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This thesis investigates a number of transition-metal coordination polymers and
iron-pnictide superconductors through the use of high magnetic fields, low temper-
atures, and on occasion, high pressures.

The thesis will begin by describing my development of the proximity detector
dynamic susceptometer, a novel technique that can be used for magnetometery and
transport measurements in high magnetic fields. This technique is highly compact
and has no moving parts, making it suitable for use in pressure cells, hence opening
the way for a variety of new experiments.

Through high-field magnetometery and other measurements, I will demonstrate
that the pressure can be used to directly control the magnetic properties of the
polymeric magnet CuFy(H0)2(pyrazine). In particular, I observe a transition
from quasi-two-dimensional to quasi-one-dimensional antiferromagnetism at 9 kbar,
driven by the rotation of the Jahn-Teller axis.

I will then present a series of measurements on two coordination polymers, show-
ing how a small chemical difference can lead to drastically different magnetic proper-
ties. I show that [Cu(pyrazine)H2O(glycine)2]ClOy4 is an excellent spin-chain, while
the sister compound [Cu(pyrazine)(glycine)|ClOy is a dimerised material that shows
a spin-gap and is disordered down to very low temperatures, but then undergoes a
field-induced phase transition to an ordered phase.

I will also describe a series of pulsed-field measurements of the upper critical field
of the iron-based superconductors NaFe;_,Co,As across the whole of the doping
phase diagram. It is shown that paramagnetic pair-breaking effects dominate the
critical field when the field is parallel to the crystal planes. In the parent compound
the paramagnetic limit is equal to that expected from BCS theory, but becomes
significantly enhanced above the BCS limit upon doping. It is shown that the multi-
band nature of the superconductivity leads to a convex curvature in the evolution
of the critical field as the temperature is reduced.
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Dedicated to my grandfather

Tis all a chequer-board of nights and days,
Where Destiny with Men for Pieces plays:

Hither and thither moves, and mates, and slays,
And one by one back in the Closet lays.

— Omar Khayydm (1048-1131)
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Chapter 1

Introduction

“Door meten tot weten - through measurement to knowledge.”
— Heike K. Onnes (1853-1926)

Condensed matter physics is a wide field of research that covers fundamental ques-
tions, as well as new cutting-edge technologies. The properties of materials are de-
termined by the Coulomb interactions between the electrons and constituent atoms;
the motion of the electrons as governed by the laws of quantum mechanics; and other
fundamental laws of physics. Research seeks to address how the microscopic laws of
physics lead to the huge diversity of macroscopic behaviour seen in different mate-
rials and devices. Furthermore, one is often concerned not just with why a material
behaves the way it does, but also how the material properties can be tuned to meet
technological needs. In absence of a universal theory that explains the wide range
of physical phenomena seen in solid state systems, empirical experimental research

continues to be of great importance.

This thesis focuses on investigations of low-dimensional magnetism and supercon-
ductivity using high magnetic fields. The magnetic field is an extremely important
tool in exploring the physics of materials. It couples directly to the motion of charge
carriers and the magnetic moments within a system, which are often the crucial
ingredients in determining how the system behaves. Thus the magnetic field has

access to the magnetic, electronic, and structural degrees of freedom, and enables
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the use of experimental techniques that can reveal the underlying electronic or mag-
netic properties of the system, which might have been otherwise inaccessible. In
some cases strong magnetic fields can noticeably alter the material properties and
even induce phase transitions. An important property of a magnetic field is that it
is directional, which allows for an exploration of the anisotropy of the electronic and
magnetic interactions within a material. Some of the applications of high magnetic
fields include: exploring the Fermi surface topology through quantum oscillations
[1, 2], aligning spins in magnetic systems [3], and identifying quantum phase transi-

tion or inducing new phases [4], amongst others [5].

Often high magnetic fields are needed to sufficiently probe a system and its
interactions. For example, an interaction of strength 1 K =~ 0.1 meV is roughly
equivalent to a field of 1 T in energy, meaning that high magnetic fields are required
to perturb interactions of even modest strength. High magnetic fields are defined as
magnetic fields whose attainment tests the limit of current technological abilities [5],
and are achieved through the use of steady-field or pulsed-field electromagnets. High-
field experiments can be very challenging. This is due to a number of factors which,
for example in the case of pulsed magnetic fields, may include (a) the small space
in which the high magnetic field is realised and in which the experiment must take
place, (b) the presence of significant vibrations, (c) the time-scale within which the
experiment must take place (as low as microseconds), and (d) the rate of change of
field (as high as 108 T/s). These factors can serve to restrict the type of experiments

that can be performed and the number of samples that can be investigated.

In Chapter 3 of this thesis I will focus on my development of the proximity de-
tector oscillator dynamic susceptometer, a novel contactless technique that can be
used for both magnetometry and transport measurements. This technique is rela-
tively insensitive to the challenges listed above, and is well-suited for use in high
magnetic fields. Furthermore, this new technique has a very small spatial footprint

and uses no moving parts, meaning that it can be used in pressure cells or rota-
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tors, where high-field magnetometry measurements have previously been extremely
difficult. Thus it opens the way for a number of new experiments.

The remaining chapters of this thesis then focus on using this technique, in com-
bination with others, to investigate a number of low-dimensional polymeric magnets
and iron-pnictide superconductors. These materials are introduced, and the moti-

vation for studying them given, in the following sections.

1.1 Low-dimensional magnetism in coordination poly-

mers

Much of the early work on magnetism has been performed on inorganic elements and
alloys [6], partly due to the availability and prevalence of these materials, and also
due to the belief that these would most easily reveal information on the underlying
physical processes [7]. While such work has been relatively fruitful,! it suffers from
several disadvantages for our purposes. One is that these materials have relatively
large magnetic interactions that may even cause ordering at room temperature. The
large energy scale of the interactions, which can be as high as ~ 1000 K, means that
extremely high fields of ~ 1000 T are required to probe the magnetism. Another
disadvantage is often the difficulty of modifying such systems in a desired and con-
trolled manner without severely distorting the crystal structure or the electronic
behaviour [9].

However, it has now become recognised that it is possible to experimentally study
fundamental physical processes in chemically complex systems, such as transition-
metal coordination polymers [7]. These are molecular systems that consist of a
regular array of transition-metal spin centres, linked together by halogens or coordi-
nation molecules, which act as bridging ligands. The magnetism is facilitated by the
unpaired electrons of the transition metal, and the bridging ligands, which readily

mediate magnetic exchange between the metal centres.

!Perhaps one of the most significant breakthroughs was the discovery of magnetic tunnelling
junctions [8], which are now the basis for data storage in computer hard disks.
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Through the use of ligands with different exchange strengths, and variations
in the metal-ligand environment, it becomes possible to introduce anisotropy into
the system, where the strength of the magnetic exchange along different crystal
directions is different. If this anisotropy is significant, then a quasi-low-dimensional
system has been realised. In a quasi-two-dimensional (Q2D) system, the exchange
between neighbouring spins within a two-dimensional plane is significantly larger
than the magnetic exchange between two spins on different planes. Alternatively,
in a quasi-one-dimensional (Q1D) system, the system has strong magnetic coupling
along the chains, whereas the inter-chain coupling is much weaker.

In coordination polymers often the spins do not prefer a specific direction, and

thus the magnetism can be described by the Heisenberg Hamiltonian,

H=J> S-S+J. ) Si-S;

where J is the strength of exchange coupling within the planes (in Q2D systems)
or chains (in Q1D systems), J, is the exchange normal to the planes or chains, and
the summations are over the unique nearest neighbours between which the exchange
couplings take place.? In a perfect Heisenberg low-dimensional system with J; = 0,
the presence of fluctuations means that system will not reach long-range ordering at
any temperature down to absolute zero, as embodied in Mermin-Wagner theorem
[10]. However, in physical systems a small .J; is always present. This small exchange
coupling becomes important at low temperatures, and means that long-range order-
ing at finite temperatures becomes possible, although the ordering temperature will
be significantly lower than that of fully three-dimensional systems. The presence
of anisotropic interactions, low dimensionality and quantum fluctuations in low-
dimensional magnets allows for the emergence of interesting quantum phenomena,
for example the formation of a Haldane gap or spin-Peierls transition [7].

Coordination polymers have a number of important advantages. These include:

2Note that through this thesis I use the single-J convention, such that in a system with just
two exchange-coupled spin-1/2 spins, the energy difference between the S = 0 singlet and S = 1
triplet at zero magnetic field is J.
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e The rich carbon-based chemistry of the molecular ligands, which allows for syn-
thesis of highly tuneable systems. Through chemistry it is possible to modify
the magnetic centres, the exchange ligands, and the surrounding molecular

groups [11, 12].

e The solution-based ‘self-assembly’ chemistry of the growth process, which

means that the samples are often high quality large single crystals [13].

e The low values of the exchange couplings, typically of order of 10 K [3], which
means that magnetic fields ~ 10 T can be enough to probe the magnetic

properties. Thus direct laboratory access to the magnetism becomes possible.

Coordination polymers are currently subject to significant global research inter-
est [7]. This stems partially from their high degree of tunability, which allows for
controlled modification of the system structure, and enables for a systematic study of
the effects on magnetic behaviour. The ability to synthesise materials with specific
structures that mediate magnetic interactions means that there is huge potential in
the use of coordination polymers for bespoke design of materials for technological
applications, as well as testing grounds for investigating models of magnetism [9].
Finally the tunability of the systems, and the almost ‘Lego’-like manner in which
the structure can be designed, means that it may be possible to use custom-designed
molecular magnets as purely-magnetic analogues of more complex systems where it
may be desirable to isolate the magnetic behaviour from other effects, for example
in cuprate superconductors.

The polymeric magnets considered in this thesis are based on S = 1/2 Cu?*
ions, and use three different bridging ligands: (a) pyrazine (C4H4Ns, abbreviated as
pyz), (b) glycine (CoH5NO,, abbreviated as gly), and (c) the linear biflouride ion
[HF3]~, which forms via strong, yet flexible, F---H---F bonds. The structure of
pyrazine and glycine ligands are given in Fig. 1.1. Pyrazine is an aromatic ring that
is know to be an effective mediator of magnetic exchange within these systems, with
J ~ 10 K [3]. To ensure charge neutrality counter-ions such as [ClO4]~ or [PFg]™

are also used. These counter-ions tend to position themselves in the empty spaces
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J

Q@0 oy @ V=

Figure 1.1: Two of the ligands used in the compounds discussed in this thesis: (a)

pyrazine, and (b) glycine. The dashed lines indicate bonds to other parts of the
structure.

Qcodr ovoc oroon

Figure 1.2: The coordination polymer [Cu(pyrazine)(HF3)|PFs. Pyrazine and HF9
are the bridging ligands, and also act as the exchange pathways. PFg fills the empty
space between the planes and acts as a counter-ion, ensuring charge neutrality. For
clarity, the H atoms on the pyrazine are not shown, and only one of the eight PFg
counter-ions is shown. Dashed lines represent H - - - F bonds.
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between the planes or chains. In the notation used in the rest of this thesis I will

omit the charge on the ligand or counter-ion.

The structure of an archetypal coordination polymer [Cu(pyz)e(HF9)|PFg¢ is
given in Fig. 1.2 [3, 14]. This system consists of Cu atoms that are joined in planes
by Cu-pyz—Cu bonds. The Cu(pyz)2 planes are then connected via HFj ligands,
forming the overall cubic structure of the system. The counter-ion PFg is placed in
the centre of each cube. In this compound, the pyrazine molecules mediate strong
antiferromagnetic exchange within the planes, whereas as the HF5 ligands mediate a
much weaker inter-plane coupling. Therefore this system becomes a Q2D antiferro-
magnet, as confirmed by magnetometery measurements [3], giving J ~ 12.4 K and
J1 =~ 1072J. One can see how the use of different ligands can give rise to diverse
array of different magnetic systems, including quasi-three-dimensional [15], quasi-
two-dimensional [3, 12, 16], and quasi-one-dimensional [12, 17-19] spin networks, as
well as spin-ladders [20, 21] and geometrically frustrated systems [22].

This thesis will focus on the tunability of coordination polymers, and the abil-
ity to control the magnetic parameters and behaviour via external parameters. In
particular, in Chapter 4 I will discuss how the application of high pressures allows
one to control the magnetic exchange couplings in CuF9(H20)s(pyrazine), tipping
the balance of interactions and leading to a change in the magnetic dimensional-
ity. Chapter 5 will discuss how a small modification at the synthesis stage can lead
to a huge change in the magnetic properties, causing the formation of an unusual
magnetic ground state in [Cu(pyz)(gly)]ClO4 that allows for the magnetic field to

control the energy levels, leading to a field-induced phase transition.

1.2 Iron-pnictide superconductivity

Superconductivity was discovered serendipitously in 1911 by Heike K. Onnes, who
was investigating the validity of the Drude theory of transport at low temperatures.
Onnes found that pure mercury, upon cooling to a critical temperature T, ~ 4.2 K,

undergoes a sudden transition to a state with zero DC electrical resistance. The
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discovery of this so-called superconducting phase, amongst other low-temperature
work, won Onnes the Nobel prize two years later in 1913 [23]. Yet, despite the
passage of more than a century, a full theoretical understanding of the superconduc-
tivity seen in a range of materials ramins elusive, and superconductivity to this day
remains one of most intensely studied subjects in physics.

The significant yet intricate effect of magnetic fields on superconductivity was
first investigated by Meissner, who discovered that a superconductor will actively
expel and exclude an applied magnetic field at temperatures below T, [24, 25]. This
effect now bears his name, and cannot be attributed to a metal with zero resistivity,
but is an intrinsic property of the superconducting state itself [26]. The presence of
the Meissner effect is now the universally accepted signature of a superconducting
phase.

The problem of superconductivity was thought to have been solved in 1957 by
Bardeen, Cooper, and Schrieffer (BCS) [27], who showed that electron-phonon in-
teractions lead to formation of pairs of electrons with opposite spin and momentum
(now called Cooper pairs). It was demonstrated that this brings about the formation
of an energy gap and a coherent superconducting state that can last over “miles of
dirty lead cable” in Bardeen’s own words [5]. The BCS theory could account for
all the features seen in superconducting materials of the day [26, 28], and so the
phenomena of superconductivity was assumed to be fully accounted for.

A particular prediction of the phonon-mediated coupling in BCS theory is that
superconductivity becomes impossible above ~ 30 K [27, 28]. This assumption was
disproven in 1986 upon the discovery of “possible high-T. superconductivity in the
Ba-La-Cu-O system” by Bednorz and Miiller [29].> The remarkable discovery of a
superconductor that violates the conventional BCS model led to an unprecedented
resurgence in the field of superconductivity,® and soon afterwards a range of similar

high-T, superconductors were discovered, with a Hg-based ceramic having the high-

3The 1987 Nobel physics prize was awarded to Bednorz and Miiller for this discovery.

4This sudden resurgence was highlighted by the marathon session on high-T. superconductivity
at the American Physical Society’s March meeting in 1986, now known as the “Woodstock of
Physics”. It is estimated that around one-third of all physicists over the world tried to contribute
to the topic [30].
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est T, of 133 K at ambient pressure [31]. These unconventional superconductors all
have a highly two-dimensional structure and are based on layers of Cu-O atoms,
and became known as ‘cuprates’. Despite intense research activity, the underlying
mechanism for superconductivity in these materials still remains not understood.

It seemed that the presence of Cu—O layers was crucial for high-temperature su-
perconductivity. However, this was changed in 2008 by the discovery of “supercon-
ductivity at 43 K in an iron-based layered compound doped system LaO;_,F,FeAs”
by Takahashi et al. [32]. The discovery of superconductivity with such a high critical
temperature in a material that contains iron, an element that is frequently ferromag-
netic, came as a surprise to all. This is because magnetism is thought to be antago-
nistic to superconductivity, such that in the BCS model magnetic interactions lead
to the breaking up of the spin-singlet Cooper pairs [26]. The discovery of iron-based
superconductivity triggered a second tsunami of research on superconductivity [33—
35], and a wide number of Fe-based superconductors have been discovered to date.
After almost three decades of research in cuprates, iron-pnictides now provide an
alternative path into research in high-7, superconductivity. It is hoped that study
of Fe-based superconductors will lead to new ideas and insights into the mechanisms
of the unconventional superconductivity.

Similar to cuprates, Fe-based superconductors have a layered structure, consist-
ing of FeX layers, where X is a pnictogen (As, P) or chalcogen (Se, Te) atom. These
layers are formed out of edge sharing Fe X, tetrahedra, with the Fe atom sitting at
the centre. The simplest Fe-based superconductors are FeTe and FeSe, as shown
in Fig. 1.3. Superconductivity is thought to be associated with these layers [36].
In more complex materials, the FeX layers are separated by spacer species. It is
common to group these into ‘families’ based on stoichiometry of the spacer layer.

The most common families are [37],
o the “111” family: (Li, Na)FeAs
e the “122” family: (Ca, Sr, Ba, Eu, K)FeyAss

e the “1111” family: (La,Ce, Pr, Nd)OFeAs
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Figure 1.3: Crystallographic structure of the iron-based superconductor families,
showing the most common tetragonal structures that are known to mediate su-
perconductivity. All compounds contain a FeX layer as highlighted, with X =
pnictogens or chalcogens. From Ref. [36].

(a) Cuprates (b) Pnictides/chalcogenides
T

Pseudogap Structural|transition

A

Holes Electrons Holes Electrons

Figure 1.4: Typical phase diagrams of (a) cuprates and (b) iron-pnictides, as a func-
tion of electron or hole doping. In both systems the parent compound is usually
antiferromagetic and non-superconducting at low doping, and becomes supercon-
ducting upon some doping. Superconductivity in pnictides can also be induced by
pressure. The presence of a pseudogap phase in cuprates is a marked difference
between the two sets of compounds, although hints of a pseudogap have been seen
in some iron-pnictides [40]. Note that each specific material has a unique phase
diagram that may be slightly different from what is shown here. From Ref. [41].
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Note that this is not a comprehensive list and more complex systems exist, for exam-
ple the iron-arsenide-oxides (such as SrzScoOsFeaAsy)[38] or the recently discovered

intercalated chalcogenides [39].

