrostatic conditions for these pressures), suggesting extreme care is required at
high pressures to ensure hydrostatic conditions in the high pressure inhomogeneous

superconducting phase [220].

6.7 Quantum Oscillations in High Magnetic Fields

In this section, quantum oscillations are used to examine the changes in the
Fermi surface under pressure across the different regions of the phase diagram of
FeSe.9650.04. FeSe is a multiband system with a quasi-two-dimensional hole-like
pocket at the centre of the Brillouin zone, and two electron-like pockets at the
corner of the Brillouin zone [55, 66, 155]. Inside the nematic phase of FeSe;_,S,
the sulphur substitution expands the hole and two electron surfaces, according to
ARPES [55, 221] and low temperature quantum oscillations [67]. Substitution also
leads to the appearance of a second, three-dimensional, hole pocket crossing the
Fermi energy, around x = 0.11 [67, 190, 201]. For each Fermi surface, up to two
frequencies will be observed depending on the angle and unique frequency values,
which can lead to a superposition of many frequencies overall. The frequency is
related to the cross-sectional area, A, of quasi-particle orbits on Fermi surfaces
by the Onsager relation: F; = J<4; [132].

Figures 6.11a-d present quantum oscillations from three samples of FeSeg 9650.04
- C (R), D (px« and pyy) and E (F) - in the low pressure regime, p ~5kbar <
p1, where the systems are nematic. The amplitude of the oscillations at high field
increases with magnetic field, and are largest at low temperatures and high magnetic
fields, as shown in the derivatives in Figures 6.11e-h. After removing the background
with a polynomial of order 3 inside the normal phase, the now isolated oscillatiory
signal has a fast Fourier transform (FFT) applied, and the resulting frequency
spectrums are shown in Figures 6.11i-1. Two frequencies with large amplitudes
appear in each signal, around 250 and 850 T, for the § and ¢ orbits, corresponding

to the hole surface minimum (around the I' point) and maximum (around the Z
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Figure 6.11: Quantum oscillations at p ~ 4.6 kbar for FeSe( 95S0.04 (a) - (d) Raw
data for samples C, D, D and E respectively. (e) - (h) Derivative with respect to field for
the above panels. (i) - (1) FFT of the quantum oscillations using a third order polynomial
to remove the background. For sample C a field window of AugH = 26 — 44.5T is used
for the FFT, and for samples D and E a window of AugH = 26.5 —41.4T. (m) - (p) Fits
of the normalised amplitudes temperature dependence to the Lifshitz-Kosevich formula
[133].

point). Smaller amplitude frequencies are assigned to the electron surfaces, notably
the v orbit as the outer electron maximum orbit, which is of a slightly smaller
frequency than the §. The small amplitude of these oscillations leads to higher
variance in their appearance in the frequency spectrum of each sample. At around
the 300-500 T region in each frequency spectrum, at least one peak is observed.
From Coldea et al. [67], the € orbit is expected to have an area corresponding to
a frequency of 417T at Okbar. If a similar increase in this frequency is found as
is found for the frequency change in the other orbits from 0kbar to here, around
14-20%, then a peak for € is expected around 485(25) T. In this region, there are
possible small peaks in two of the signals (Figures 6.11i and k), but not for the other
signals (Figures 6.11j and 1). Additional consideration is the possibility of a second
harmonic of the § orbit (F = 244 —267T). The lowest frequency peak is tentatively