The generic phase diagrams of cuprate and iron-pnictide superconductors are
given in Fig. 1.4. In both systems the parent compound tends to be non-
superconducting, and is insulating in case of cuprates, or semi-metallic in case
of Fe-based systems. Both systems undergo a transition to an antiferromagnetic
phase upon cooling below a temperature Tx. In pnictides the magnetic ordering
is stripe-like [36] and is accompanied by a structural transition from tetragonal to
orthorhombic structure, although whether the magnetic and structural transition
occur together or separately depends on the family. For example, in “122” systems
the transitions occur almost simultaneously [42], but in the “1111” family they are
far from each other [43]. Superconductivity is induced by (a) electron or hole doping,
for example by replacing one atom with another atom from a nearby group [44], (b)
application of physical pressure [45], or (c¢) modification of structure by isovalent
chemical substitution of one atom by another (i.e. chemical pressure) [46]. With
the application of these perturbations the system is tuned away from magnetism,
and bulk superconductivity eventually appears, leading to formation of a supercon-
ducting dome in the phase diagram. Interestingly, in pnictide superconductors the
highest T tends to occur in the vicinity of the point at which the magnetism is
completely suppressed. Further application of doping/pressure past this leads to
suppression of T¢, and the material eventually becomes non-superconducting again.

See Fig. 1.4.

Traditionally, magnetism and superconductivity have been thought to be at odds
to each other. However, the proximity of the antiferromagnetic and superconducting
phases in cuprates and iron-pnictides hints that interplay between superconductivity
and magnetism may play an important role in unconventional superconductivity. It
is now generally believed that magnetic fluctuations are the source of the unconven-

tional superconductor pairing [35], in a similar way that electron-phonon interactions
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are responsible for formation of BCS Cooper pairs. The resulting superconducting
gap symmetry is suggested to be d-wave in cuprates [30, 47] and s-wave in iron-

pnictides [35, 48].

One of the main properties of these materials is the high value of the upper
critical field (Hc2) above which the superconducting state becomes destroyed. This
can be as high as tens or even hundreds of tesla, especially in the case of optimally
doped systems [49]. Application of fields above H.y breaks the superconducting pairs
(for details see Chapter 6) and allows for characterisation of the low-temperature
regime (7' < T¢) in the normal state, which would have been otherwise inaccessi-
ble. For example, high magnetic fields have facilitated the observation of quantum
oscillations in clean samples [50], providing a direct measurement of the Fermi sur-
face. The ability to perform measurements at high magnetic fields is critical for
research in superconductivity [5], and enables detailed exploration of the phase di-
agram. Pnictide superconductors are found to be less anisotropic and a have lower
Hs [51] than cuprates. This allows for further exploration of the phase diagram

with laboratory-accessible fields.

As well as for fundamental science, the exploration of the high-field behaviour
and determination of Hg is also important for technological applications where
high magnetic feilds may be present [5]. This for example includes power generation
and transmission, magnetic resonance imaging, and particle accelerators, amongst
others. The high T¢, high H.s, and relative isotropy of Fe-based superconductors

makes them potential candidates for use in industry [52].

As it is often application of doping that induces superconductivity in Fe-based
superconductors, it is important to characterise its effect on the magnetic and elec-
tronic structure of these systems. Chapter 6 of this thesis will focus on high-field
characterisation of the “111” superconductor NaFeAs, when doped with cobalt. In
particular, the upper critical field of NaFe; ,Co,As is measured across the whole
of the doping phase diagram. The measurement of H.o, as well as being important

in its own right, allows for extraction of other physical parameters such as the co-
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herence and penetration depths. Furthermore, the behaviour of H.o as a function

of temperature provides hints toward the origin of the field-induced pair-breaking

in these systems.

1.3 Outline

This thesis is organised as follows:

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

The various methods of achieving high magnetic field are briefly de-
scribed. Also discussed are the measurement techniques of pulsed-field
magnetometery, low-field susceptibility, heat capacity, and muon-spin

relaxation.

The development of the proximity detector dynamic oscillator, a novel
radio-frequency based system that is capable of operating in high mag-
netic fields and high pressures, is outlined. This is the basis measure-

ment technique used in this thesis.

It is shown that high pressures can be used to take control of the mag-
netic exchange parameters in CuFs(H20)2(pyrazine), where the pres-
ence of a Jahn-Teller active metal centre leads to a dramatic pressure-
induced change in magnetic dimensionality from quasi-two-dimensional

to quasi-one-dimensional.

The magnetic behaviour of two coordination polymers that were syn-
thesised using the same starting chemicals and growth process is inves-
tigated. It is shown that one system is a quasi-two-dimensional magnet
that orders at very low temperatures, while the other is a quantum-
disordered paramagnet down to absolute zero, but undergoes a phase

transition as a function of field.

The wupper critical field of the iron-pnictide superconductor

NaFe;_,Co,As is measured across the whole of the doping phase dia-
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Chapter 7

gram. The behaviour of the upper critical field as a function of tem-
perature, and the effect of doping on this, is discussed. It is shown
that NaFe;_,Co,As is likely a multi-band superconductor, and that
with the magnetic field parallel to the Fe—As planes, the Cooper pairs
are broken by paramagnetic effects. The coherence length, penetration

depth, and other physical parameters, are extracted and discussed.

An overview of the results obtained in different chapters is given, and

an outlook of future work is presented.



Chapter 2

Experimental methods

“More than the diamond Kooh-e-Noor, which glitters among their crown
jewels, they prize the dull pebble which is wiser than a man, whose poles
turn themselves to the poles of the world, and whose axis is parallel to the
azis of the world. Now, their toys are steam and galvanism.”

— Ralph W. Emerson (1803-1882)

The above quote reflects the fascination of Victorian England with magnetism and
electricity. Ever since the unification of electromagnetism by Maxwell, Ampére, and
others, there has been a race to reach higher and higher magnetic fields using bigger,
more powerful, and more efficient electromagnets. Today, a wide range of magnet
systems are available, from the extreme of kilotesla explosive pulsed magnets to the
more mundane room-temperature electromagnet. The majority of the experimen-
tal work presented in this thesis was performed in high magnetic fields generated
by pulsed, steady resistive, or superconducting magnets. Here each magnet system
is briefly discussed, including a description of the advantages, disadvantages, and
the method of operation. Additionally, the techniques for measurement of pulsed-
field magnetisation, low-field magnetic susceptibility, heat capacity, and muon-spin

relaxation are described.

15
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2.1 Generating magnetic fields

The design of high-field magnets requires a good knowledge of the physics of mag-
nets, understanding of the material properties, and a large amount of computer-
aided optimisation. The highest magnetic fields can only be provided by solenoid

electromagnets, which provide the most efficient design [53].

2.1.1 Pulsed magnets

Pulsed magnetic fields are currently the only method of generating magnetic fields
above 45 T, and 100 T is regularly accessed at the National High Magnetic Field
Laboratory (NHMFL), Los Alamos, USA. Even higher fields can be achieved in de-
structive single-turn magnets, and explosive flux compression techniques have pro-
duced fields of order of 2800 T. In these systems a magnetic-field pulse is generated
by pushing a large pulse of current through a resistive magnet, typically made of
copper alloys. The maximum field is limited by the amount of resistive heating that
is generated within the magnetic coil and the amount of the Lorentz-force stress
that the magnet can withstand. The stress is roughly proportional to magnetic field
strength squared and can be up to several GPa [54, 55]. The magnets are usually
energised by releasing the energy stored in a series of capacitors or an inertial motor
generator.

The advantages of pulsed magnets are the high magnetic fields and the low
operational cost. However, disadvantages include the small magnet bore which re-
stricts the sample space, and the long cooling time required between each pulse.
The high dB/ dt is useful in that it will amplify the measurement signal in compen-
sated magnetometry experiments, however it can cause heating via eddy currents in
metallic samples. Furthermore, the short pulse-width means that often experiments
are performed in semi-adiabatic conditions and thus the magnetocaloric effect [56]
can become a problem.

My measurements were carried out at the Nicholas Kurti High Magnetic Field

Laboratory at Oxford [55]. The system has a total stored energy of 0.8 MJ stored
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Figure 2.1: Schematic diagram of the pulsed field facility at the Nicholas Kurti High
Magnetic Field Laboratory.

in four sets of 8 mF, 7TkV capacitor banks, and is capable of reaching fields in excess
of 45 T — the highest magnetic field in the UK. The number of capacitors for each
pulse can be varied, allowing for dB/dt of 9000 to 18000 T'/sec.

A schematic diagram of the facility is given in Fig. 2.1. The system effectively
forms a very large LCR circuit, with the inductance being defined by the magnet,
the capacitance being defined by the capacitor bank used to energise the magnet,
and the resistance defined by the the magnet coil. The LCR circuit is in series with
a high voltage thyristor, which is used as a fast-acting bi-stable switch, meaning
that it will switch from the insulating to conducting when triggered and will stay
conducting as long as the voltage across is is not reversed. The system operates
as follows: once the capacitors are charged to the desired voltage, the thyristor is
triggered by a laser. Thus the LCR circuit is closed, and current begins to flow
through the magnet. The LCR circuit is underdamped, and if left to its own will
begin to resonate. To prevent this a diode and ‘crow-bar’ resistor are placed in
parallel, which also stop the capacitors from being negatively charged. Thus the
magnetic-field pulse is produced by allowing the first half-oscillation of the LCR
circuit. The width of the pulse is half the LCR oscillation period v/ LC /27, and can

be varied by changing the capacitance as shown in Fig. 2.2.
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Figure 2.2: (a) Cross-section image of a pulsed field magnet, and (b) the typical
profile of the produced magnetic field, showing the change in pulse-width with ca-
pacitance.

The pulsed-field work presented in this thesis was done using magnet HJ45, a
45 T magnet with a bore of 1.5 cm. The magnet coil is formed out of hardened
copper, encased in steel sheeting for added strength as shown in Fig. 2.2(a) [55, 57].
The magnet is structurally reinforced using a combination of Stycast 2850, a strong
epoxy with good thermal conductivity, and Zylon, a synthetic fibre with a tensile
strength 1.6 times that of Kevlar [58]. The magnet is immersed in liquid nitrogen,
and it typically takes 60 minutes for the magnet to cool down after a 32 mF, 45 T

pulse, which has a nominal energy of 0.32 MJ.

2.1.2 Continuous resistive magnets

Continuous steady-fields are produced by passing a large DC current through a re-
sistive electromagnet. The larger the current the larger the magnetic field. However
an increase in the current means more resistive heating, which needs to be dissipated
to prevent a meltdown. Steady-field resistive magnets are limited by the heating and
the amount of cooling that can be provided, as well as the maximum Lorentz-stress
that the magnet can withstand. The advantage of such magnets is the large magnet
bore and the high homogeneity of the field, which allows for a large sample space

and hence for a large variety of different experiments; and the low dB/dt which al-
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Figure 2.3: Schematic diagram of (a) a typical Bitter magnet, and (b) the improved
Florida-Bitter disc [53].

lows for isothermal conditions. However, this is offset by the high operational costs
due to the complexity of the magnet, the amount of current needed, and the cooling

requirements.

Experiments were performed using facilities at NHMFL, Tallahassee, USA. The
magnetic fields were created by a Florida-Bitter magnet, an improved version of
well-known Bitter design [59]. A Bitter magnet is formed of circular disks which are
interleaved with insulators and stacked to form a monolayer helical winding. The
insulators cover less than 360° to allow contact between the plates. The magnet is
cooled by high-pressure water flowing through circular holes in the plates, as shown
in Fig. 2.3a. The Florida-Bitter design improves on this by replacing the circular
holes with long thin slits, which optimise the cooling without affecting the resistance,
improve the power density three-fold, and reduce the Lorentz force stress [53]. Fields
up to 38 T with a 32 mm bore have been achieved with this design, at a nominal

power usage of 20 MW.
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2.1.3 Superconducting magnets

In superconducting magnets the solenoid is made of superconducting wires. The
magnet is immersed in cryogens in order to cool it below the critical temperature,
at which point the wires become superconducting, showing zero resistance to direct
current. Superconducting magnets have excellent homogeneity and field quality, and
do not suffer from the vibrational noise present in resistive magnets [53]. The magnet
is relatively cheap to run, with the main operational cost being that of the cryo-
gens required to keep the magnet cool. Commercially available magnets are made
of low-temperature superconductors, cooled using liquid *He. The maximum field
is limited by the critical current density and temperature, the desired magnet bore
and homogeneity, and the mechanical properties. One challenge in superconducting
magnet design is safe handling of a magnet quench, where the magnet coil switches
from the superconducting to its normal phase near-instantaneously due to fluctua-
tions in temperature, current, or field. This leads to a sudden de-energisation of the
magnet and significant mechanical stress. Currently fields up to 22 T are available

commercially.

To energise the magnet a small portion of the superconducting coil is put into
the normal state via a heater, and the magnet current is increased until the desired
magnetic field has been reached. The magnet can then be placed in persistent mode
by turning off the heater switch, creating a loop of current that should theoretically
last as long as the magnet is below the critical temperature. However, in reality

small resistances within the magnet joints prevent this.

2.2 Magnetisation measurements

The magnetisation M is defined as the total moment per unit volume of the sample,

and is related to the magnetic flux density B and the magnetic field strength H via

B=uH+M).
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Under most circumstances the magnetic moment is parallel to the applied magnetic
field, and thus the magnetisation is usually given as a scalar. By tracking the
variation of magnetisation as a function of magnetic field, temperature, pressure, or
other external perturbations, one can learn a lot about the nature of the magnetism

and magnetic interactions within a material [3].

2.2.1 Pulsed-field compensated magnetometery

In pulsed magnetic fields the magnetisation can be measured using a compensated
extraction magnetometer. This consists of a system where the sample is placed
inside a magnetometer coil, and the induced voltage in the coil during the magnetic

field pulse is measured. The induced voltage is given as

V' = Vheld + Vsample,

where Vielq o< dH /dt and Viample o dM /dt are due to the change in the applied
field and sample magnetisation respectively, as defined by Lenz’s law. In order to
make a successful measurement the signal produced by the applied field H must be
removed. This is achieved via a multistep procedure. Firstly, the magnetometer coil
is made out of out of high-purity 50 gauge wire, which is wound 1000 turns in one
direction, and then counter-wound 500 turns in the opposite direction. Fractions of
a turn are then added or removed as needed, so as to equalise the effective area of the
two portions of the coil. Such compensation means that the application of a uniform
magnetic field H will not induce a voltage within the coil; however the magnetisation
of the sample placed inside the coil will be non-uniform, inducing different voltages
in the counter-wound portions of the coil and resulting in an overall signal. To
further fine-tune the compensation, an additional single-turn compensation coil is
used. The signal from the magnetometer coil and the compensation coil are fed to
custom-designed electronics, where the two signals are added or subtracted such that
there is no induced voltage in an empty-coil 10 T shot. The signal is also amplified

as needed, up to a factor of 250,000.
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Figure 2.4: (a) Image of the magnetometer coil, and a sample inside an ampoule.
(b) Schematic diagram of the measurement position, with the sample inside the coil
[60].

To measure the applied magnetic field a calibrated pickup coil is used. The
voltage across the pickup coil is —adB/dt, where a is the coil area. The magnetic
field can then be calculated via integration. The magnetometer setup is shown in
Fig. 2.4. The sample is placed in a 1.3 mm diameter ampoule made of polychlorotri-
fluoroethylene [61]. The measurement probe is designed such that the sample can be
extracted from the magnetometer coil in-situ. For each measurement two magnetic
field pulses are performed under identical conditions, with the sample in and out;
and the results subtracted from each other. In the resulting dataset, the remaining

signal is due to the rapid change of the sample magnetic moment,

VOC—T

dM dB

dB dt’

Therefore the sample moment can then be extracted by dividing by % and inte-
grating with respect to the magnetic field. Notice how the sample signal is amplified
by %—?, which is of order of 10% T/s. This makes this technique extremely sensitive
to small changes in magnetisation, such as in spin-flip transitions. The measured
magnetisation can then be converted to absolute values by calibration to low-field

measurements performed using other techniques.
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2.2.2 DC low-field susceptibility

The low-field static molar susceptibility is defined as

where p is the measured moment, m is the sample mass, and my is the sample
molar mass. Evolution of the magnetic susceptibility can provide an insight into
the magnetism of the sample, such as the average magnetic moment, the nature of
magnetic interactions, and the critical temperature of any phase transitions. Given
suitable theoretical models, the data can also be fitted to extract further information
on exchange interactions within the sample.

A Quantum Design Magnetic Properties Measurement System (MPMS) [62] was
used for low-field measurements. This system uses a 7 T superconducting magnet,
and the sample temperature is controlled in the range 1.8 K < 7' < 400K by a
variable temperature insert (VTI) and a heater. The magnetometer consists of
four-loops of superconducting wire in the ‘second derivative’ configuration, with the
upper and lower loops having the opposite sense to the two loops at the centre,
as shown in Fig. 2.5. This configuration is insensitive to any linear gradient in
the external field. The superconducting wire is then coupled to a radio-frequency
Superconducting QUantum Interference Device (SQUID), and thus acts as a flux
transformer [63].

Single crystal samples were oriented inside a glucose ampoule using Apiezon N
grease. The capsule was placed in the centre of a thin drinking straw, which was then
mounted in the MPMS. The magnetic moment is measured using the DC SQUID
option, where the sample is moved mechanically through the magnetometer coils.
The sample moment produces a current in the pickup coils that is proportional to
the flux that crosses each coil [63]. This current is then passed on to the secondary
winding of the flux transformer, which is coupled to the SQUID. The SQUID signal
is converted to a voltage that is proportional to the total flux through the pickup

coils. As the sample is moved through the magnetometer, the resulting voltage takes
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Figure 2.5: Schematic diagram of the Magnetic Properties Measurement System
magnetometery setup. Diagram from Ref. [63].

the form of a sin z/z function, where z is the position within the magnetometer coils
(see Fig. 2.5). The sample moment is calculated by fitting to this voltage.

Best results are obtained with a sample that shows dipolar field distribution:
that is, the sample must be significantly smaller than the pickup coils, but large
enough to give a good signal [63, 64]. Care must be taken to precisely centre the
sample with respect to the pickup coils, and to make sure that the sample holder
is symmetrical with respect to the sample position. Failure to do sure will result in

poor fitting, leading to erroneous results that may resemble phase transitions [65].

2.3 Heat capacity

The heat capacity is defined as,

(AQ
G = m, (m)

where AQ is the heat input that causes a temperature change AT within the sample
at constant pressure p. The heat capacity is closely related to the system entropy

and is therefore a sensitive probe of phase transitions [66].
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Figure 2.6: (a) Picture and (b) schematic diagram of the PPMS heat capacity setup.
Diagram from Ref [67].

The heat capacity was measured using a Quantum Design Physical Properties
Measurement System (PPMS). This system consist of a 14 T superconducting mag-
net, and a VTI with a temperature range of 1.8 K < T < 400 K. The PPMS is highly
customisable and has a variety of sample platforms for heat capacity, AC and DC
transport, Hall effect, and AC magnetisation measurements [62]. The calorimeter
platform consists of a thin 3 x 3mm alumina crystal, with a heater and a ther-
mometer on one side. The calorimeter is isolated from the rest of the system, and is
connected to a heat-sink by 8 thin wires which provide thermal and electrical links
[67, 68]. The sample is mounted on the calorimeter using Apiezon N grease, which
has good thermal conductivity, and the system is pumped down to 0.01 mTorr. The
heat capacity is measured by a heat-pulse relaxation technique: for each measure-
ment the sample platform is heated by a heat pulse of width At = 7, after which the
platform temperature is measured for a time 27, where 7 is the time constant of the
thermal relaxation between the sample platform and the heat sink [68]. Knowing
the thermal conductivity between the sample platform and heat sink, the sample
heat capacity can be determined by fitting the temperature relaxation curve [69].
The thermal response of the empty calorimeter platform—the addenda—is measured

separately and subtracted from the dataset.

To maximise the thermal coupling between the sample and the calorimeter plat-

form, crystals with a large flat face are typically used. To obtain high-accuracy



26 2. Experimental methods

/7 ////

v,
N7 T

=29,

(a) (b)

Figure 2.7: (a) Schematic diagram of a muon-spin relaxation experiment, and (b)
the resulting decay asymmetry for a long-range ordered sample. Diagrams from
Blundell [70].

data, samples should be large enough such that Cgample/Caddenda > 0.5 for metallic

samples, and > 1.5 for insulating samples [68].

2.4 Muon-spin relaxation

In this section I briefly describe the technique of muon-spin relaxation measurements,
which although not performed by myself, is highly complementary to the other
techniques used, and will aid in understanding the materials studied within this
thesis. In a muon-spin relaxation (u™SR) experiment, spin-polarised positive muons
are implanted inside the sample. The muons usually occupy interstitial positions
in the crystal [70], and are sensitive to the local magnetic field of the sample, thus
acting as a probe of the microscopic magnetism of a system. The property of interest

is the time evolution of the spin polarisation of the muons.

The muons are unstable, and will decay with an average lifetime of 2.2 ps into
a positron and two neutrinos. The positrons are detected at detectors placed at
the front and back of the sample. The positrons are emitted preferentially in the
instantaneous direction of the u™ spin, and so the number of the emitted positrons
in a given direction is a measurement of the polarisation of the ensemble of u™ spins

[70, 71]. The measured property is the time dependence of the asymmetry A(t) of
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the number of positrons detected at the front (Ng) and back (Np) of the sample,

Nr(t) — aNg(t)

Alt) = N (t) + aNg(t)’

where « is an experimental constant. In samples that are long-range ordered, the
implanted muons experience a quasi-static magnetic field, and begin to precess co-
herently. This precession causes an oscillation in the decay asymmetry A(t). There-
fore, TSR experiments are an excellent probe of the long-range ordered state of a
system, with the Néel temperature being deduced from the temperature at which

these oscillations appear.






Chapter 3

The Proximity Detector

Oscillator

“The career of a young theoretical physicist consists of treating the harmonic
oscillator in ever-increasing levels of abstraction.”
— Sidney Coleman (1937-2007)

Harmonic oscillators are everywhere in physics. This chapter describes the devel-
opment of the Proximity Detector Oscillator Dynamic Susceptometer (PDODS),
a novel radio-frequency susceptometer based on an LCR circuit. The PDODS is
the primary measurement technique used in this thesis. Here I present the exper-
imental and the theoretical details of this mew technique, and discuss its advan-
tages. The PDODS is used to measure the magnetisation of the polymeric magnets
Cu(H30)5(VOFy)(H20) and [Cu(HF3)(pyz)2/BEFy, and by comparing the results to
that of the extraction susceptometer it is confirmed that the the new system can be
used to measure and observe magnetic susceptibilities and phase transitions. This

chapter is based on work published in Ref. [72].

29
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3.1 Introduction

Radio frequency (RF) techniques have been widely used to measure a range of
physical properties [73-82]. Most resonant techniques work by using a simple LCR
circuit, where either the capacitance or inductance of the circuit is coupled to the
sample, acting as a probe of its physical properties. Depending on the coupling,
changes in the magnetic, dielectric or conductive properties of the sample can affect

the inductance and/or capacitance, which in turn will modify the resonant frequency.

There are several advantages in using RF techniques. The first is that such tech-
niques are contactless, an important consideration for measurements of resistivity
in samples where surface contacts can be poor, those which cannot be exposed to
the atmosphere for various reasons [83], or for very small samples where contacts
cannot be made easily [79]. Additionally RF transducers can have extremely high
sensitivity due to the high stability of the resonator and the accuracy to which fre-
quency can be measured. Sensitivities down to 1 : 10 are possible [81, 84]. Also
significant is the relatively high speed of data acquisition—signals with frequencies
of order of 10 MHz can be digitised directly, and so changes in sample response can
be measured in time scales of 0.1 ps. This is particularly important for experiments

in pulsed magnetic fields [1, 77, 85, 86|, where the pulse duration is very short.

One of the most widely used of such techniques has been the Tunnel Diode
Oscillator (TDO) [87], coupled to a sensor coil containing a sample. Despite the
high stability of the TDO system under optimum conditions, it has a relatively small
stable operating range due to the narrow bias voltage region over which the TDO
oscillates [88-90]. A TDO-driven circuit is prone to jumping to parasitic frequencies
and can be taken out of its stable operating condition by changes in the circuit
temperature, inductance, sample size or by the voltages induced in uncompensated
coils during experiments using pulsed magnetic fields [90].

Recently a new RF circuit, the Proximity Detector Oscillator (PDO), has been
reported by Altarawneh et al. [90]. The circuit is based on the widely available

proximity detector chip that is used in modern metal detectors. It does not suffer
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from the above issues and can be similarly coupled to a sensor coil containing the
sample. The PDO can operate across a wide range of temperatures and inductances,
and works with coils of various sizes and shapes, has a broad dynamic resonant
frequency range and is insensitive to bias changes [90]. This insensitivity to bias
voltages makes the proximity detector system suited for use in pulsed magnetic fields,
where significant voltages can be induced due to the high dB/dt. The PDO has
been successfully used to measure the skin depths of UlrGe and Bag 55Kg.45FesAso
in high magnetic fields [91, 92], to observe quantum oscillations [86, 93|, Fermi-liquid
behaviour [94], and the metal-insulating quantum critical point in YBasCugOg4, [1].

The transport measurements listed above depend on observing relative changes
in the resonator filling factor. The filling factor is defined as the ratio of the volume
of the sample penetrated by the RF field, to the overall volume of the RF sensor
coil [95]. Thus, in metals the filling factor is representative of the skin depth, and in
superconductors the penetration depth [96]. Consequently the PDO, when coupled
to an RF sensor coil, is highly sensitive to relative changes in the conductivity of
metals and semi-metals—allowing for observation of Shubinkov-de Haas oscillations
[93], as well as superconducting transitions as will be demonstrated in Chapter 6.
Whilst changes in skin (penetration) depth dominate the response of metals (super-
conductors) to RF fields, I will show in this chapter that the magnetic susceptibility®
dominates the response of insulators. Hence a PDO system can be used to observe
magnetic phase transitions and susceptibility of insulators. I believe that this is the
first such application of PDOs.

The PDO can thus be used to observe transport in metals and superconduc-
tors, and magnetism in insulators. Being able to probe both properties using a
single instrument is highly useful and convenient — there are many systems which

have magnetic insulating phases neighbouring metallic or superconducting phases in

n early application of TDO-driven RF coils to organic metals and superconductors, it was
assumed that changes in susceptibility would dominate the response, and that the quantum oscil-
lations observed were de Haas—van Alphen oscillations [97-99]. Subsequent experience has showed
that it is the skin depth changes that dominate, and that the quantum oscillations observed were
Shubnikov—de Haas instead [81, 85, 88].
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their pressure/temperature phase diagram, such as topological insulators [100, 101],

cuprates [102], and the newly discovered iron chalcogenide [103] superconductors.

I will call this magnetic measurement technique/setup, which consists of a sam-
ple placed in a sensor coil that is coupled inductively to the proximity detector,
a PDO dynamic susceptometer (PDODS), to avoid confusion with the oscillator
itself (PDO).

3.2 Advantages

There are many advantages to the PDODS. The sensor coil typically consists of
only 5 to 10 turns, and I have used coils with diameters down to 200 pm. Only the
sensor coil needs to be placed inside the cryostat — the proximity detector circuit
and the power supply can be placed conveniently outside the measurement probe.
Thus, the part of PDODS system within the cryostat has a highly compact and
small spatial footprint. This, together with the fact that it does not contain any
moving parts, means that it is highly suitable for use in systems with limited space
where such measurements may not have been previously possible. Such systems
include pulsed magnetic fields [92, 104] and pressure cells [105, 106], allowing for
an exploration of the magnetic, metallic and superconducting regions of the phase
diagram as a function of pressure. For samples where the angle-dependent behaviour
is of interest [107, 108], the PDODS can also be used in rotators, thus for example
enabling Fermi surface characterisation via angle-dependent de Haas-van Alphen

oscillations [109].

The small spatial footprint means that several sensor coils can be used con-
currently on the same measurement probe, even within restrictive magnet bores.
This allows for the empty-coil and sample measurements to be performed simul-
taneously, or even for several samples to be measured during a single experiment.
Since typically a cooling time of order an hour is needed between each pulsed-field

measurement, this can also save significant time and expense when compared to a
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traditional extraction susceptometer, where at least two pulsed shots are needed for
each dataset.

Moreover, the lack of moving parts makes the PDODS significantly insensitive to
vibrational noise. This, as well as the insensitivity to dB/dt and the pulse profile,
makes it suitable for use in multi-stage extremely high pulsed-field (e.g. poH >
70T) systems [110], where a traditional extraction susceptometer has the potential
to become unreliable. This insensitivity to vibrational noise, in addition to the
possibility of using several sensor coils simultaneously, means that the PDODS may
also be suitable for use in multi-megagauss destructive single-turn magnets [111],
where the magnet is destroyed after one experiment.

Another advantage of the PDODS is that it works equally well in steady and
pulsed magnetic fields. The ability to work in steady fields allows for study of
samples which would otherwise have been perturbed by the high dB/d¢ of pulsed
magnetic fields via eddy current heating, the magnetocaloric effect, or other phe-
nomena. A comparison of the steady and pulsed field measurements would then

allow for quantitative elucidation of the effect of dB/dt on such samples.

3.3 Experimental details

The PDODS technique was developed and tested using the pulsed field facility at
the Nicholas Kurti High Magnetic Field Laboratory. A schematic diagram of the
PDODS probe design, and the cryostat, is given in Fig. 3.1. The cryostat consists of
a large bath of liquid nitrogen used for cooling the magnet, with an insulated space
within the magnet bore containing *He. A simple non-metallic >He jacket containing
the measurement probe is then inserted into the *He cryostat. This arrangement
allows for temperatures as low as 300 mK upon de-pressurisation of the *He/*He
baths.

A schematic diagram of the PDODS circuitry [90] is given in Fig. 3.2. The system
uses the commercially available TDA0161 proximity detector integrated circuit (IC)

used in metal detectors. The proximity detector essentially acts as a noise-triggered
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Figure 3.1: Diagram of the cryostat and PDODS probe design. Image shows a
powder sample ready for measurement.

negative resistor, which compensates for any loss within the sensor circuit and thus
creates sustained oscillations [112]. The negative resistance is achieved through a
combination of amplifiers and transistors within the IC [113]. The sensor coil is
inductively coupled to pins 3 and 7 of the IC, and the proximity detector works by
comparing the load impedance R3 7 to the resistance Ro 4 across pins 2 and 4. The
oscillations are sustained if |R3.7| > Ra4; and when the sensor coil experiences an
extra inductive load, the change in Rs3 7 will modify the current drawn from pin 1

[90, 113]. This change in current leads to a modification of the metal detector signal.

For our purposes, pins 2 and 4 are short-circuited (R2.4 = 0) to ensure that the
IC will always resonate, and the resonant frequency can be read from the coupling
capacitor Cy on pin 6. Additionally C'3 and Ry are used to maintain a stable operat-

ing voltage. The sample penetration depth A is related to the oscillation frequency

2
A= |2
Wi o

w via
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Figure 3.2: Schematic diagram of the PDODS system, modified from Ref. [90].
Ly is the sensor coil inductance, which is then coupled to the proximity detector
chip through inductances L; and Ls. C and R represent capacitors and resistors
respectively. Lo = L1 ~ 0.45pH.

where p is the sample resistivity and w, is the the sample magnetic permeability
relative to free space. Transport measurements are performed by monitoring the re-
sponse of the PDO to changes in A, and so it is important that in such measurements
A be always smaller than the sample radius; otherwise the RF waves will completely
penetrate the sample and the PDO loses sensitivity to changes in A. The frequency
w is therefore maximised to minimise A, to allow for measurement of small samples.
C1 and (9 are used to tune the resonance frequency to about 30 MHz, although

higher frequencies are possible.

Powdered samples are usually held in the same ampoule as that used for ex-
traction magnetometry measurements, while single crystal samples are usually used
without such protection. To maximise the coupling of the sensor coil to the sample,
the sensor coil is made to match the sample or ampoule size and shape as much
as possible. The sample/ampoule is placed in the coil and then mounted on the

measurement probe. Note that the same coil can be used for both transport and
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magnetic measurements — in metals it is transport that dominates the system re-
sponse, while in insulators it is magnetism. The PDO circuitry is then placed at the
top of the probe and is connected to the sensor coil using a semi-rigid coaxial cable.

The output signal from the proximity detector chip is amplified, and undergoes
two stages of mixing and filtering to remove high frequency noise. The output is then
recorded by a fast data-acquisition card, and the frequency is found by performing a
traveling fast Fourier transform. To improve the Fourier transform resolution, extra
zeros are added to either side of the time interval (zero padding) [114].

The PDO setup during this thesis used C7; = 75 pF, Cy = 47 pF, C3 = 240 pF,
Cy = 100 pF, and Ry = 1 k). The internal isolation transformer was made by
wrapping two 18 AWG Cu wires eight times around a hollow G10 tube of diameter
1.2 cm, giving Ls = L; ~ 0.45uH. The PDO was powered by a standard 9V
battery. The battery and the C; read-out capacitor were housed in a separate
box, which was connected to the PDO circuit using a 2 m SMA cable. The distance
between the sample coil and the PDO circuit was approximately 1.8 m in pulsed-field
experiments, and 2.5-3.5 m in steady-field experiments. The PDO was electrically

isolated from the probe body.

3.4 Theory

In a system where the sample is inductively coupled to the sensor coil, the inductance
Lg of the coil can be calculated as the sum of the inductances due to the RF field

outside and within the skin/penetration depth A of the sample,

LO = Lspace + Lsample

= %ﬂoﬂ']\ﬂ(Rz —r) + %uo,umNQ [r2 —(r— )\)2}

= %M()T['N2 [R2 —r% 4, <2r)\ - )\2)] , (3.1)

where R is sensor coil radius, r is sample radius, N is the total number of turns, [

is the coil length, and v ~ 0.8 is the geometrical factor for non-infinite coils [115]. I
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have assumed that both the sample and the coil are cylindrical, that sample length?

lsample = | and have neglected any edge effects. Differentiating, this gives
ALy = }MOWNQ (20 (F = A) AN + (2r — X) AMAp,] . (3.2)

Thus we can see the effect of changes in the sample skin/penetration depth, which
can be used for transport measurements, and changes in relative magnetic perme-
ability, which can be used to probe magnetism. In metals and superconductors it
is changes in the skin/penetration depth AX which dominate the coil inductance.
However, in insulators the RF field penetrates the whole of the sample — in effect
loading the coil with a constant volume [88], and so the system becomes insensitive
to changes in the skin/penetration depth. In this case small changes in the magnetic
permeability u, can become noticeable.

Therefore, setting AX = 0 and A = r for insulators,? equation 3.1 can be reduced

to:

Lo = %uoﬂNQ(RQ = 4 pyr?)

— Lempty (1 + fX) 5

ALy = Lempty fAX (3.3)

where Lempty = yuomR?N?/1 is the empty coil inductance, f = r2/R? is the coil
filling factor, and x = p, — 1.

Applying circuit theory to the schematic in Fig. 3.2, one has

an _ o

=T Li— — 4
V=5LR + 1y " (3.4)
B dl, dn, . dl
0= ROIO + LOE ma + LQE, (35)

°1f lsample < [ instead, then Eqn. 3.1 is scaled by lsample/l and a constant 'moﬂ'N2R2(l —
lsample)/l2 is also added to inductance. Equation 3.3 then becomes ALy = lsample Lempty fAX/!.
Thus all equations still hold, but with a scaling of lsample/!.

3In reality A > r, however for the purposes of Eqn. 3.1 we have to set A = r
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where Ry is the sensor coil and coaxal cable resistance, R is the resistance of
inductor L;, m is coupling factor between L; and L, Iy and I; are the currents
through inductors Lo and Li, and V is the voltage across pins 3 and 7 of the
proximity detector chip. Substituting Eqn. 3.5 into 3.4, and setting [y < [

exp(jwt) we have:

m2w2
V = -
Ry + jw(Lo + L2)

Ry + jwlLy + I.