6. Interplay between different phases in FeSeyg6S0.04 under pressure 167

= 1000 4.5
a 0.1 T . b [ C 10— d EET Tl
[ 007 1 10 50K 800l 07 1 10 25K 07 1 10 25K M 07 1 10 25K
0.08| P =11kbar y B p =11.5 kbar T P p =11.5 kbar
g Sample C Z L 600 Sample D G 0= P g
= 006 . g / g p =115 kbar \\/ N s
R =, 400 = g A
© 0,04 & F0 Sample D Tss
0.02 200 —— .
Sample E
0 0 = -20
15 20 25 30 35 40 45 0 10 10 20 30 40 0 10 20 30 40
#oH (T) #oH (T) #oH (T)
e f o g 4 h
— Sample C e Sample D E Sample D .
S T 60 p £, S
E s \ ] 7| K] D]
z "l ERU AN g h
i ! Vi 0 =
° ) NN A T \ T T
S |l = > 20 /3 : ° 2
% k) N s, kS
x T 0= Z [
© ° o Sample E
-20 -4 -0.15
15 20 25 30 35 40 45 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
i HgH(T) i #eH (M k HoH (M I agH ()
5 = 40 — 4 0.04
o E Sample D [~ Sample D ~
I £ i £ P 5 002
S | A S S N
E | I\ 5 g, I N
£ f (I t, 2 2 s 0
gl I e
T ol \t W I S R o T -0.02
S W \ gl Lo L
:\;é L i = » T -0.04
x W & &L
° Sample C o o -0.06
- _ © 2
15 20 25 30 35 40 45 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
#H(T) sgH () g () HgH ()

Figure 6.12: Quantum oscillations at p ~ 11kbar for FeSe95S0.04 (a) - (d)
Resistivity data for samples C, D (pxx), and D (pxy), and frequency change for sample E
in high magnetic fields at fixed temperatures. (e) - (h) The derivative and (i) - (1) second
derivative of resistivity or frequency with respect to magnetic field, where minimums and
maximums in the oscillations in the signal are enhanced relative to the background.

labelled as the « orbit, as they are consistent across the four measurements and
literature [67, 87]. However, at such low frequencies the effects from removing the
background with a polynomial can be significant.

In the intermediate pressure regime (p; < p ~ 11kbar < p,), where both nematic
and magnetic phase transitions occur, the high frequency oscillations are no longer
found. Instead, only low frequency oscillations (F' < 200T) are observed, where
only a few complete oscillations are observed in the magnetic field range available.
Figures 6.12a-c for the two transport samples, C and D, present very similar
oscillations in the resistivity which are found above 17T, with the derivative in
Figures 6.12e-g. However, for the TDO sample (E) the oscillations are detected in
lower magnetic fields, from 10T. Due to the low frequency and amplitude, it is hard
to remove the background without heavily influencing the oscillatory signal through
fitting an n** order polynomial. Therefore, the second derivative is used to locate
the minimum and maximums of the oscillations, from Figures 6.12i-1. At lowest
temperatures, a frequency around 150(30) T is found for samples C and D (both py

and pyy), whereas a lower frequency around 60T is found for sample E. However,
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Figure 6.13: Quantum oscillations at p ~ 17 kbar for FeSe95S0.04 (a) - (d)
Resistivity data for samples C, D (pxx), and D (pxy), and frequency change for sample E
in high magnetic fields at fixed temperatures. (e) - (h) The derivative and (i) - (1) second
derivative of resistivity or frequency with respect to magnetic field, where minimums and
maximums in the oscillations in the signal are enhanced relative to the background.

looking at temperatures around 3 to 5 K, the position of minimum and maximums
is different to that at lowest temperatures, suggesting there are two frequencies in
the signal. Such a scenario can be explained by the thermal damping of the LK
formula (see equations 1.62 and 1.64) by a higher frequency with a heavier effective
mass that is only found at lowest temperatures, and a lower frequency with a lighter
effective mass that can be observed up to ~5K, and will be discussed shortly.
The quantum oscillations in the high pressure regime (p ~ 17 kbar), where
superconductivity is enhanced, only contain low frequency oscillations. Figure 6.13a-
¢ show the small amplitude, low frequency oscillations in resistivity. Figure 6.13c
shows the peculiar form of the Hall resistivity, making reliably separating the
background and oscillatory signal almost impossible. Again, the second derivative
is used to determine the frequency of oscillations, see Figures 6.13i-k. Meanwhile,
Figures 6.13d, h and 1, show the TDO measurement oscillatory signal. The second
derivative of the frequency signal (Figure 6.131) shows that the oscillations primarily
occur in the mixed state (10 to 30T), based on pgHco of sample D from resistivity