By considering the imaginary component of the above equation, one gets the

effective inductance of the circuit,

Leg= L1 |1

m2w? <L0 + L2>

_ 3.6
R% + w2(L0 + L2)2 Ly (36)

Being an LCR circuit, the overall angular resonance frequency is \/Lle?, in which C'

is the overall circuit capacitance. We can differentiate to obtain

Aw ALy
= 3.7
w 2L’ (3.7)

where Aw = w(H) —w(0) is the change in resonant frequency when a magnetic field
H is applied, and similarly ALeg = Leg(H) — Leg(0). Substitution of Eqn. 3.6 into
the above equation results in a rather complicated expression, which upon assuming

small changes in variables? (Aw < w, ALy < Lo, ARy < Ry) results in

Aw = *CLALO - bARo, (38)

where a,b are positive constant functions of Ry, w, C' and the inductances; and
ARy represents the magnetoresistance of the coax cable and the sensor coil in the

presence of a magnetic field.

4This assumption is valid as typical changes in w/2m is of order of tens of KHz, while w/27
itself is about 30 MHz.
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Finally, after substituting Eqn. 3.3, one can relate changes in the dynamic sus-

ceptibility of insulating samples to frequency:
Aw = —a'Ax — bARy, (3.9)

where @’ = af Lempty-
We can isolate the susceptibility by taking a background measurement, where an
identical empty coil is used. In that case, assuming that changes in the permeability

of the exchange medium are negligible, we can set Axpackground = 0 to get
AWbackground = _bARO-

By subtracting the background measurement from that with the sample,

1
Ay = o (Awbackground — Awyith sample) )

and setting Ay = x(H) — xo, where xq is a constant, we get

1
X(H) = E (Awbackground - AWwith sample) + Xo- (310)

3.5 Magnetoresistance of circuit elements

The response of the PDO, when coupled to empty coils made from aluminium or
copper, is shown in Fig. 3.3 as a function of field. The changes in w can be attributed
to magnetoresistance and other second order affects not considered in the previous

calculations.?

5This background can also include a noticeable drop in frequency at low fields due to the
superconducting transition of the solder used. Typically a 60%/40% tin/lead solder is used, which
has a critical field of 0.08 T and transition temperature of 7.05 K [116].
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Figure 3.3: Relative shift in resonant frequency at 4.2 K when using empty coils
made with 8 turns of 75 pm-thick copper or 100 pm-thick aluminium wire. Also
plotted are least-squares fits using Eqn. 3.11.

The magnetoresistance background of a coil can be approximated as

AWpackground = —bA Ry
_ H%MJ”HM”H’ (3.11)
where «, 3, v and 7 are constants. The first and second terms respectively repre-
sent the closed and open quasiparticle orbits around the Fermi surface in the limit
weT — 00 (we is the cyclotron frequency, 7 is the relaxation time) [117]. The last
term is a phenomenological term associated with linear transverse magnetoresis-
tance at high magnetic fields [118-120]. As shown in Fig. 3.3, this equation closely
matches the background response of both copper and aluminium coils. The list of
fit parameters is given in Table 3.1. The magnetoresistance was found to be largely
temperature-independent below 20 K.
From Fig. 3.3, it is clear that aluminium has a considerably lower magnetoresis-
tance than copper. However, it still may be desirable to use copper in some appli-
cations (such as pressure cells) due to its superior structural and tensile properties,

and the ease with which electrical contacts can be applied.
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Copper Aluminium
a/2m (Hz/T?) 2050 31.43
B (T72) 0.5 0.0022
v/2m (Hz/T?) 7.45 8.83
n/2n (Hz/T) -1520 -1041

Table 3.1: Parameters from least-square fits of Eqn. 3.11 to the frequency response
of empty copper and aluminium coils.

3.6 Samples

The PDODS was tested with a single crystal of Cu(H20)5(VOF4)(H20). This ma-
terial has a spin-gap at zero field (see Chapter 5 for the physics of spin-gapped
systems). At low temperatures (T" < 4K) the magnetisation is close to zero up
to around 13T, at which point it undergoes a sharp phase transition, leading to
a step-like increase in magnetisation. This transition becomes less noticeable with
increasing temperature, and eventually disappears at T' = 10 K to give way to a grad-
ual rise in magnetisation. This material is therefore ideal for testing the response
of the PDODS to sharp magnetic transitions, as well as more gradual variations in
magnetisation, as a function of the magnetic field.

The second material to be measured is a powdered sample of the metal-organic
coordination polymer [Cu(HF2)(pyz)2|BF4. This is a well-studied quasi-two dimen-
sional Heisenberg antiferromagnet, with a g-factor of 2.13, primary exchange cou-
pling |.J| of 6.3 K, exchange anisotropy |J; /J| of 9 x 10~* and a Néel temperature of
1.54 K. This system shows a gradual concave rise in magnetisation with increasing

field, saturating at 18 T [3].

3.7 Susceptibility

A 1.5 x 0.6 x 0.3 mm? single crystal of Cu(H20)5(VOF4)(H20) was placed in an
ampoule and measured using an 8 turn coil made of 100 pm-thick aluminium wire,
with coil diameter of 1.3 mm. Measurements were done at a range of temperatures,

a selection of which are shown in Fig. 3.4(a).
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Figure 3.4: (a) PDODS frequency shifts for a sample of Cu(H20)5(VOF4)(H20)
at various temperatures. Some smoothing has been performed to reduce high fre-
quency noise. The resonance frequency at zero field was 28.4 MHz. (b) PDODS
frequency shift with the background and the a’x( constant removed. The data has
been calibrated (right-hand axis) using SQUID data, which gives a saturation mag-
netisation of 2.2 pp/formula-unit. Data can be converted to S.I. units using the
relation 1 emu mol~! Oe™! = 47 x 107% m? mol~!. (c) Data from the extraction
susceptometer.
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Equation 3.9 implies that Aw o« —AY, and the changes in magnetic susceptibility
are quite clear at low temperatures without any need to subtract the background
or perform any further analysis: relative frequency shifts of about 4kHz are seen at
12T and 20T, representing the magnetic transition. Also note how this transition
is no longer seen at 20 K implying that at high temperatures the changes in the

magnetisation are much more gradual.

The data with the background subtracted are shown in Fig. 3.4(b). The magnetic
transition at low temperatures is well pronounced, and the resonant frequency is
shown to be constant at ugH < 13T and poH > 20T — in these regions we know
there is no change in the magnetisation, implying y = 0. However, Aw is still non-
zero due to the y( constant term in equation 3.10. The data from a traditional
extraction susceptometer is shown in Fig. 3.4c, for the same sample. It is clear that

both datasets are qualitatively very similar.

The PDODS response to powdered sample of [Cu(HF2)(pyz)2]BF4 was similarly
measured using a coil of 6 turns of 100 pm aluminium wire, and is shown in the
inset of Fig. 3.5b. As expected, Aw varies smoothly at low fields, and a sudden
change is seen at around 18T as the system becomes saturated. This sample was
also measured using the traditional extraction susceptometer, which shows the same

behaviour.

In addition, both samples where measured with magnetic pulses of different
magnitudes with rise-times ranging from 2.6 ps to 4.6 ps, corresponding to dB/dT
varying from 4.7T/ms to 16 T/ms, and no change was observed in the PDODS
behaviour at such rates. Cu(H20)5(VOF4)(H20) was also measured successfully in
a 17T superconducting magnet, and similar features were seen. It was found that in
DC magnets the magnetoresistance background is larger than in pulsed fields, likely

due to the extensive fringe field of the magnets.

In summary, the fact that the PDODS and the extraction susceptometer data

look the same for both samples shows that x dominates the resonator response,
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and so the PDODS system can be used for dynamic susceptibility measurements in

insulators.

3.8 Magnetisation

Once the background is removed from the data, the magnetisation can be calcu-
lated from Eqn. 3.10 by subtracting a constant corresponding to the a’x( term and
then numerically integrating. In samples which saturate during the pulse, the sus-
ceptibility should be zero after saturation and so any non-zero susceptibility can
be attributed to this a’xg. For samples which are not known to saturate fully,
the correct a’xo can be found by comparing the PDODS results to low field data
from other magnetometers, such as a SQUID magnetometer (for which commercial
pressure cells are available) [62].

Both of the samples measured above become saturated at high fields, and at 4 K
a’xo0/27 is found to be around 0.75kHz for Cu(H20)5(VOF,)(H20) and 0.5 kHz for
[Cu(HF2)(pyz)2]BF 4.

A comparison is made between the PDODS and extraction susceptometer mag-
netisation data for Cu(H20)5(VOF4)(H20) in Fig. 3.5a. The PDODS data agree
very well with the extraction susceptometer, successfully showing the sharp magnetic
transition at low temperatures, as well as the more gradual change in magnetisation
at higher temperatures.® Further measurements were taken at several temperatures
in between 0.5 K and 20K, and they show similar agreement.

Similarly, the integrated magnetisation for [Cu(HF2)(pyz)2]BF4 is given in
Fig. 3.5b. Once again the extraction susceptometer and the PDODS agree very well
— we see a gradual concave rise in magnetisation typical of quasi-two-dimensional
magnets, leading to a sharp transition at 18T which has been rounded slightly

because of the powdered average of the anisotropic g-factor [3].

5Tn Fig. 3.4, the small discrepancies at low fields between the between the PDODS and extraction
magnetometer are due to imperfect background subtraction. Here, a separate coil was used to
measured the background. For perfect results, the same coil should be used for measuring the
sample and background.
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Figure 3.5: Comparison of the deduced magnetisation from the PDODS and
the extraction susceptometer data, for (a) Cu(H20)5(VOF4)(H20) and (b)
[Cu(HF2)(pyz)2]BF4, inset: relative change in the PDODS resonant frequency dur-
ing the pulse.
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The absolute magnetisation can be found by comparing the PDODS results with
respect to low temperature data from other magnetometers, such as a SQUID. Cal-
ibrating the PDODS in such ways is not a disadvantage, as all magnetometers, such
as AC susceptometers, vibrating sample magnetometers and even modern SQUIDs,

need to be similarly calibrated by using magnetic reference samples.

3.9 Conclusion

In this chapter I explained the resonant frequency behaviour of the proximity de-
tector oscillator as a function of magnetic field when coupled inductively to a sensor
coil containing an insulating sample. The frequency response consists of a magne-
toresistive component, which was modelled for copper and aluminium coils, and an
inductive component, which can be related to the coil filling factor and the dynamic

magnetic susceptibility of the sample.

It was shown that for the two insulating samples Cu(H20)5(VOF,)(H20) and
[Cu(HF2)(pyz)2]BF4, the magnetic susceptibility dominates the inductance of the
measurement coil, and that upon careful subtraction of the magnetoresistance back-
ground, the magnetic susceptibility and magnetisation can be determined — in

agreement with data from a traditional extraction susceptometer.

In summary, I have proved that the proximity detector oscillator dynamic sus-
ceptometer (PDODS) is highly suitable for measurement of magnetisation and mag-
netic transitions in insulators. This, together with the small spatial footprint of
the measurement coil, makes the PDODS highly adaptable for use in pressure cells
for examination of materials with metallic-insulating phase transitions — allow-
ing transport and magnetisation to be measured in the conducting and insulating
phases respectively, and giving way for a full characterisation of the phase diagram

as function of pressure, magnetic field and temperature.

The technique described in this chapter forms the basis of the experiments de-

scribed in the rest of this thesis, where it was used for performing measurements
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that could not have been done, or would have been extremely difficult to do, with

more traditional techniques:

e In Chapter 4, the PDODS is used to measured the magnetisation of
CuF3(H20)2(pyz) at high pressures and fields, which cannot be done with

traditional techniques.

e In Chapter 5, the PDODS is used to measure the magnetisation of
[Cu(pyz)(gly)]ClO4, which shows a significant magnetocaloric effect in pulsed
fields, and hence cannot be measured with a pulsed-field extraction suscep-

tometer.

e In Chapter 6, the PDO is used to measure the upper critical field of
NaFe;_,Co;As, which is extremely air-sensitive, making the use of traditional

four-contact resistivity measurements extremely challenging.






Chapter 4

Controlling magnetic
interactions of Jahn-Teller

active systems with pressure

“Man is born free, and everywhere he is in chains.”
— Jean-Jacques Rousseau (1712-1778)

Here I discuss the possibility of using applied pressures to control the magnetic ex-
change parameters and dimensionality of coordination polymers with Jahn-Taller
active metal centres. I present the results of high-field magnetisation and muon-
spin relaxation measurements on the coordination polymer CuFs(HaO)s(pyrazine)
in pressures up to 22.5 kbar. I observe a transition from a quasi-two-dimensional to
a quasi-one-dimensional antiferromagnetic phase at 9.1 kbar, driven by a rotation of
the Jahn-Teller axis. Long-range antiferromagnetic ordering is seen in both regimes.
The magnetic dimensionality switching as pressure is increased is accompanied by
a significant reduction of the primary magnetic exchange energy J and a fivefold

decrease in the ordering temperature T. This chapter is based on work published in

Ref. [121].

49
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4.1 Introduction

Pressure plays a central role in the exploration of physical phenomena, for example
in metal-insulator transitions [122, 123] and superconductivity [124, 125]. This is
because it allows a controlled adjustment of structural parameters, such that their
influence on the electronic and magnetic properties can be determined. Pressure
can also affect transition-metal coordination polymers. Often pressures of a few
kbar! are enough to perturb the spin-orbit coupling and spin-exchange interactions
in these materials [126-129], as opposed to the extreme ~ 200 kbar pressures needed
to achieve similar effects in metal oxides [130]. A major selling point of coordination
polymers is their tunability—the ability to use minor structural or chemical modifi-
cations to manipulate the magnetic behaviour, which allows for a systematic study
of the magnetostructural properties [3]. Pressure allows for focusing on the mag-
netostructural properties of a single compound—in contrast to, for example, using
different ligands to modify the bond lengths of the system. The ‘non-innocence’ of
the ligands can obviously become a problem in the latter technique [131].

A number of coordination polymers are based on hetero-ligand Jahn-Teller (JT)
[132, 133] active metal centres, where the transition metal ion sits in a position of
octahedral symmetry, surrounded by an asymmetric ligand environment. In such
systems each trans-coordinated ligand provides an additional degree of freedom on
the JT-axis, meaning that small perturbations of the metal-ligand environment can
be enough to rotate the JT-axis and radically modify the material properties. Pres-
sure presents an ideal method of systematically achieving such perturbations, due
to the relative softness and high compressibility of the organic framework.

In this chapter I will show that pressure can be used to operate a Jahn-
Teller driven magnetic dimensionality switch between a two-dimensional and a one-
dimensional antiferromagnetic phase in the extended Cu-based coordination network
CuF3(H20)a(pyz) (pyz = pyrazine, C4H4N32). In this compound, hydrogen-bonding

interactions, a JT-active metal centre, and three different trans-coordinated ligands

Throughout this chapter I quote pressures in units of kbar. The relation to the S.I. unit of
pressure (Pa) is 1 kbar = 0.1 GPa.
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promote significant pressure-induced structural transitions. Together, these features
enable pressure-induced perturbation of the magnetic exchange, allowing the mod-
ification of the system’s magnetic dimensionality and providing the ability to tune

the primary exchange energy J.

The work presented in this chapter is the result of a collective effort, and has been
partially published in Ref. [121]. High pressure magnetisation measurements were
performed by myself, with the assistance of P. A. Goddard, and J. A. Schlueter,
and technical assistance from D. Graf and S. W. Tozer. All magnetisation and
susceptibility data analysis were performed by myself. p+TSR measurements and
analysis were performed by J. S. Moller, T. Lancaster, F. Xiao, and S. J. Blundell,
with technical assistance from A. Maisuradze, and R. Khasanov. The samples were

grown by J. A. Schlueter, who also performed the susceptibility measurements on

CU(N03)2(pyZ).

4.2 Previous work

CuF2(H20)2(pyz) has a highly anisotropic structure, consisting of Cu-pyz—Cu chains
along the crystallographic a-axis, with the Cu?* metal centres also joined together
via a two-dimensional hydrogen-bonding lattice in the bc-plane, as shown in Fig. 4.1.
The spin—1/2 Cu atom sits at the centre of a distorted octahedron, surrounded by
trans-pairs of Cu—O, Cu—F and Cu—N ligands. At ambient pressure the elongated
JT-axis is oriented along the N-Cu-N bonds, implying that the d,2_,2 orbitals and
the directions of largest electronic overlap are directed perpendicular to this axis,
and are within the bc-plane. This situation is confirmed by pulsed-field magneti-
sation, electron-spin resonance (ESR), muon-spin relaxation (u+SR), and neutron
scattering measurements [71, 134], showing that the compound displays highly two-
dimensional antiferromagnetic behaviour with J = 11.5 K, secondary exchange en-
ergy J| ~ 107%J, and long-range ordering temperature Ty = 2.6 K. The primary

magnetic exchange is mediated via the Cu—OH- - - F—Cu spin exchange paths within
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be-plane

el ===

Figure 4.1: Crystal structure of CuF3(H20)2(pyz) [71, 136], showing (a) the 2D
hydrogen bonding network at ambient pressure. Hydrogen positions are approxi-
mate. Also shown is an isolated Cu-pyz—Cu chain at (b) ambient pressure and (c)
13.9kbar, on the same scale. The JT-axis is shown by the red striped bonds. The
zoomed-in regions show the JT octahedron, together with a representation of the
magnetic orbitals, which provide the dominant exchange pathways. The H atoms
are not shown in the Cu—pyz—Cu chains for clarity.
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the be-planes, which is consistent with ambient-pressure density-functional theory

calculations [71, 135].