in the same experiment (see Figure 6.13b around 25T at 0.4 K). Additionally, the
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Figure 6.14: Frequency of high pressure oscillations. (a) Position of minimum
and maximum in the second derivative of the signal from Figure 6.13 for sample E of
FeSep 9650.04 at 17kbar. Solid line is ugHce from field sweeps (Figure 6.10c). Landau
level index plots at (b) ~11kbar and (c) ~17kbar for samples C, D pyx, D pxy, and E
from field sweeps at lowest measured temperatures. Linear fits are made to the minimum
and maximums together. For (b) the dashed lines and solid points are minimum and
maximums in the second derivative from field sweeps at higher temperatures (~ 3 K).

positions of the minimum and maximums shift in field as the temperature increases.
Figure 6.14a shows the changing position of the minimums and maximum in the
second derivative with temperature, which is not typically expected for quantum
oscillations. Above 30T, in the normal state, no oscillations exist (see high field of
Figure 6.131), even at the lowest temperature where amplitudes would be largest
[133]. The Fermi surface may become strongly polarised in high magnetic fields in
this high pressure regime, which would lead to a strong temperature dependence of
the oscillations. This would explain the TDO signal where the oscillation peaks
shift to lower fields at higher temperatures but the oscillatory signal retains the
same general shape. However, the transport signals do not show such shifts in
where the minimums and maximums occur in field as the temperature increases
in high magnetic fields (Figures 6.13i-k).

Figures 6.14b and c extract the oscillation frequency in the intermediate and high
pressure regimes respectively using the position of the minimums and maximums
from the second derivative of the signal. Typically, quantum oscillations are periodic
in inverse field. Thus, by assigning (half)integer Landau level index numbers to
each (minimum)maximum and plotting the inverse field against index number the
frequency of that oscillation can be determined from the slope. A higher(lower)
frequency will correspond to a shallower(steeper) slope. Figure 6.14b considers this

for the intermediate pressure regime at low temperatures. As discussed earlier, the



6. Interplay between different phases in FeSeyg6S0.04 under pressure 170

transport samples for these pressures show a change in the oscillation pattern from
0.4 to 3K which may indicate two orbits of different frequency and effective mass,
and so both are considered in Figure 6.14b (see in particular the region of 30 to
40T in Figure 6.12e where the two maximums at low temperatures become one at
a different field as the temperature increases). Firstly, for the low temperatures
the transport signals all show a similar frequency around 150(30) T, which is now
labelled the €25 orbit. At higher temperatures, 3 K, a different frequency is found
with frequency of 65(15) T, labelled the €2; orbit. In contrast, only a single small
frequency is found in the TDO signal at 58 T, now assigned to the low frequency
Q) orbit. Figure 6.14¢ considers the position of peaks in the high pressure regime
(p ~ 17kbar) to determine the value of the frequencies. The transport samples
all show a decreased slope compared to at ~11kbar, indicating the frequency has
increased, and all are in good agreement with a value around 330(30) T, indicating
the Fermi surface is expanding with pressure. Similarly to before, the oscillations
seen in sample E are of a lower frequency of 50 T, which is not a significant change
from the 58 T at intermediate pressures. Therefore, the transport signals frequency
is assigned to the €y orbit, whilst the TDO signal is tentatively suggested to be an
0, orbit. It could be that the €2 signal is particularly weak for TDO measurements,
and not resolvable in this study.

Figure 6.15a shows the frequencies as a function of pressure, and compares these
to FeSe from Terashima et al. [87], and 0kbar results for FeSeg 650,04 from Coldea
et al. [67]. At low pressures, the frequencies all increase with pressure indicating the
cross-sectional areas of the Fermi surfaces are increasing in size. Inside the magnetic
phase, only low frequencies are found, indicative of a Fermi surface reconstruction
as previously suggested form FeSe quantum oscillation measurements [87]. These
frequencies appear to increase with pressure in the magnetic phase; likewise, in the
low pressure regime the frequencies increased with pressure. The frequency change
from 0 to 4.7 kbar is around 14-21% for the major orbits. This is compared to an
increase of roughly 50% from 11 to 17 kbar for the low frequency €25 orbit, suggesting

the frequencies increased faster in this regime. In FeSejg9Sg.11 the frequencies for
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Figure 6.15: Results from quantum oscillations. (a) Frequency and (b) effective
mass pressure dependence for FeSep 9sSp 04 under pressure (solid circles) and ambient
(open circles [67], compared to FeSe (open squares) [87]. The dashed line marks p;.
The shaded area at low frequencies highlights the uncertainty in resolving well defined
frequencies below 200 T.

Table 6.2: Quantum oscillations results for FeSe( 955904 under pressure. The
frequency assigned to each orbit for the four different sets of quantum oscillations. The
possible frequencies for the e orbit are all included.

Orbit F (T) Low Pressure Regime
Sample C (p) D (pxx) D (py) E (AF)
o) 84(5) 91(5) 91(5) 99(5)
I6] 244(10) 251(10) 267(10) 244(10)
€? 457(15) 389(15)
y 694(10) 701(10) 717(10) 694(10)
) 831(10) 862(10) 862(10) 846(10)
Intermediate Pressure Regime
0 50(10) 125(30) 71(25)  58(10)
Qs 125(25) 167(30) 181(45) —
High pressure Regime
1 — — — 50(20)
Qy 333(30) 362(50) 295(30) —

each orbit increased inside the nematic phase, except for the smallest frequency
which decreases with pressure and possibly vanishes at a Lifshitz transition at
the nematic end point [105]. Interestingly, in that same work, in the tetragonal
phase at high pressures a low frequency was detected in TDO but not transport
measurements [105]. This low frequency in the tetragonal phase could be similar
to the low frequency found in TDO here inside the magnetic phase.

The amplitude of quantum oscillations will decrease as the temperature increases
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and the Landau levels broaden. The temperature dependence of the amplitude of the
FFT amplitude can be fitted to the Lifshitz-Kosevich (LK) formula (equation 1.64
in Chapter 1) to determine the effective mass, m*, of quasiparticles on that orbit
[133]. The insets of Figures 6.11i-1 show fits to the LK formula for the three main
orbits in each sample at low pressures. The background for the fits is estimated
from the FFT amplitude at high temperatures (7" > 10K). The effective mass
follows this formula: m*/my, = (1 + Ae—a)(1 + Ae—pn), where my, is the band mass,
Ael—el and Ael_ph are the electron-electron and electron-phonon coupling constants
respectively. If the band mass remains constant, a heavier effective mass indicates
stronger correlations, and the amplitude will decrease faster as the temperature
increases. The effective masses cannot be estimated for the high pressures due to
the inability to remove just the background signal to isolate the oscillatory signal.
Figure 6.15b shows the effective masses for the different frequencies, compared
to FeSe and FeSeq 965004 [67, 87]. Inside the nematic phase, the effective mass
for the v, and § orbits show increases of approximately 30 and 20% respectively
with pressure. There is a spread of masses for each orbit between the different
samples, which is an additional proxy of the error on estimating masses using the
LK formula [133]. Errors arise from the possibility of multiple orbits having similar
frequencies that cannot be distinguished without a very large field window, and from
the weak amplitude of the oscillations relative to the background. For FeSegggSo.11
the effective masses for every orbit showed no significant change, within errors, with
pressure inside the nematic phase up to 5kbar [105]. The effective mass of the €
orbit is cautiously calculated for the intermediate pressure regime to be around 2 m,.
At high pressures inside the magnetic phase for FeSe the effective mass increased
with pressure from around 2m, to around 3 m, between the two orbits identified by
Terashima et al. [87]. Interestingly, the frequencies and effective masses appear to
increase continuously with pressure inside and outside the magnetic phase for FeSe
and FeSeq 9650.04 [87]. This is further evidence that in the high pressure phase the

low temperature Fermi surface of FeSeg 950,04 has similar features to FeSe. Hence,
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whilst magnetic fields were required to reveal the upturn in resistivity here, but not
in FeSe, in both cases the systems enter the same high pressure phase.