Goddard et al. [136] carried out a detailed magnetisation study of the effect
of selective isotopic substitution of hydrogen by deuterium. It was shown that
deuterating the pyrazine molecules causes little change in the magnetic properties,
while in contrast modifying the water molecules caused a 0.5 K drop in exchange
energy J. This is due to the heavier mass of the deuterium atoms, leading to
a smaller zero-point vibrational amplitude and a reduction in the overlap of the
electronic wave functions [129, 137], thus reducing the exchange efficiency. This
confirms the crucial role of the H- - - F bonds in mediating magnetic exchange in this
material. Ambient pressure neutron scattering measurements by Wang et al. [134]
show that the spins form a collinear structure along the b, c-axis at zero field, with
a reduced magnetic moment of 0.60(3) up/Cu pointing in the [0.7 0 1] real space
direction. The magnetic lattice is doubled in the a-direction, while in the bc-plane

the magnetic and structural lattices remain the same [134].

Recent synchrotron x-ray powder diffraction measurements by Halder et al. [136]
have revealed that CuF2(H20)2(pyz) undergoes two structural phase transitions
as a function of pressure, likely caused by a rotation of the JT-axis and orbital
orientations. With the application of pressure, the elongated JT-axis was found
to change from the Cu-N to the Cu-O bond direction at approximately 9kbar.
This shift was also detected in a single-crystal diffraction experiment, albeit at the
higher pressure of 18 kbar [131]. The discrepancy between the two measurements is
discussed at the end of Section 4.5. A further pressure induced change to the Cu-F

direction was seen by Halder et al. [136] at approximately 31 kbar.

In this chapter I report a profound change in the magnetic properties occurring
at 9.1kbar in both single-crystal and powder samples. My interpretation of this
result is consistent with the rotation of the JT-axis suggested by Halder et al. [136].
At this pressure the magnetic structure switches from quasi-two-dimensional (Q2D)

to quasi-one-dimensional (Q1D) due to the reorientation of the d,2_,2 orbitals, from
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lying within the hydrogen-bonded be-plane to the ac-plane — thus significantly de-
creasing the electronic overlap along the Cu-OH- - - F-Cu bonds, while simultaneously
increasing the magnetic orbital overlap along the a-axis (see Fig. 4.1) [136]. This
results in the primary exchange being mediated by pyrazine molecules via the Cu—
pyz—Cu chain, therefore allowing Q1D antiferromagnetism to develop. To establish
this pressure-induced dimensional switching, as well as to track the evolution of
magnetic energies, the behaviour of CuFy(H20)2(pyz) as a function of pressure was

explored using high-field magnetisation and muon-spin relaxation measurements.

4.3 Experimental details

The samples were formed by dissolving NH4F and pyrazine in a teflon beaker, and
then adding an aqueous solution of Cu(NOs)s - yH2O [71]. This results in a blue
solution, in which pale blue crystal blocks begin to appear after a few minutes.
After the crystals are grown to the appropriate size, they are collected via vacuum
filtration and air-dried for a short time. In order to prevent desolvation over time,
the crystals are immersed in solvent and stored in a freezer.

Single crystal magnetisation measurements in fields up to 35 T were performed
at the National High Magnetic Field Laboratory (NHMFL), USA, using the prox-
imity detector oscillator dynamic susceptometer. Measurements were performed
up to 20 kbar using a piston-cylinder cell (PCC) at 1.4 K. Two measurements
were performed in the low-pressure regime (P < PF.1), another at the critical
pressure P.; ~ 9.1kbar, and a further four in the intermediate pressure region

(Pcl < P< PCQ).

4.3.1 Piston cylinder cells

The experiment was performed using a Guertin piston-cylinder cell (PCC) designed
and built at the NHMFL. A schematic diagram of the PCC is given in Fig 4.2.
It essentially consists of a piston that pushes down on a sealed teflon cup, which

contains the pressure medium and is placed over the sample holder. The PCC is
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Figure 4.2: (a) Schematic diagram of a piston-cylinder cell, together with (b) an
image of the sample holder with a sample mounted inside a PDO coil.

made of MP35N, a high-tensile non-magnetic nickel-cobalt-chromium-molybdenum

alloy, and is manufactured to very exact engineering tolerances. As the piston is

pushed down the teflon cup is constrained to compress vertically, reducing the sample

volume. The pressure medium is sealed in the teflon cup, and so, being unable to

escape, becomes pressurised. Thus the applied pressure is transferred to the sample

via the pressure medium, and the piston never touches the sample directly.

The sample holder is prepared by feeding an aluminium-clad fibre optic cable

and a pair of copper leads through the sample platform. The cables are firmly sealed

in place using Stycast 2850 FT epoxy, which has been held under vacuum to remove

any air bubbles. Air bubbles can collapse under pressure, leading to a failure of

the pressure cell. The PDO coil is then soldered on to the feedthrough leads, and

epoxied to end of the fibre optic cable using Stycast 1266 epoxy [see Fig. 4.2(b)].

After mounting the sample inside the PDO coil, a sealing ring is placed around

the sample holder platform, and the sample holder is placed in an endcap and

screwed securely into the bottom of the PCC. The pressure cell is then filled with an
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appropriate pressure medium, and the teflon cup is placed on top. This is followed
by another sealing ring, the piston, and finally another end-cap. The pressure cell is
then placed inside a hydraulic press, and the required force is applied as measured
by a calibrated transducer. As pressure is applied the sealing rings deform and the
pressure medium becomes sealed in the teflon cup, unable to escape. The pressure

is then ‘locked-in’ by turning in the threaded endcaps.

Once the desired pressure is reached, the pressure cell is removed from the hy-
draulic press, and placed on the measurement probe. The system is cooled at a
rate of 1 K/min down to the measurement temperature. The slow rate of cooling is
to prevent any thermal shock to the pressure cell, and to preserve hydrostatic con-
ditions as the system goes past the freezing temperature of the pressure medium.
Cooling from room temperature to liquid helium temperatures causes a pressure
drop of approximately 2 kbar, due to the difference between the thermal expansion

coefficients of the pressure medium and the cell itself.

The main advantage of piston-cylinder cells is the large sample space volume.
This allows for use of large or multiple samples, and also makes the operation of the
pressure cell easier. The large sample space also means that the pressure tends to be
more hydrostatic (i.e. isotropic) than in the smaller diamond-anvil cells. However,
the larger volume and mass means that a pressurised PCC holds a significant amount
of energy, and the risk of damage or injury in the event of a structural failure is
significant. The PCC used here has a maximum safe usage pressure of approximately
22 kbar under cryogenic conditions, although PCCs capable of reaching over 29 kbar
exist [138].

4.3.2 Pressure calibration and hydrostaticity

The pressure was measured in-situ using the Rji-line fluorescence of small ruby
crystals placed within the pressure cell, with the signal being brought out on a
fibre-optic cable. In the PCC measurements small ruby chips were glued on top of

the feedthrough fibre-optic cable next to the sample. Any applied pressure causes
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Figure 4.3: (a) Ry laser fluorescence response of ruby crystals inside the piston-
cylinder cell. Also shown in (b) are the normalised curves, showing the change in
peak broadness as pressure is increased.

a linear wavelength shift (0.0365nm/kbar) in the R; peak position, as shown in

Fig. 4.3, which can be used to calibrate the pressure [139-141].

The choice of pressure medium can have a significant effect on the hydrostaticity,
especially at high pressures. The hydrostaticity is affected by how much the pressure
medium volume changes upon cooling, its freezing temperature, and the pressure
at which it solidifies [142, 143]. The most hydrostatic pressure mediums are He or
methanol/ethanol mixtures [142]. Helium is difficult to use due to being a gas at
room temperature, and methanol/ethanol mixtures are not suitable as they may
react with the sample. A 50:50 mix of Fluorinert 70:77 was used as the pressure
medium for piston-cylinder cell measurements, except for a later measurement at

15.6 kbar in which I used Daphne 7474.

The hydrostaticity can be estimated through analysis of the fluorescence peak
sharpness [144, 145]. Looking at the measurements in Fig. 4.3, there is no major
increase in the peak width with applied pressures up to 15.6 kbar, an indication of
good hydrostatic conditions. This is further supported by the fact that there is little
difference between the Fluorinert and the Daphne 7474 measurements (Daphne 7474
is known to be hydrostatic up to ~ 37kbar at room temperature [143]). However, a
broadening of the peak at 20 kbar is seen, which can be an indication of a degree of

non-hydrostaticity. We can place an upper limit on the non-hydrostaticity by looking
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Figure 4.5: (a) PDODS resonance frequency for an empty resonator coil, and for one
with CuF2(H20)2(pyz) single crystals at 12.9kbar and 7' = 1.4K. Also included
is (b) the resulting magnetic susceptibility, which was integrated to give (c) the
magnetisation.
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at the increase in the peak width with respect to an ambient pressure measurement
[142, 143], via

_ FWHM(P) — FWHM (ambjent)

AP 0.0365 x 2.4

where FWHM is the full-width at half-maximum as measured in nanometers, the
factor of 0.0365 is to convert nanometer to kbar, and the factor of 2.4 is to convert
the FWHM to the standard deviation, assuming the peak is Gaussian. This gives

an upper bound of £0.7kbar at P.; =~ 9.1 kbar.

To prevent any crystal desolvation over time, fresh samples were grown shortly
before the experiments, and were kept in solvent until needed. The crystals were
examined upon release of pressure at the end of the experiment, and were found to
be unaffected by the applied pressure, further indicating good hydrostatic conditions

and absence of any major uniaxial stress in the PCC measurements.

4.3.3 PDO measurements

The relatively large sample space provided by the piston-cylinder cell allowed for
a multi-turn coil of 8 turns of 75 pm-thick Cu wire, with a coil diameter of 1 mm.
The samples were aligned with the applied magnetic field parallel to the crystal
a-axis, and the coil filling factor was approximately 100%. In order to characterise
any changes in the magnetoresistive background of the system as a function of
pressure, empty-pressure cells were loaded and tested at various pressures in a 16 T
superconducting magnet. It was found that, other than a slight rescaling, applied

pressure induces no features in the magnetoresistance background.

The frequency response of the PCC measurements, for samples of
CuF2(H20)2(pyz), is given in Fig. 4.4(a). Also shown is an empty coil background
measurement at ambient pressure. Prompted by the form of the magnetisation at
ambient pressures [11], the magnetoresistive background at each pressure was de-
duced by scaling the empty coil measurement until it matched the sample response

above the saturation point, for example see Fig. 4.5. The magnetisation was then
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found by subtraction of the scaled background data, and integration of the residual

according to Eqn. 3.10.

4.4 Magnetisation

The magnetisation as measured across a range of pressures up to 20 kbar is given
in Fig. 4.6(a). At ambient pressure the magnetisation rises monotonically with a
curvature typical of Q2D antiferromagnetic systems [12], saturating at 28.1T in
agreement with previous measurements [71]. As pressure is applied, a steady reduc-
tion in the critical field B. is observed, down to 23.4T at 9.1 kbar [see Fig. 4.6(c)].
Further application of pressure leads to a dramatic drop in B, to 8.3 T, after which
any additional pressure serves to gradually increase the saturation field, in contrast

to the behaviour seen at lower pressures.

The magnetism in CuFy(H20)2(pyz) can be described by the model

H=TY (S;-’CS;? +SYSY + ’ySfS;) +J0 5SS +gusBY S7 (41)
(@00 (i,5) 1 i

where in a Q2D (Q1D) phase, J and J, are the magnetic exchange strengths within
and normal to the planes (chains) respectively, v is the spin-exchange anisotropy,
and ¢ is the g-factor. The first two summations are over the unique ligands through
which the exchange couplings take place, and the last term is the Zeeman splitting
term. Note that magnetic moments in this system are collinear and that a centre
of inversion exists, thus prohibiting antisymmetric exchange Dzyaloshinskii-Moriya
DgM -(Sj x S;) interactions in the Hamiltonian. Furthermore, the spin-1/2 Cu atoms
should show no D(S,)? single-ion anisotropy. Neutron scattering measurements
give a spin-exchange anisotropy parameter of at least 0.99988 [134], proving the
Heisenberg nature of the exchange interactions. Given Eqn. 4.1, the saturation field

can be determined by the energy cost of flipping one of the spins from the fully
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polarised state [12, 146], and is given via

gupBe=nJ +n,J, (4.2)

for a spin-1/2 system, where n and n, are the number of nearest-neighbour exchange
ligands of interaction strength J and J, respectively (n = 4,n; = 2 for Q2D;
n=2,n; =4 for Q1D) [3].

For a Heisenberg spin-1/2 antiferromagnet (AFM) the form of the magnetisa-
tion up to saturation strongly reflects the magnetic dimensionality, and Quantum
Monte-Carlo simulations have shown that the magnetisation becomes strongly con-
cave as the dimensionality is reduced [3, 12, 147]. Indeed, looking at Fig. 4.6(b),
the magnetisation becomes noticeably concave above 9.1 kbar, an indication of the
reduction in the magnetic dimensionality. Moreover, looking at the 9.1kbar data,
we discover a noticeable change in the magnetisation gradient at a field (7.9 T) close
to the critical field of the higher pressure phase. The curvature of the magnetisation
below this field is similar to that of the higher pressure regime, while the curvature
above it is closer to that seen at lower pressures [see Fig. 4.6(a)]. This implies a
degree of phase separation, with coexisting volumes of the sample in the high- and

low-pressure phases.

The fact that both the phase separation and the change in curvature occur at
the same pressure as the JT-axis shift [136] leads us to conclude that the dramatic
drop in B, above 9.1kbar is due to the proposed transition from the Q2D to a
Q1D antiferromagnetic phase. In a strongly anisotropic system (J, < J), we can

approximate the saturation field as

B. ~nJ/gus.

The sudden change in B, can thus be understood as a combination of the change in

n from 4 to 2 (i.e. a Q2D to Q1D transition), and a simultaneous change in J.
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Figure 4.6: (a) Magnetisation of CuF2(H20)2(pyz) singles crystals with B || a-axis,
at 1.4K (2K at 15.6 kbar). The arrows represent the change in the saturation field
with increasing pressure. (b) M vs B/ B, at ambient pressure and 12.9 kbar, showing
the change in curvature. Also shown is (c) the saturation field B, (d) the deduced
primary exchange coupling energy J, (e) the ordering temperature Ty deduced from
the SR data (see Fig. 4.7), and (f) the secondary exchange J,. To extract J,
we have used values of ¢g obtained from ESR measurements [131]. Tx at ambient
pressure (triangle symbol) is from Ref. [71].
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The extracted values of J are given in Fig. 4.6(d), where I have used the appro-
priate g-factor for the appropriate phase [131]. I find J ~ 11.4 K at ambient pressure,
confirming previous pulsed-field measurements [71]. Under application of moderate
pressures, J begins to decrease gradually at a rate of 0.21 +0.01 K/kbar, eventually
reaching 9.5K at 9.1 kbar. A further increase in pressure leads to a substantial
reduction in J, down to 5.5 K, caused by the switching of the main exchange path-
ways to bonds with weaker effective nearest-neighbour interactions as the system
undergoes a change in magnetic dimensionality. Within the high-pressure region,
any further application of pressure results in a steady increase in J at the rate of

0.1+ 0.01 K/kbar.

It is possible to compare the extracted J values to estimates from low-field sus-
ceptibility measurements. For a spin-1/2 Heisenberg AFM, a rough estimate of the
exchange energy J can be deduced from the position of the short-range ordering

peak in the low-field magnetic susceptibility, via

kpTl™ = al, (4.3)

where a = 0.641 for a Q1D antiferromagnet [148], or a = 0.94 for a Q2D system [149].
From the work of Halder et al. [136], this gives J ~ 10.6 K at ambient pressure, and
J ~ 5.6 K at 11.6 kbar, in good agreement with our findings. Note that this estimate
is based on measurements made (a) over a wide range of temperatures, and (b) above
the long-range ordering temperature Ty, whereas my magnetisation measurements
are done at a set temperature which is below (Q2D phase), or in the vicinity of

(Q1D phase), TN, as detected from ptSR data (see next Section).

Note that the magnetisation saturation field B, is well resolved within the Q1D
phase, despite the measurement temperature 1.4 K being above, but close to, Tx.
This is due to short-range antiferromagnetic correlations, and the vicinity of the

onset of long-range ordering at Tn.
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4.5 Muon-spin relaxation

Further support for the dimensionality switch comes from p*SR measurements
which probe the magnetic ordering of a system and allow one to extract Tx [70].
Powder sample pTSR measurements were carried out at the Swiss Muon Source,
Paul Scherrer Institut, CH, with detailed temperature scans taken at six different
pressures using a piston-cylinder cell, which showed good hydrostaticity [121]. Ex-

ample p SR spectra are given in Figs. 4.7(a-c). The TSR data were fitted to

ZAe cos(2mvit + ;) +ZA€’\t+Ab()

7

where v; are the dominant oscillation frequencies due to long-range magnetic order
of the sample, ¢; is a constant phase, the exponential terms account for residual
magnetic dynamics in the sample, and the Ay, (¢) term accounts for the background
from the pressure cell. Full experimental details and detailed discussion of the muon

technique can be found in Refs. [121, 135].

The evolution of the fitted oscillation frequencies is given in Figs. 4.7(d-f).
Within the low-pressure regime, oscillations were observed at three frequencies be-
low a critical temperature, which at approximately 1 kbar is 2.48(1) K. This is in
agreement with previous ambient-pressure measurements which found oscillations
at three frequencies below 2.59(1) K [71]. The onset of these oscillations implies
long-range ordering within the system, and gives the ordering temperature Tx. In

this regime, Ty is found to decrease with application of pressure [see Fig. 4.6(e)].

At 11.2 kbar and above there is no discontinuous change in the p*SR spec-
tra above 1 K. However, oscillations at a single frequency appear below 500 mK
[Figs. 4.7(c,f)], providing evidence for long-range magnetic order in the high-pressure
regime. Ty is found to increase with increasing pressure, in accordance with the be-
haviour of the dominant exchange J, and the change in Ty is found to be reversible
upon reduction of pressure from 22.5 kbar to 11.2 kbar. Compared to a Q2D sys-

tem, a Q1D system should be expected to have a much reduced long-range ordering
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Figure 4.7: Time evolution of the u™ decay asymmetry A(t) in (a-b) the low-pressure
regime, and (c) the high-pressure phase. Also shown are (d-f) the fitted oscillation
frequencies v(T'). Two frequencies were dominant in the low-pressure regime, while
the higher pressure phase was well described by a single frequency.
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temperature owing to the increased influence of fluctuations in one dimension [150].
Therefore, the large decrease in Ty that is observed in the critical pressure region
[Fig. 4.6(e)] is consistent with a transition to Q1D magnetic behaviour at high pres-
sures. Also note the different temperature dependence of the oscillation frequencies

in the Q1D and Q2D phases.

The combination of a substantial change in the u™SR frequencies and ordering
temperature Ty, as well as a dramatic reduction in the critical field B, provides
unambiguous evidence and direct confirmation of the proposed phase transition from
Q2D to Q1D antiferromagnetism. I emphasize that the critical pressure region of
9.1kbar is in agreement with the critical pressure of the JT-axis change seen in
powder-sample structural measurements of Halder et al. [136], as well as infra-red
spectroscopy measurements of Musfeldt et al. [151] which showed significant changes

in the collective behaviour of the lattice vibrations at P.i.

This dimensionality crossover is further supported by a single crystal ESR and
structural study by Prescimone et al. [131], who observed a pressure-induced JT-
axis shift accompanied by a rotation of the magnetic d-orbitals, albeit at a higher
pressure of 18 kbar. Other than this difference in the critical pressure value, their
structural measurements above and below the phase transition match that of Halder
et al. [136]. As the g-factor is governed by the local environment of the Cu atoms, in
this chapter I have used the appropriate g-factor for the appropriate structure from
ESR, as given in Ref. [131]. The reason for the discrepancy between the critical
pressure of our single-crystal magnetisation and powered-sample p™SR measure-
ments, as well as the structural and infrared measurements [136, 151] of others, and
the work of Prescimone et al. [131] is not clear. One reason may be the effect of
non-hydrostaticity, which is dependent on the pressure cell design, the cooling rate,
the pressure medium, and the sample size, amongst other things. Furthermore, it
is known that CuF3(H20)2(pyz) is sensitive to desolvataion, and to prevent this my

measurements were performed within 48 hours of the sample being grown. However,
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the time length between the sample growth and measurements in Ref. [131] is not

known.

4.6 Further discussion

Empirical formulae based on Quantum Monte Carlo simulations by Yasuda et al.

[152] can be used to relate the secondary exchange J; to J and Ty, via

|JL| = |J]exp (2.43 — 0.88)), (4.4)

for a Q2D Heisenberg AFM, and

1

Ji|=1.073T; ,
4] NV/IA+05mnA

(4.5)

for a Q1D Heisenberg AFM, where A = 2.6 J/TN. The calculated values of J, are
shown in Fig. 4.6(f). Within the low-pressure Q2D phase I find J; to be of the order
of 1mK. In the Q1D regime, J, is mediated by the portion of the d,2_,» orbitals
that still lie within the be-plane, and this leads to a jump in J; by two orders of
magnitude to approximately 0.3 K as we move over to the Q1D phase.

Fluctuations reduce the size of the ordered moment in low-dimensional AFMs.

Using a mean-field approximation, we can estimate the zero-field moment of a Q1D

_ 28/
o= 15\ 157 BN T

The value of J, /J remains approximately constant within the Q1D phase, yielding

AFM from [153]

a value of mg = 0.46 0.01 . This compares with 0.5 ug and 0.072 ug in the Q1D
AFMs KCuF3 and SroCuOj3 [153], and is smaller than my = 0.6 up estimated in the
low-pressure Q2D phase from neutron data [134]. These values are noticeably smaller
than that of a spin-1/2 free moment. Thus the effective moment is seen to decrease
significantly with decreasing dimensionality. This is due to the increased significance

of quantum and thermal fluctuations as the dimensionality is reduced [150].
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The reduction in effective moment may also tentatively explain the increase in
concavity of the magnetisation curve in low dimensional systems: as the dimension-
ality is reduced, the effective moment is lowered, and so the system has a lower
magnetisation at a given field. However, the magnetisation of the fully polarised
state is independent of the dimensionality,? and so both Q1D and Q2D phases must
reach the same magnetisation value at the saturation field. Thus a low-dimensional
system must ‘recover’ the reduced moment as the magnetic field approaches the
saturation point, leading to a more concave magnetisation curve.

The trends in J [Fig. 4.6(d)] can be explained in terms of the effect of pressure
on the crystal structure and the magnetic exchange ligands. The decrease seen in
J within the Q2D phase is due to the increase in the S-angle between the a- and
c-axes [136], which leads to a misalignment of Cu—pyz—Cu chains and causes them to
begin to slide past each other [151]. This serves to severely disrupt the H- - - F bonded
network, decreasing the efficiency of magnetic coupling along the Cu-OH- - - F-Cu
exchange pathways and thus reducing J.

The steady increase in J with applied pressure within the Q1D regime is because
unlike the soft H---F bonded layers, the Cu—N bonds and the pyrazine rings are
relatively resilient, and so no major distortions are seen within the Cu—pyz—Cu
chain in the Q1D regime [136, 151]. This resilience, together with the decrease in
the chain length with applied pressure [136], enhances the magnetic d-orbital density
overlap along the chain and results in the increase in J.

The pTSR data provide evidence for phase separation at 10.5 kbar, where a
fourth frequency appears at low temperatures and the other three frequencies remain
present up to 2.15 K [see Fig. 4.7(e)]. The magnitude of the fourth frequency is
consistent with those found for the Q1D ordering at 11.2 kbar and above, and the
other three frequencies are consistent with those found for the Q2D ordering below
10 kbar. While I cannot completely rule out the effects of non-hydrostaticity, these

observations in both powder ™SR and single crystal magnetisation measurements,

2Note that this is not strictly true, as the g-factor may differ in different phases.
3The hydrostaticity is estimated to be 0.2 kbar for the 10.5kbar p+SR experiment [121]. We
also estimate an upper limit of +0.7 kbar for the 9.1 kbar magnetisation measurement.
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Pressure AP B. (K) J (K) Phase

(kbar) (kbar)

0.001 0 28.1(3) 11.4(3) Q2D
3 5.9(2) 0.5 24.8(3) 10.0(2) Q2D
3 9.1(2) @ 0.7 23.4(3) 9.5(2) Q2D
ks 9.1(2) @ 0.7 7.9(1) 5.5(1) Q1D
5 12.9(2) 0.7 8.3(1) 5.9(1) Q1D
= 15.6(2) 0.2 8.9(1) 6.3(2) Q1D

20(1) 3.3 9.4(1) 6.6(2) Q1D

Table 4.1: Summary of the magnetisation data on CuFy(H20)a(pyz). J was calcu-
lated using Eqn. 4.2, using the appropriate value of g. AP is the upper-limit of the
non-hydrostaticity estimate.

“Assuming phase separation.

Pressure AP Tn (K) J1 (K) Phase
(kbar) (kbar)
0.001 0 2.59(1) ° 5(1) Q2D
1.0(5) 0.5 2.48(1) 4.2(9) Q2D
4.8(1) 0.1 2.11(3) 1.5(4) Q2D
& 10.5(2) ® 0.2 2.15(3) 6(2) Q2D
s 10.5(2) 0.2 0.5(1) 280(80) Q1D
11.2(2) 0.2 0.535(5) 290(3) Q1D
14.8(3) 0.3 0.570(6) 308(4) Q1D
22.5(5) 0.5 0.628(8) 339(5) Q1D
Table 4.2: Summary of the muon-spin relaxation measurements on

CuF3(H20)a(pyz). J1 was calculated from Equations 4.5 and 4.4, using values of .J
found from interpolation of the magnetisation data. AP is the non-hydrostaticity
estimate.

“From Manson et al. [71].
b Assuming phase separation.
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as well as in a separate ESR study [131], seem to point towards the presence of an

intrinsic phase separation in the critical pressure region.

4.7 Another Jahn-Teller active material:

Cu(NOs)2(py2)

We observed that in CuF2(H20)2(pyz), the presence of three different ligands in
the Cu-centered octahedra effectively introduced several degrees of freedom in the
JT-axis orientation. This has allowed a sequential change in the direction of the
JT-axis through structural perturbations, due to the different ligand strengths. It
is interesting to compare this material to Cu(NOj3)2(pyz), which is similarly based
on a JT-active Cu atom sitting in a distorted octahedron, but only surrounded by
two unique ligands.

Cu(NO3)2(pyz) has a structure very similar to that of Cuz(H20)2(pyz), consist-
ing of Cu—pyz—Cu chains along the a-axis, with the Cu-atoms joined together in the
plane perpendicular to the chain direction by NOg bonds, as shown in Figs. 4.8(a,b).
The Cu atoms sit within a distorted octahedral environment, surrounded by Cu-N
and Cu—O ligands. This system is known to be a Q1D AFM at ambient pressure
(J =10.6K, Txy = 0.107 K), with the magnetic orbitals lying within the Cu—pyz—Cu
chain direction and the JT-axis along the Cu-O bonds [17].

Low-field (0.1 T) susceptibility measurements as a function of temperature were
performed in a range of pressures up to 11.6kbar, and are shown in Fig. 4.8(c).
The broad peak in susceptibility is due to short-range antiferromagnetic ordering
above Tn. The primary exchange energy J can be estimated via Eqn. 4.3, and is
shown in Fig. 4.8(d). I observe no change in the exchange coupling J with applied
pressure within this material, although a gradual increase in J with pressure may
be present. Note the relatively large error bars in Fig. 4.8(c), which arise from the
broadness of the susceptibility peaks. This highlights an advantage of magnetisation

measurements, which can determine J to much better accuracy.
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Figure 4.8: Crystal structure of Cu(NO3)2(pyz) at ambient pressure, along the (a)
a-axis, and (b) the be-plane. The red striped bonds represent the JT-axis. The
zoomed-in region shows the JT-octahedron, together with one possible representa-
tion of the magnetic orbitals. (c) Low field (0.1 T) susceptibility measurement of
Cu(NO3)2(pyz) across a range of pressure, with the field parallel to the a-axis. (d) A
rough approximation of J, deduced from the position of the low-field susceptibility

peaks.
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However, unlike CuF2(H20)2(pyz), no JT-switching or orbital reorientation is
seen upon application of pressure (up to 11.6kbar) in this compound, likely due
to the angle of the O-Cu—O bonds in the octahedra being significantly differ-
ent from 90°. Such a mismatch with the symmetry of the d,2_,2 orbitals would
considerably increase the energy cost of an orbital reorientation. Furthermore, in
CuF2(H20)2(pyz), the successive change in JT-axis from Cu-N to Cu-O, to Cu-F,
is in accordance with the empirical ligand field strengths (i.e. spectrochemical series
F~ < OH™ < pyrazine) [136, 154] and leads to a sequential decrease in the unit cell
volume with increasing pressure. If the same JT-axis direction vs cell volume trend
holds for Cu(NOs3)2(pyz), then a rotation of JT distortion axis from Cu-O to Cu-
N might lead to an increase in the unit cell volume, which would be energetically

unfavourable.

4.8 Conclusion

Through high-pressure magnetisation and p*SR measurements, I have shown that
pressure can be used to induce a Jahn-Teller driven magnetic phase transition
in CuF3(H20)2(pyz). The system undergoes a phase transition from quasi-two-
dimensional to quasi-one-dimensional antiferromagnetic behaviour at 9.1 kbar due
to changes in the primary exchange pathways, leading to a dramatic change in the
the exchange coupling strength and ordering temperature. The exchange coupling J
was found to decrease gradually with pressure in the two-dimensional phase, drop by
more than a half at the phase transition, and then increase in the one-dimensional
regime. I also related the changes in J to the effect of pressure on the crystal
structure.

In this system the presence of different ligands in the Jahn-Teller octahedra has
essentially induced several degrees of freedom on the Jahn-teller axis, whose direction
can be sequentially changed due to the different ligand strengths. The chemistry of
coordination polymers is well established, and so the possibility of designing similar

systems with specific ligand strengths exists. This gives considerable control over
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the Jahn-Teller axis behaviour when compared to other materials, such as Tutton
salts [155, 156] or NagMnFg [157], where all the ligands are the same type, but a
single pressure-driven Jahn-Teller axis switch is observed due to subtle differentiation
of the ligands by second-order intermolecular interactions [136].

In conclusion, I have demonstrated that pressure can be used to adjust the
magnetic properties of metal-polymeric systems, giving us the ability to tune the
interaction strengths and select the magnetic dimensionality via external perturba-
tion. This work emphasises the powerful role that pressure can play in exploring

new materials and phases.

4.9 Further work: a second phase transition in

CuF,(H;0)2(pyz)?

Structural measurements suggest that CuFy(H20)2(pyz) undergoes a second struc-
tural distortion at higher pressures [131, 136]. However, there is some controversy in
literature with regards to (a) the critical pressure of this structural transition, and
(b) the exact nature of the transition itself. Two new high-pressure structures have

been proposed:

e Measurements by Halder et al. [136] show a structural phase transition at
approximately 31 kbar, which they propose is consistent with switching of the

JT-axis from the Cu—O to Cu—F bond direction.

Similarly to the previous phase transition at 9.1 kbar, this would cause a
rotation of the d,2_,2 orbitals from the ac- to be-planes of the system, with
the lobes of the orbital lying along the Cu—pyz—Cu and Cu-O bonds. Thus
there would be little change in the overlap of the magnetic d,2_,2 orbital and
the Cu—pyz—Cu bonds across this phase transition, and the system remains

Q1D. See Fig. 4.9(a).

e Measurements by Prescimone et al. [131] show a second phase transition at

21 kbar, a noticeably lower pressure than that of Halder et al. [136]. They
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Figure 4.9: The proposed scenarios for a second structural transition in
CuF3(H20)2(pyz): (a) a second JT-axis switch at 31 kbar [136], or (b) joining up of
two chains via Cu-F bonds at 21 kbar [131], forming a spin-ladder. The hydrogen
atoms are not shown for clarity. The JT-axis is shown by the red striped bonds.
In (a) the zoomed-in region shows the proposed change in the JT-octahedron at
31 kbar. The blue lobes represent the magnetic orbitals, which provide the dom-
inant exchange pathways. See Fig. 4.1 for comparison with phase transition at
9.1 kbar.
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observe no JT-axis switching at this pressure, but instead propose that two-
thirds of the chains begin to eject one water molecule per Cu atom, forcing
the chains to join together via Cu—F—-Cu bonds to fill the empty coordination
position. The remaining one-third of the chains remain unaffected, with the
ejected water molecules lying in-between the modified and unmodified chains.

This situation is shown in Fig. 4.9(b).

This structural transition would lead to a second exchange coupling via the
Cu-F-Cu bonds, forming a spin-ladder system, with Jryng and Jieg characteris-
ing the exchange along the Cu-F—Cu and Cu—pyz—Cu bonds, respectively. One
might expect Jrung > Jieg due to the shorter length of the Cu-F-Cu bonds.
In this scenario the system would become dimerised, potentially exhibiting a
spin-gap between a non-magnetic ground state and magnetic excited states

(see Chapter 5).

In order to distinguish between the two proposed scenarios and to investigate
this high-pressure phase, I performed a series of PDO measurements in diamond-
anvil cells (DACs), reaching pressures of up to 56 kbar. The procedure for setting
up DACs is given in Appendix A. Such experiments are extremely challenging. A
great difficulty in DAC work is the very small dimensions that have to be worked
with, which makes it significantly more demanding than piston-cylinder cells, and
leads to a higher failure rate. For this experiment over ten DACs were prepared,
using a wide variety of diamonds of different diameters, gasket thicknesses, gasket
holes, and PDO coils. The most promising measurements were made using a cell
with 0.8 mm cutlet diamonds and gasket thickness of 150 pm. A PDO coil with four
turns of 15 pm Cu and coil diameter of 150 pm was used. The sample had a diameter
of 80 pm and thickness of &~ 40 pm, giving a filling factor of less than 20%.

The experiment was performed using a 16 T superconducting magnet in a Quan-
tum Design Physical Properties Measurement System at NHMFL, USA. The mea-
surements were made at 22.0(4), 31.0(4), 39.9(4), and 56.3(6) kbar, at a temperature

of 2 K. The results are given in Fig. 4.10(a). Features are difficult to see by eye in the
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raw data, suggesting that the magnetoresistive background is higher than the sam-
ple signal. However, features in df/dB became apparent if several measurements
were performed at the same pressure and the results averaged.

The df/dB curve for several pressures is given in Fig. 4.10(b). We observe a
peak (labelled a) in the 22 kbar curve, which has a similar profile to the peaks seen
at the sample saturation point in the piston-cylinder cell measurements presented
earlier in this chapter. I suggest that this peak is also seen in the 31 kbar data at
a slightly higher field, although it is less pronounced. The positions of these two
peaks, once plotted with the sample saturation field at lower pressures, continue the
trend followed by the saturation point of the Q1D phase as measured using piston-
cylinder cells (see Fig. 4.11). Therefore, I tentatively suggest that the peaks labeled
a represent the Q1D saturation point, implying that a portion of the sample remains
in the Q1D phase up to 31 kbar. However, the origins of features b and c in df/dB
remain unclear. It may be that c is part of a peak at fields just above 16 T.

It is clear that in these measurements the PDO is just at the edge of being sensi-
tive to the sample magnetisation, with the magnetoresistive background dominating

any signal from the sample. This is due to several factors, including,
e the low filling factor of the coil,

e the very small dimensions of the coil, which means that it has a low impedance,

and

e the large fringe field of the superconducting magnet. This means that a con-
siderable portion of the coaxial cable that connects the coil to the PDO is

under a magnetic field, increasing the background.

The result that a portion of the sample remains in the Q1D phase up to 31 kbar
is in agreement with the situation proposed by Halder et al. [136], who suggest that
the critical pressure of the new phase would be at around 31 kbar. Alternatively,
the features a could correspond to the portion of the Cu—pyz—Cu chains that remain

Q1D and un-dimerised in the Prescimone et al. [131] proposal. Thus the data as
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Figure 4.10: Results of CuF2(H20)2(pyz) PDO measurements, in a diamond-anvil
cell at 2 K. (a) The evolution of the PDO resonant frequency as a function field,
f=w/2m. The resonance frequency at zero field was 30.3 MHz. (b) Derivative
of the frequency df/dB at several pressures, showing features a, b, and c¢. The
reduction in df/dB at low fields is due to the magnetoresistive background. Note
that the data are average of multiple measurements, and have been offset for clarity.
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Figure 4.11: The evolution of the saturation field of CuF3(H20)2(pyz) with pressure.
The filled points are from the piston-cylinder cell measurements. The open points
are the positions of the features a seen in the data from the diamond-anvil cell
measurements (see text).
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presented here are compatible with both scenarios, and no firm conclusions can be
made. In order to be able to distinguish between the two cases, data with a higher
signal to background ratio and measured to higher fields are required.