I now consider the puzzling disappearance of oscillations in the TDO sample at
high pressure and high field, as the oscillations usually have frequencies matching
that from transport and are probing the same Fermi surface [105]. In the mixed state
of other superconductors, such as 2H-NbSe2 [222] or URuySi, [223], the oscillation
amplitudes are damped within the mixed state. Inside the magnetic phase additional
scattering may occur due to the increased resistivity at low temperatures and high
magnetic fields. Therefore, the scattering rates increase in the high pressure phase
at low temperatures, such that the high frequency quantum oscillations are not
observed because the requirement to observe quantum oscillations, w.7 > 1, is not
satisfied. From the mobility spectrum analysis in Figure 6.7, the mobilities for
temperatures above the magnetic phase show only small changes in pressure, but
are not able to probe the low temperature magnetic phase, where the quantum

oscillations are observed, to consider this possibility.

6.8 Discussion

Figure 6.16a is the phase diagram of FeSe( 959,04 under pressure in zero-magnetic
field, compared to that of FeSe from Chen et al. [187]. At low pressures, both systems
display enhanced superconductivity and suppressed nematicity with pressure. A
magnetic phase is found in intermediate pressures for both systems, beginning at a
similar pressure p;, coinciding with a reduced T... Above p, where the nematic phase
has been suppressed in both systems, the magnetic phase is only found in FeSe.
Here, the superconducting transition temperature of both systems are of similar
value, and small differences may be sample specific rather than system specific.
Figure 6.16b shows the low temperature phase diagram in an applied magnetic
field of ~16 T, to suppress the superconductivity and stabilise the magnetic phase
at high pressures. Interestingly, the magnetic phase displays two different domes in
high magnetic fields which coincide around p, = 12.5 kbar, with one dome inside

the nematic phase, and the other emerging at the nematic phase boundary, p,. This
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Figure 6.16: Pressure-temperature phase diagrams of FeSeg.9650.04-

(a) Pressure-

temperature phase diagram in 0T for FeSeq 965004 sample A (solid squares), compared to
FeSe under pressure (open symbols) from Reference [187]. (b) Pressure-temperature phase
diagram in magnetic field. The blue background is a guide to the eye for the nematic
phase. Solid green squares and triangles are FeSeg 9650.04 samples A and B in a 16 T and
15T magnetic field respectively. The green shaded region represents the magnetic phase
in field. Open circles are FeSe data from reference [187] in a 16 T magnetic field. (c¢) The
same as (a) but all temperatures are scaled by the respective T5(0kbar) of that system.
(d) Pressure-temperature phase diagram from FeSep9sSg .04 sample A (solid symbols)
compared to Feg gg75Cug oo255e (open symbols) from Chapter 4.

is different from FeSe where the magnetic phase evolves more smoothly without
a clear distinction between two domes seperated by the nematic phase boundary
(69, 95, 187]. Notably, in a high magnetic field of ~16T the superconducting
temperature of both FeSe and FeSeg 965004 are the same, despite the reduction
in Ty, of up to 10K. At low pressures inside the nematic phase, the peak in T,
around 7.5 kbar coincides with the onset of the magnetic phase (see Figure 6.16a).
Increasing the pressure above py, a second dome of superconductivity emerges and T,
is enhanced, even as T}, increases too. Surprsingly, the superconducting transition

temperature does not peak at the nematic end point, as could be expected due to
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enhanced critical fluctuations. More generally in iron-based superconductors, domes
of superconductivity often emerge around the points of suppression of nematic and
magnetic phases [31]. Meanwhile, in FeSeq g9Sg.11 under pressure a similar two domes
of superconductivity emerge, even in the complete absence of a magnetic phase [105].

To further compare the changes induced by the sulphur substitution, the
temperatures of the zero field phase diagram are scaled by Ti(p = 0kbar) for
each composition in Figure 6.16¢. For the low and intermediate pressure regimes,
up to the nematic phase boundary at ps, the nematic and superconducting phases
scale well between FeSe and FeSeqgs50.04. In the high pressure regime above po,
the scaled T, of FeSeg9s50.04 is slightly enhanced relative to FeSe. Next, due to
the similarity in the ambient T, (~80 K), the phase diagram is compared to that
of Cu-FeSe (from Chapter 4) in Figure 6.16d. Recall that at 0kbar the sulphur
substitution in FeSeq 650,04 slightly enhanced T, compared to FeSe, whereas the
copper substitution in Cu-FeSe suppressed T,. This difference remains between the
two phase diagrams in the low pressure regime. In the intermediate pressure regime,
the dome of magnetic order in FeSeq 650,04 is absent in Cu-FeSe. Remarkably, in
the high pressure phase above p, = 12.5kbar, the superconducting phase of both
systems are completely comparable. Additionally, the magnetic phase transition for
both systems in high fields is shown for comparison, and again shows a remarkable
similarity. This emphasises the similarity in disrupting the magnetic phase through
both sulphur and copper substitution in FeSe. Furthermore, the presence of two
separate domes of superconductivity in both systems suggests the mechanism
behind the superconductivity changes between the low pressure region, below po,
and the high pressure region above p,. As discussed for Cu-FeSe in Chapter 4, the
robustness of the high pressure superconducting phase to these different substitutions
is suggestive of a sign preserving s, . pairing. Interestingly, in FeSe thin flakes
under pressure, the superconductivity and magnetism are both suppressed as the
thickness decreases and disorder increases [194]. Similarly, in thin films of Fese
under pressure no signatures of magnetic order were found in transport, even with

applied magnetic fields up to 14T and 27 kbar [224].
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Next, the pressure phase diagram of FeSeq 965¢.04 is compared to the substitution
phase diagram of FeSe;_,S, (See Figure 1.4 in Chapter 1). In FeSe;_,S, inside the
nematic phase, there are two regions, separated above and below the peak in T¢,
named nematic A (z < 0.11) and nematic B (0.11 S = < 0.175) [71]. There are
many similarities in the transport properties of the nematic B phase of FeSe; .S,
and the high pressure magnetic phase of FeSeg 9650.04. In the nematic B phase, the
magnetotransport shows a large increase at low temperatures and high magnetic
fields, similar to the intermediate pressure region of FeSeggsSg0s. Additionally,
the quantum oscillations in the nematic B phase are dominated by low frequency
oscillations, as is the case for FeSeg.9650.04 in the magnetic phase. However, high
frequency oscillations with a small amplitude do exist for FeSe;_,S, [67, 105]
(and the Okbar results in Chapter 5), whilst no signature of any high frequency
oscillations have been detected in FeSeg 959,04 under pressure in this study. The
question remains if the nematic B phase of FeSe;_,S, contains magnetic-like order,
similar to that in FeSe under pressure, or not, and more direct spectroscopic probes
will be required to investigate this.

Overall, the high pressure phase has now been found to exhibit enhanced
superconductivity in many different environments. In FeSe the high pressure phase
contains the magnetic phase, has small Fermi surfaces, and large resistivity at
low temperatures [69, 87]. In Chapter 5, for the tetragonal FeSejg2S0.1s the large
Fermi surfaces again supports a similarly enhanced superconducting state, in the
absence of any magnetic order. Perhaps most surprisingly, as shown for Cu-FeSe
in Chapter 4, when the magnetic phase has been suppressed at high pressures,
the same enhanced superconductivity is found, despite the mobilities of charge
carriers being significantly reduced.