One method of increasing the sample-signal to background ratio is to use pulsed
magnetic fields. Pulsed-field magnets are notably smaller than steady-field magnets,
and also have a significantly smaller fringe field. This would result in a considerable
reduction in the magnetoresistive background. In fact, I have performed ambient
pressure measurements in pulsed magnetic fields under the same sample conditions
(coil size, sample size) as in a DAC, and my results show that even in these un-
favourable conditions it is possible to extract the magnetisation curve. Note that
pressure measurements in pulsed fields would require the use of plastic diamond-anvil

cells, which have a lower maximum pressure limit than their metallic counterparts.



Chapter 5

Field-induced transitions in

molecular magnets

“Quantum physics thus reveals a basic oneness of the universe.”
— Erwin Schrodinger (1887-1961)

In the previous chapter, it was shown how pressure-induced structural changes can
cause a phase transition from two-dimensional to one-dimensional magnetism. In
continuation, here I investigate the magnetic properties of two molecular compounds
that are synthesised from the same starting building blocks, showing how a small
chemical difference can lead to drastically different structural and magnetic be-
haviour in coordination polymers, leading to a change from one-dimensional to
zero-dimensional magnetism at zero field. Through examination of the structural
and magnetic behaviour, I demonstrate that [Cu(pyz)H> O(gly)2/ClOy is a quasi-one-
dimensional Heisenberg antiferromagnet, while [Cu(pyz)(gly)]ClO, is a quasi-zero-
dimensional system that is based on a lattice of spin-dimers, and remains disordered
down to 0.03 K, but shows a field-temperature phase diagram that is reminiscent of
that seen in materials showing Bose-FEinstein condensation of triplons. This chapter

is based on work published in Ref. [19].
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5.1 Introduction

One of the goals of research in molecular magnetism is to achieve desirable mag-
netic properties in a material through control of the chemical components, hence
ultimately making the design of bespoke magnetic materials a reality. This requires
an extensive understanding of the relationship between the starting materials, the
structure, and the magnetic properties of a system. Here I present a case where a syn-
thesis route leads to realisation of two starting materials that are based on the same
molecular building blocks. The different structural motifs of the materials promote
contrasting exchange coupling pathways that lead to dramatically different magnetic
behaviour. Through magnetisation, static and dynamic susceptibility, heat capac-
ity, and muon-spin relaxation measurements, I show that [Cu(pyz)H20(gly)2|ClO4
shows highly one-dimensional Heisenberg antiferromagnetism, while the sister com-
pound [Cu(pyz)(gly)]ClOy is a dimerised system with a non-magnetic singlet ground
state, and so behaves as a zero-dimensional disordered magnet at zero field. Fur-
thermore, [Cu(pyz)(gly)]ClOy4 is shown to undergo a field-induced phase transition
through a quantum critical point (QCP) to an XY ordered phase, which is reminis-
cent of Bose-Einstein condensation of triplons [158-162]. Thus the two materials,
although starting from the same chemical ingredients, show remarkably different
behaviour, highlighting the importance of understanding the relationship between

the magnetism and structure within these compounds.

This chapter is based on work published in Ref [19], and is the result of a collec-
tive effort. High-field magnetisation and dynamic susceptibility measurements, and
relevant analysis, were performed by myself, with the assistance of F. R. Foronda
and P. A. Goddard. The crystal orientation x-ray measurements were done by my-
self. 4 TSR measurements and analysis were performed by T. Lancaster, J.S. Moller,
P. J. Baker, F. L. Pratt, and S. J. Blundell. Heat capacity, static susceptibility,
and the [Cu(pyz)H20(gly)2]ClO4 magnetisation measurements were performed by

L. Huang and J. Wosnitza. Sample growth was done by J. L. Manson and students.
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The materials were synthesised by slowly mixing aqueous solutions of
Cu(ClOy4)2-6H20, glycine (=gly, CoH5NO3), and pyrazine (=pyz, C4H4N2) together
to form a deep blue coloured solution. Purple blocks of [Cu(pyz)(gly)]ClO4 typi-
cally form after about one week and are removed via suction filtration. Continuing
evaporation of the mother liquid leads to blue rods of [Cu(pyz)H20(gly)2]C1O4. On
several occasions, the two compounds grew simultaneously but were mechanically
separated and their identities confirmed by infra-red spectroscopy and x-ray diffrac-
tion. Varying the relative ratios of the chemical reagents does not alter the outcome

and the latter material is always obtained in higher yield.

5.2 A spin chain: [Cu(pyz)H,O(gly):]ClO,

The structure of [Cu(pyz)H20(gly)2]ClOy is based on linear chains of S = 1/2 Cu?*
ions linked with pyrazine ligands as shown in Fig. 5.1. Glycine groups and HsO
molecules coordinate with the Cu?T ions and these, with non-coordinating ClO4
counter-ions, act to separate the chains. Pyrazine can be an effective mediator of
magnetic exchange in coordination polymers, and so one would expect the chain-like
structure to promote quasi-one-dimensional (Q1D) antiferromagnetism.

The magnetic behaviour of [Cu(pyz)H20(gly)2]ClO4 was characterised using
magnetisation and static susceptibility measurements on polycrystalline samples,
and was found to be well described by the predictions of a Heisenberg Q1D model.

The model is defined by the Hamiltonian,

H=2J> SiSj+J. Y S:iSj+gusB»_S;, (5.1)

(3,90 (4,9) L i
where J is the strength of the exchange coupling within the magnetic chains, J; is
the coupling between the chains, and the first and second summations refer to sum-
ming over unique pairs of nearest neighbours parallel and perpendicular to the chain,
respectively. The third term is the Zeeman splitting term, scaled by the g-factor.

The magnetic susceptibility was measured using a Quantum Design SQUID, and is
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Figure 5.1: (a) The Cu—pyz—Cu chains on which [Cu(pyz)H20(gly)2]ClOy is based,
and (b) view of the material along the c-axis, showing the packing of the chains with
non-coordinating ClO4 groups, which occupy the empty spaces between the chains.
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Figure 5.2: (a) Magnetisation of chain-like [Cu(pyz)H20(gly)2]ClO4 measured at
0.5 K. Inset: static magnetic susceptibility measured at 100 mT. (b) Zero-field u ™SR
spectra at 0.9 K and 20 mK. Inset: relaxation rate as a function of temperature,

showing the onset of the magnetic transition.



5. Field-induced transitions in molecular magnets 83

given in the inset of Fig. 5.2(a). It is well fitted by the susceptibility model for a
Q1D Heisenberg antiferromagnet [148], and is consistent with an antiferromagnetic
(AFM) intrachain exchange strength J = 9.4(1) K and g = 2.10(1). Magnetisation
measurements are shown in Fig. 5.2(a), and have a concave curvature typical of a
Q1D system [12]. The saturation field of the magnetisation, Bs = 13.3(1) T, allows
us to estimate the exchange coupling via gupBs = 2J + 4J, (Eqn. 4.2). This, as-
suming J; << J, suggests J = 9.4(1) K in agreement with the susceptibility results

above. Note that this value is typical of exchange through Cu—pyz—Cu bonds [3, 12].

In order to asses how well [Cu(pyz)H20O(gly)2]ClO4 approximates a Q1D AFM,
we can use the ratio of the magnetic ordering temperature Tx to J, which should
be zero for a perfectly one-dimensional system and one for an isotropic AFM
[163]. Many thermodynamic probes cannot resolve the ordering transition in low-
dimensional systems, due to strong thermal and quantum fluctuations, which lower
Tn. However, as was shown in Chapter 4 and elsewhere [12, 17], muons are often
sensitive to long-range ordering that can be difficult to detect in Q1D systems with
other techniques. Example utSR spectra are shown in Fig. 5.2(b). Although os-
cillations, which are usually characteristic of long-range ordering, are not seen, we
do see a sudden change in behaviour at low temperatures. As the temperature is
reduced there is a sharp increase in the relaxation rate A, which has been observed
in other chain-like materials of this type and is shown to be indicative of magnetic

order [12]. Thus we estimate T < 0.04(1) K for [Cu(pyz)H20(gly)2]ClOy4.

Quantum Monte-Carlo simulations provide a means of estimating the effective
interchain coupling J; of a spin-1/2 Q1D system via Eqn. 4.5. Using our val-
ues of Ty and J we obtain an estimate |J, /J| < 2 x 1073 which provides a mea-
sure of the degree to which [Cu(pyz)H20(gly)2]ClO4 realises a Q1D antiferromag-
net (|J./J| =0 for a perfect 1D system). It is therefore a better Q1D than the
intermediate-pressure phase of CuF9(H20)2(pyz) (|J1/J| = 0.05) or Cu(pyz)(NO3)2

(|JL/J| =~ 4.4 x 10~3) as mentioned previously in Chapter 4, but is less well isolated
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than the inorganic material SroCuOj (|1 /J| &~ 7 x 1071) [164] or the organic salt

DEOCC-TCNQFy (|J./J] <6 x 107°) [165].

5.3 Field-induced transitions in [Cu(pyz)(gly)]ClO,

It is interesting to compare the magnetic behaviour and structure of
[Cu(pyz)H20(gly)2]ClO4 with its sister compound [Cu(pyz)(gly)]ClO4, which grows
under identical conditions but has one less glycine and HoO molecule per formula
unit. This causes [Cu(pyz)(gly)]ClO4 to develop a significantly different structure,
where the Cu—pyz—Cu chains have been broken into individual Cu-pyz—Cu links,
leading to a lattice of alternating Cu?* dimers. This is shown in Fig. 5.3. The
dimers are tethered with glycine bridges that connect them together to form corru-
gated sheets, with non-coordinating ClO4 ions lying between these sheets. Due to
efficiency of exchange coupling along pyrazine, we can expect the coupling between
the Cu atoms to be strong. In contrast, the exchange along the glycine and ClOy4
ions can be expected to be relatively weak. This suggests that the physics of this

material is due to Cu—Cu dimer units weakly coupled to their neighbours.

5.3.1 Results

The static magnetic susceptibility of a single crystal of [Cu(pyz)(gly)]ClO4 was mea-
sured using a Quantum Design SQUID at a field of 5 mT, and the results are given
in Fig. 5.4(a). The data is well described by the Bleaney-Bowers model [166], which
gives the susceptibility of a system of isolated antiferromagetic dimers. The model
is based on a simple application of the Boltzmann distribution to the energy levels,
giving

_ 2Napopp9”

kT [3 + exp(Jo/ksT)]’

X0

where Jy is the intra-dimer exchange coupling and Ny is the Avogadro constant.
This model predicts a peak in susceptibility at T = |Jy/(1.599kp)|, and gives

Jo = 7.5(1) K. The effect of a weak inter-dimer exchange J; can be thought of as
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Figure 5.3: Structure of [Cu(pyz)(gly)]ClO4 viewed along (a) the a-axis and (b)
c-axis, showing the pairs of Cu atoms strongly coupled through pyrazine ligands to
form alternating chains. Dimers are shaded, and the ClO,4 ions and H atoms have
been omitted for clarity.
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Figure 5.4: (a) The static magnetic susceptibility of [Cu(pyz)(gly)]ClO4, at 5 mT.
The fit is to the mean-field model of weakly interacting dimers. (b) Heat capacity
of [Cu(pyz)(gly)]ClO4 as a function of field, at steady magnetic fields of 2 — 4 T.
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an additional field that competes with the applied magnetic field (i.e. a mean-field
model) [60]. This has been shown to to result in renormalisation of the Bleaney-

Bowers model [60, 167], giving

X0 pNAM0M23
14 x0J1/ (Hok%9%) kT

x=1-p) :
where I have also included a Curie-Weiss term for any spin-1/2 paramagnetic impu-
rities, with p as the impurity percentage. p is found to be &~ 1.8%, which is probably
due to singly-occupied dimer sites [168]. This model gives a slightly better fit, re-
sulting in a ferromagnetic (FM) coupling between the dimers of J; = —2.1(1) K,
and an AFM intra-dimer coupling of Jy = 8.13(2) K.

These results suggest that [Cu(pyz)(gly)]ClO4 should be described by the Hamil-

tonian,

)

H=Jy Z S1i-52; + Z JmnijSm,i - Sn,j + QMBBZ S
i ( ) '

mnij
where 1, j label dimers, m, n the magnetic sites within each dimer, and (Jpnij) = Ji.
The first two terms represent the intra-dimer and inter-dimer exchange couplings,
respectively, and the third term is the usual Zeeman splitting term. Thus, it is clear
that if Jpn; are weak compared to the AFM intra-dimer exchange Jy, then the
spin-1/2 Cu atoms within each dimer couple antiferromagnetically to form an S =0
singlet, and the ground state is quantum disordered down to absolute zero. This is
supported by zero-field ™SR measurements, which see no signature of long-range

magnetic order down to 32 mK.

Heat capacity measurements were performed using a Quantum Design PPMS
(see Section 2.3). The heat capacity was measured as a function of temperature,
in fixed magnetic fields up to 14 T, and the sample was oriented as in the static
susceptibility measurements. Example heat capacity data are shown in Fig. 5.4(b).
The application of a magnetic field is found to drive this material through a magnetic
phase transition, resulting in a sharp peak in Cj,. The phase transition occurs in the

2 — 6 T region in scans across the temperature range 0.4K < T < 1.4 K.
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Figure 5.5: Example TSR data: (a) zero-field measurements at 32 mK, showing
no change in the decay asymmetry, and (b) transverse field measurements at 20 mK,
showing a transition at approximately 1.7 T.

Transitions were also seen in finite-field © ™SR measurements performed on un-
aligned polycrystalline samples. Measurements were performed using the Swiss
Muon Source, Paul Scherrer Instituit, CH, with the magnetic field in transverse
field geometry (initial gt spin normal to the field) and longitudinal field (initial ™
spin parallel to the field). The transition was seen in transverse field measurements
as a dip in the relaxation rate, see Fig. 5.5(b). This was followed by a rapid rise
in the uTSR relaxation rate that is similar to that observed close to field-induced
phase transitions in molecular magnets of this sort [152], and in the candidate BEC
compound PbV30g [169]. See Refs. [19, 135] for full details of the u™SR experi-
ments.

Magnetisation measurements were performed in pulsed magnetic fields using the
extraction susceptometer.! Sharp peaks indicative of field-induced transitions were
observed in the dynamic susceptibility xq = dM/dB, however they were found
to be at a noticeably different region in the B — T space when compared to the
heat capacity and p+SR data (see Fig. 5.7). In pulsed magnetic fields, the high
rate of change of field and the short pulse-width means that often experiments are

conducted under adiabatic conditions. Thus, the discrepancy in the pulsed field

!Performed by myself, and also separately by J. Singleton and C. V. Topping. For brevity the
pulsed field magnetisation curves are not shown.
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Figure 5.6: The dynamic susceptibility xq = dM/dB of [Cu(pyz)(gly)]ClO4 at
several temperatures, with the magnetic field normal to the (a) (110) and (b) (122)
crystallographic planes, showing sharp features at the phase transitions. The data

have been offset at each temperature for clarity. The resonant frequency at zero
field was 29.8 MHz.
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is due the magnetocaloric effect [170], where the sample temperature is reduced
(by ~ 1 K) in the application of pulsed fields. The thermometry setup is unable
to react within the millisecond timescale of the pulse, resulting in a discrepancy
between the measured and actual sample temperature at the phase transition. The
presence of a magnetocaloric effect is seen in other BEC candidate materials such
as BaCuSi2Og [171] and NiCly-4SC(NHz)o [172], although it is not well-understood

and is the subject of active research.

To ensure isothermal conditions, dynamic susceptibility measurements were per-
formed using the proximity detector oscillator dynamic susceptometer, inside an
Oxford Instruments 16 T superconducting magnet. The PDO coil was made out of
8 turns of 75 pym—thick Cu wire, and had a diameter of 0.8 mm. A custom-designed
two-axis rotator was used, allowing measurements in two different orientations, with
the magnetic field applied close to normal to the (110) or (122) crystallographic
planes. The crystal directions were determined using a Oxford Diffraction Super-
Nova x-ray diffractometer. The field for the (110) orientation is parallel to the
ab-plane, which contains the dimers. The PDODS magnetoresistive background
was measured separately for each orientation, and was removed from the data as
described in Chapter 3. The evolution of yq as a function of applied field and at
various temperatures, is given in Fig. 5.6. The phase transitions can be seen as
sharp features at = 2 T and ~ 6 T. Increasing temperature reduces the separation
between these two features, such that they begin to merge together to form a broad

hump at the maximum critical temperature of 1.4 K.

5.3.2 Discussion

The positions of the phase boundaries as determined from the different measure-
ments show some degree of dependance on the crystal orientation, reflecting the
effect of the g-factor anisotropy. Electron spin resonance measurements [19] have
determined the g-factor for the dynamic susceptibility measurements with the field

applied normal to the (110) plane as g(no) = 2.18. The phase boundaries are found
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Figure 5.7: The B-T phase diagram of [Cu(pyz)(gly)|]ClO4, showing the quantum
disordered, XY antiferromagnetic, and the polarised ferromagnetic phase. Quantum
critical points can be seen at gupB. of 2.5(1) K and 9.0(2) K. The dashed lines show
the expected behaviour of the phase boundaries with exponent ¢ = 2/3, as predicted
for the BEC of triplons. Arrows represent the state of the spins within each dimer, at
different phases. Also shown (+) are the data from the pulsed field measurements,

showing a large discrepancy with other measurements due to the magnetocaloric
effect.
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to coincide if one takes g(122)

= 2.15 for the y4q measurement in the (122) crystal
orientation, g"S® = 2.20 for utSR, and gH® = 2.30 for heat capacity measurements.
I note that these g-factors fall within the range typically found in Cu-based coor-
dination polymers [3, 12]. Scaling the critical field B. at which the phase change
occurs for each measurement by plotting gugB., I obtain the phase digram shown
in Fig. 5.7. The phase digram shows the combined results of the dynamic suscep-
tibility, heat capacity, and SR measurements, and as shown below, is consistent
with that of a system of AFM dimers, coupled together with weak inter-dimer FM
exchange interactions.