Furthermore, the high pressure phase of FeSeg 9550.04 has shown possible variation
in the phase diagram linked to the pressure medium used. If this high pressure
phase is inhomogeneous, as suggested by the broadening of the superconducting
transition, it is expected to be more sensitive to any non-hydrostatic conditions.

A study on FeSe under pressure found differences in the phase diagram based on
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the pressure medium and pressure cell type used [220]. An additional consideration
should be possible local strain effects induced by the distribution of Se/S ions across
the sample, as discussed for a Griffiths phase in FeSeqg9Sg.11 [205]. Future studies
on similar compositions, where T}, and 7. track each other closely as found here
at high pressures, should investigate the role of hydrostaticity on these competing

phases and any possible uniaxial contribution.

6.9 Conclusions and Outlook

By carefully examining the transport properties of FeSeg 9650.04 under pressure, I have
presented the current state of this highly complex system. The competition between
the superconducting and magnetic phases at low temperatures is highlighted by the
increase in the superconducting transition width. At low temperatures for a small
pressure range (7.5 - 12.5 kbar) an upturn in the resistivity indicates the transition to
a magnetic phase, likely a spin-density wave, but at higher pressures (p > 12.5 kbar)
external magnetic fields are required to stabilise this phase, which shows this phase
has been suppressed compared to FeSe. The positive Hall coefficient suggests that
the normal state of the system is dominated by more mobile hole-like carriers at
higher pressure. Meanwhile, the charge carrier densities were shown to decrease
inside the nematic and magnetic phases, but showed little pressure dependence.
Similarly the mobility of holes and electrons showed only small changes with pressure.

The phase diagram in high magnetic fields showed the magnetic phase is stabilised
in different regimes of the phase diagram and appears to consist of two unique domes
of magnetic order, either side of the nematic phase boundary around p = 12.5 kbar.
The similarity in phase diagram for the zero field superconducting phase, and the
high field magnetic phase, of FeSe 950,04 and Cu-FeSe under pressure is surprising
and shows the magnetic phase is highly sensitive to chemical changes both in and out
of the Fe-plane. The similarity furthers suggests the high pressure superconducting
phase is rather robust to these changes, and supports the sign preserving s, , scenario
considered with Cu-FeSe. Further work under pressure using more direct probes of

the magnetic phase, such as NMR, are required to categorically compare the high
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pressure magnetic phase here with the similar upturn in resistivity behaviour of
FeSe;_,S, at low temperatures close to the nematic end point (z = 0.18).

Quantum oscillations showed that the Fermi surfaces increase with pressure,
both in the low pressure phase, and at high pressures inside the magnetic phase.
The high frequency oscillations in the low pressure phase are replaced by low
frequency oscillations for p = 11 kbar and above, coinciding with the high pressure
magnetic phase. Inside the nematic phase the effective masses of each orbit become
heavier as the pressure increases, and the effective mass of the low frequency orbit
at high pressures seems to be relatively lighter. The slope of the upper critical
field close to T, has been shown to be relatively constant up to ps, but decreases
linearly as the pressure increases further, suggesting that the electronic correlations
decrease in the high pressure phase. The upper critical field also highlighted the
possible sensitivity of the high pressure phase to conditions, which may be from
small non-hydrostatic contributions of the pressurising medium inducing strain
and/or the distribution of Se/S ions.

For future work, an angular dependent quantum oscillation study under pressure
with the magnetic field applied along different directions would clarify the dimension-
ality of the Fermi surface in the high pressure magnetic phase, to explore a possible
Fermi surface reconstruction [87]. In addition, transport measurements in magnetic
fields at higher pressures using a diamond cell could clarify the properties of the
possible high pressure magnetic phase from Matsuura et al. [104]. Furthermore,
measurements in higher magnetic fields (>45T), using pulsed fields, could provide
a resolution about if the Fermi surface reconstructs, or if the scattering is changed
sufficiently in this high pressure phase to suppress the high frequency orbits, such
that uB > 1 requires strong fields to be satisfied. Besides sulphur substitution,
another avenue to be explored is with tellurium, which is also isovalent substitution
outside the Fe-plane, but with a bigger atom than selenium. Without pressure,
FeSe;_,Te, suppresses the nematic phase, and the superconductivity has a local
minimum within the nematic phase and is enhanced past the nematic phase boundary

unlike in FeSe;_,S, [56]. Whilst pressure phase diagrams in zero field for FeSe; _,Te,
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have been investigated in the high pressure regime [56], it would be interesting
to investigate the region below 20 kbar carefully to map out the evolution of any

nematic and magnetic phases, and compare that to FeSe;_,S, under pressure.



Concluding Remarks

In this thesis I have investigated the electronic changes across the phase diagrams of
several different iron-chalcogenide systems under applied hydrostatic pressure. Fig-
ure 7.1 shows the pressure-temperature phase diagram of different FeSe-substituted
systems, in addition to the phase diagram of FeSe the parent compound. The phase
diagram of FeSe shows the nematic electronic phase is suppressed with pressure,
whereas the superconductivity has a small done, as shown in Figure 7.1a. Just
inside the boundary of the nematic phase superconductivity is suppressed, and
a magnetic order phase is stabilised. In the high-pressure phase, the transition
temperatures associated with the superconducting phase and magnetic order both
increase with applied pressure towards a high-7; phase.

Firstly, in Chapter 3, I explored the role of the impurity scattering due to Cu
substitution in Fe;_,Cu,Se, and how this quickly suppresses the superconductivity
and leads to a significant increase in resistivity. Subsequently, in Chapter 4, I focused
on the temperature-pressure phase diagram of a low substitution of Fe;_,Cu,Se with
x = 0.0025 (Figure 7.1b), where superconductivity under high pressures is enhanced
to similar values as found in FeSe around 20 kbar despite the presence of the strong
impurity scattering. Most notably, in the same pressure regime the magnetic phase
of FeSe is found to be suppressed to temperatures below 7T,.. Thus, an applied

magnetic field is required to reveal the upturn in resistivity signature associated with
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the magnetic phase. In Chapter 6, I presented the phase diagram of FeSeq.965¢.04
(Figure 7.1c). In this case, the low pressure phase diagram is similar to FeSe except
for the appearance of a reduced region of magnetic order coinciding with a dip
in T,. Moreover, the magnetic order outside the magnetic phase is only revealed
with an applied magnetic field, similar to Fe;_,Cu,Se x = 0.0025. In FeSeg 9650.04,
the quantum oscillations study at low temperatures found changes in the Fermi
surface at high-pressure, coinciding with the magnetic phase transition. In contrast,
Chapter 5 explored the high-pressure phase of tetragonal FeSeq g2S0.1s (Figure 7.1d).
This system has no signatures of magnetic order, and quantum oscillations confirm
the Fermi surface remains relatively large. Despite the lack of any magnetic order,
the superconductivity displays a threefold enhancement at high pressures.

In conclusion, these studies show unexpected enhancements in T, to around 20 K
under a pressure of 20 kbar in all three systems investigated here, as well as for FeSe.
The enhanced superconductivity occurs despite the different phase diagrams, size
of their Fermi surfaces, and charge carrier mobilities. Overall, this detailed study of
transport under applied pressure has shown the sensitivity of the magnetic phases
and robustness of the superconducting stabilised by high pressures to the effects of

chemical substitution both inside and outside the conducting Fe-plane in FeSe.
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Figure 7.1: Zero-field pressure-temperature phase diagrams of FeSe related
systems. The pressure-temperature phase diagram in zero-field for (a) FeSe (data taken
from Chen et al. [187] using a piston cylinder cell similar to the measurements in this
thesis), (b) Fe;_;Cu,Se z = 0.0025 (Chapter 4), (c¢) FeSe;_,S, z = 0.04 (Chapter 6),
and (d) FeSe;_»S; = = 0.18 (Chapter 5). The shaded regions are guides to the eye for
the different phases.
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