An isolated spin-1/2 dimer system with antiferromagnetic exchange forms an
S = 0 singlet ground state, with a triply degenerate S = 1 excited state. In a weakly
coupled system, these triplet excitations become mobile due to the inter-dimer cou-
pling, and can ‘hop’ from one dimer to another. The triplet energy levels therefore
become dispersive with a bandwidth D, as shown in the energy level diagram in Fig.
5.8(a) [173]. The phase diagram can be explained by considering the energy level
diagram and the effect of an applied magnetic field on the S* = +1 excited state. At
temperatures well below Jy, the ground state is a quantum-disordered paramagnet
of singlets. The application of a magnetic field (say in the z direction) reduces the
excitation energy of the S* = +1 state due to the Zeeman energy.? Eventually the
energy gap is closed at a quantum critical point (QCP) of gupBc1, leading to a state
of long-range magnetic ordering due to the exchange couplings Jy and Ji = (Jumij)
between the spins. Within this phase the system is an XY canted antiferromagnet,
where further application of the magnetic field for B > B¢ cants the spins along
the z direction, and leads to a rise in the magnetisation [see Figs. 5.8(b)]. This
continues until a second QCP at gupBce, where all the spins have become polarised
along z, and the system is fully magnetised.

The situation described above will have a strong signature in the form of the

magnetisation curve as a function of field and temperature [173, 174]. Example

2The energy of the S* = —1 and S* = 0 excited states increase, or remain unaffected upon the
application of an applied magnetic field. Thus, provided that T' < Jy [9], they can be ignored as
far as the low energy properties are concerned.
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Figure 5.8: (a) Schematic energy level diagram of a weakly coupled spin-1/2 dimer
system with FM inter-dimer couplings, showing the Zeeman splitting of the 5% = +1
triplet mode, with an energy bandwidth D. (b) Schematic of the the resulting mag-
netisation curve at absolute zero, showing plateaus at zero and full magnetisation
values.
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Figure 5.9: Magnetisation of [Cu(pyz)(gly)]ClO4 at 4.2 K and 0.6 K, with the
magnetic field normal to (110) crystallographic plane.
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magnetisation curves of the sample in the (110) orientation, as found from integra-
tion of the dynamic susceptibility, are given in Fig. 5.9. The field-dependence of
the magnetisation fully supports our description of the system as a weakly-coupled
dimer, where at temperatures T' < Jy there is a non-magnetic plateau until B1,
followed by an increase in magnetisation as the system enters the canted XY phase
in Bey < B < B, with a final transition to the fully saturated phase at Beo. At
temperatures above the dome maximum, the magnetisation continuously evolves

towards saturation, although the exact behaviour remains non-trivial [174].

In the mean-field approximation, the upper phase boundary for FM coupled
dimers occurs at the inter-dimer exchange value gup B2 = Jp [159], which I estimate
from the phase boundary to be 9.0(2) K, broadly consistent, but slightly larger than,
the value derived from static field susceptibility. The value of Jy is in excellent
agreement with that seen for the AFM exchange along the pyrazine groups in the
sister compound [Cu(pyz)H20(gly)2]ClO4. The mean-field model also predicts that
gupBc1 = Jy — z|J1|/2, where z is the number of interacting nearest neighbours
linked with a FM inter-dimer exchange J; [159]. I find gupB.1 = 25(1) K, and so
assuming z = 4, obtain |J1| &~ 3.3(1) K. If, instead, an AFM inter-dimer coupling is
assumed then we would obtain |J;| ~ 4.5 K [159], which is not compatible with the

static susceptibility measurements.

5.3.3 Bose-Einstein condensation of triplons

It is convenient to discuss the triplet excited level as a triplon, a bosonic particle
of S = 1, and the singlet state as the absence of a triplon. The bosonic nature of
the triplon is confirmed by the fact that the spin-operators of two different triplons
commute [173]. However, an added complication is that a dimer can only accom-
modate one triplon at a time, and so the bosonic picture requires the addition of a
hard-core constraint to exclude states with more than one triplon per dimer [173].

This is often modelled through addition of a short-range repulsion between triplons.
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The interpretation of the dimerised magnet as a system of triplet boson can be

made more clear by rewriting the Hamiltonian as [160, 173, 175],
1
H=-— (h — Jo) Z n; + Z ti]’aza]’ + 5 Z Uija;ra;r-ajai,
i ij ij

where a and a are the triplon creation and annihilation operators, and h = gugB
is the magnetic energy. The hopping term ¢;; is generated by the spin components
S§ST +5Y Sé-/ and describes the hopping of the triplons from one dimer to another,
Ui; is a repulsive term arising from when triplons occupy neighbouring dimers, and
n; = a;-rai is the number of triplons at each dimer site. Looking at the form of the
Hamiltonian, the term (h — Jy) acts as a chemical potential, controlling the density
of triplons.

Below Bcj, the ground state is a disordered set of singlets (i.e. vacuum of
triplons). Once the spin-gap is closed, triplon formation becomes possible, and a
linear increase in applied field causes a linear increase in the boson density.? Within
this phase the magnetisation is a direct measurement of the number of bosons. The
wavefunction of each dimer can be given as a superposition of the singlet and triplet
states, via [¢), = a; [singlet) 4+ §; [triplon) [173], where the amplitudes «, 5 depend
on the magnetic field, such that « = 1,8 = 0 at B¢, and o = 0,8 = 1 at Bes.
Thus at Bgg all dimers are occupied by an S* = +1 triplon, and the system is fully
populated. In the spin picture, the onset of triplon formation at B¢ corresponds to
the formation of the long-range ordering due to the (S*) and (SY) transverse spin
components, which spontaneously breaks the rotational invariance symmetry in the
plane normal to the magnetic field. Theoretically, this is analogous to breaking of
charge conservation in the bosonic picture [173].

Systems such as this are often discussed in the context of Bose-Einstein con-
densation (BEC) of triplons, providing a description of the physics in terms of a

transition from a vacuum to a Bose condensate of triplons at B.j. Traditionally,

3The small deviation from linear behaviour between B.; and Bes in the magnetisation curve of
Fig. 5.9 is due to the higher energy triplet states [176].
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the proof of the BEC phase in dimerised antiferromagnetic systems has been the
critical exponent of the phase boundaries [175]. The BEC picture expects the phase
boundary to follow the power law T, o (B — Be1)? near the quantum critical point
Be1, and by particle-hole symmetry Tt o (Beo — B)¢ near By, with the critical ex-
ponent ¢ = 2/d, where d is the dimensionality of the BEC phase [173]. Our data is
consistent with ¢ = 2/3 as expected for a 3D BEC, although the paucity of the data
points near the QCPs prevents this from being rigorously assessed (see Fig. 5.7).
However, theoretically it has been shown that the BEC description requires an ab-
sence of any explicit symmetry breaking terms in the Hamiltonian [9, 171, 173, 176].
Within molecular magnets the symmetry can be broken by anisotropic interactions,
such as spin-orbit coupling or dipolar interactions [173, 176]. In particular, presence
of an antisymmetric exchange Dzyaloshinskii-Moriya (DM) interaction providing a
term DEM - (Si x 8;) in the Hamiltonian can break the rotational invariance sym-
metry and cause mixing of the singlet-triplet spin levels [168, 177, 178]. Although
an inversion centre exists between neighbouring dimer centres with the same ori-
entation (see Fig. 5.3), neighbouring dimers of opposite orientation are symmetry
related through a glide plane, and so a non-zero DM term is possible. This may
affect the physics of the ordered phase, and could alter the critical exponents near

the QCPs [9, 171, 173].

Thus the behaviour of the magnetisation, and the critical exponent of the phase
diagram as deduced from the dynamic susceptibility, heat capacity and u™SR, are
shown to be consistent with that of a spin-1/2 dimerised system, whose physics may
be approximated as a BEC of triplons. It was shown that the applied magnetic
field acts as a chemical potential, and directly controls the number of triplons. As
well as the spin-dimer system shown here, the physics of a variety of other magnetic
systems, such as S = 1 quasi-one-dimensional spin chains [172, 179] and even field-
induced frustrated antiferromagnets [180, 181], may be explained in terms of a BEC
of magnetic excitations. However, in reality, very few materials have shown such

behaviour [9, 173]. As a starting point for studying the physics of Bose-Einstein
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condensation, such magnetic systems have several advantages over the traditional
condensate of cold atoms in a Bose gas, including (a) the ability for the condensate
to survive to high temperatures (~ K instead of ~ nK), (b) the solid state of the
magnetic system, which allows for a large variety of experimental measurements,
and (c) the ability to continuously fine-tune the particle density through an applied
magnetic field [173].

5.4 Conclusion

In summary, I have shown through magnetisation, susceptibility, heat capacity and
SR measurements, how a chemical synthesis route can lead to two separate phases
of matter, whose structural difference allows them to develop two distinct models of
quantum magnetism distinguished by their dimensionality. [Cu(pyz)H20(gly)2]ClO4
is an excellent realisation of a spin-1/2 quasi-one-dimensional system, which shows
magnetic order at very low temperatures. In contrast [Cu(pyz)(gly)]ClOy4 is based on
a lattice of magnetic dimers, giving rise to a quantum disordered ground state that
is field-driven through a quantum critical point to an XY antiferromagnetic phase,
which may approximate a Bose-Einstein condensate. Such mapping of magnetic
systems opens up new ways of studying BEC phenomena.

This chapter shows the ability of polymeric magnets to form unusual quan-
tum states, and highlights the importance of the quantum nature of such systems.
This work also demonstrates the potential for creating novel magnetic ground states
through chemical engineering, allowing coordination polymers to form a playground
for realising exotic models. The magnetism within these systems may be finely tuned
through the application of a magnetic field (as demonstrated in this chapter) and
pressure (as shown in Chapter 4), leading to rich behaviour that may not be seen

in more conventional systems.



Chapter 6

The upper critical field of

NaFe;_,Co;As superconductors

“Absolute zero is colder than reality.

It would promote states of matter that break physicality:
Superconductivity is irresistible electrically,

Superfluidity is immeasurable in its viscosity.”

— Anonymous poet

In this chapter, I discuss the upper critical field behaviour of NaFe;_,Co,As super-
conductors. The critical field was measured across the whole of the superconducting
dome (x=0, ..., 0.08) and in pulsed magnetic fields up to 45 T, with the magnetic field
applied parallel (Hllz) or normal (Hz) to the superconducting planes. The resulting
data were fitted with one-band and two-band models. The orbital and paramagnetic
components of the upper critical field were extracted for H(|:|2, which I find to to be
strongly dominated by paramagnetic pair-breaking. Substitution of Fe by Co is found
to enhance the paramagnetic limit above the BCS value by a factor of approximately
1.6. I also observe a significant convex curvature in the evolution of ché with tem-
perature, which I attribute to the multi-band nature of the superconductivity and the
asymmetry between the two bands. Additionally, I discuss the behaviour of critical

field anisotropy, coherence length &, and the penetration depth \. This chapter is
based on work published in Ref. [182].
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6.1 Introduction

The discovery of the superconductor LaO;_,F,FeAs [183, 184] and the extended
Fe-pnictide superconductor family with critical temperatures of up to 56 K [185]
has generated great interest and triggered huge efforts towards unmasking the un-
derlying superconducting state. The upper critical field Hco is a fundamental prop-
erty of type-II superconductors, and its measurement is an important part of the
experimental effort to verify or disprove the various theories [48, 186-188| for un-
conventional superconductivity. Studying the temperature dependence of H.o and
the interplay between the various pair-breaking mechanisms may hint towards the
underlying pair-forming interaction. Furthermore, the critical field can be used to
extract other fundamental properties such as the coherence length £ and the London
penetration depth A. The upper critical field and its anisotropy can also shed light
on the possible multi-band nature of the superconductivity, and are sensitive to the

dimensionality and the underlying electronic structure of the system [189-191].

In this chapter, I discuss the upper critical field behaviour of the iron-based
superconductor NaFe;_,Co,As, across the whole of the superconducting phase dia-
gram. The crystal structure of NaFeAs is given in Fig. 6.1. At room temperature it
forms a tetragonal structure with a = b = 3.95 A, ¢ = 7.04 A. NaFeAs is based on
layers of FeyAs, formed out of edge-sharing FeAs tetrahedra, with the Na lying in
between the planes in a square-based pyramidal site coordinated with four As atoms.
The early work on stoichiometric NaFeAs was performed by Parker et al. [192] and
Chu et al. [193], who showed that it becomes superconducting at a critical temper-
ature T, of approximately 11 K. The superconductivity was found to coexist with
a long-range ordered antiferromagnetic (AFM) phase which is stabilised by the de-
localised Fe d-band electrons. This makes NaFeAs one of the few iron-pnictide com-
pounds that are superconducting without doping [186]. The coexistence of super-
conductivity and magnetism has been confirmed by further measurements [194, 195],
which also showed that the AFM phase is preceded by a structural transition from

tetragonal to orthorhombic structure at approximately 55 K, similar to the “1111”
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Figure 6.1: Crystal structure of NaFeAs, in the tetragonal phase.

(a) (b)

Figure 6.2: (a) Fermi surface of NaFeAs as determined from band structure calcu-
lations [198], showing two hole columns and two electron columns at the I' and M
points of the Fermi surface, respectively. Copyright Physical Society of Japan. (b)
Band structure of NaFe;_,Co,As, as measured by angle-dependent photoemission
spectroscopy measurements [199]. Doping by Co is seen to raise the Fermi energy.
Copyright American Physical Society. Note that (a) and (b) have different colour
schemes.
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(ReFeAsO, Re = rare earth) and “122” (BaFeaAs) systems [42, 196]. Theoretically
it has been proposed that whether the structural and magnetic transitions happen
simultaneously or not depends on the coupling between the layers [197]. This sug-
gests that the interlayer coupling in NaFeAs is weaker than the “122” family, where
the transitions occur more closely together [42]. NaFeAs is found to have a rela-
tively low superconducting volume fraction (~ 10%), and is highly air sensitive due
to oxidative deintercalation of Na upon contact with Og or HoO, which leads to a

higher critical temperature [193].

The evolution of the magnetic and superconducting states with addition of
Co has been explored through low-field susceptibility, neutron scattering and x-
ray diffraction [200], as well as muon-spin relaxation [200, 201] and heat capac-
ity [202] measurements. The addition of Co was shown to cause a rapid suppres-
sion of the magnetic phase, leading to the destruction of long-range ordering at
x ~ 0.02 [200, 201]. The orthorhombic distortion is also reduced with increased
doping, and disappears at a slightly higher doping of x ~ 0.025 [201]. The system
reaches optimal doping upon the suppression of the AFM and structural transi-
tions, and further doping leads to a reduction in 7T¢, and eventual destruction of

superconductivity at = ~ 0.1. See Fig. 6.3(a).

Heat capacity measurements suggest that NaFe;_,Co,As is a multi-band su-
perconductor [203], with two superconducing gaps of different magnitude. Angle-
resolved photoemission spectroscopy (ARPES) measurements [199, 204-206] and
band structure calculations [198, 207] have shown that in the normal state, the
NaFeq_,Co,As Fermi surface consists of hole pockets at I' and two electron pock-
ets on the M points of the reciprocal space; with the electron Fermi surface being
slightly warped, showing a small three-dimensional component. This is shown in
Fig. 6.2. ARPES measurements show that doping with Co shifts the Fermi energy
(i.e. electron doping), causing the electron pockets to widen and hole pockets to
shrink with doping, until the hole pockets completely vanish at x ~ 0.1 [199]. Thus

the Fermi surface is found to be highly sensitive to Co doping. However, the exact
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effect of Co substitution on the electronic structure of iron-pnictides is under de-
bate. In particular, it is unclear if it leads to electron doping and a rigid shift in the
chemical-potential as for example suggested by the ARPES measurements [208, 209],
or whether its primary effect is to introduce a random impurity potential leading
to charge-carrier scattering [210-213], or a combination of both. I note that recent
studies [210, 211] of Ca(Fe;_,Co,)2Asy suggest the effect of Co substitution to be
beyond a simple band-shift. However, for consistency with literature, I shall use
‘doping’ nomenclature to refer to substitution of Fe by Co.

Until now there has been little exploration of the critical field behaviour of this
system. Recently there has been a critical field measurement of NaFe;_,Co,As
with z = 0.025, limited to low fields and temperatures near the transition temper-
ature T, [214]. In the rest of this chapter, I investigate the upper critical field of
NaFe;_,Co,As up to 45 T, across the whole phase diagram from the under-doped
to over-doped regime, including the parent compound. I find that a multi-band
model is required to fully reproduce the critical field behaviour, with the fitted cou-
pling values being insensitive to the pairing symmetry. Moreover, I find the in-plane
critical field to be paramagnetically limited, being enhanced over the BCS value in
doped samples by a combination of spin-orbit and strong-coupling effects.

This chapter is based on work published in Ref. [182]. The majority of measure-
ments and analysis were done by myself. Sample growth, and a subset of the lower

critical field measurements, was done by J. W. Wright at the University of Oxford.

6.2 Experimental details

Single crystals of NaFe;_,Co,As were synthesised using the self-flux method.
Freshly cut pieces of Na were mixed with ground As in a 1:1 molar ratio and heated
in a 9mm Nb tube (sealed under argon) to 300°C for 6 hours. The resulting black
powder of overall composition NaAs was then ground with Fe;_,Co, mixture in
the ratio NaAs:Fe;_,Co, = 2:1. This was then placed into an 8 mm alumina cru-

cible, itself then placed into a second sealed Nb tube and this in turn sealed in an
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Figure 6.3: (a) Phase diagram of NaFe;_,Co,As, showing the superconducting phase
as measured in this chapter, together with the antiferromagnetic and the structural
transitions [201]. (b) Evolution of the PDO frequency f = w/27 with applied
magnetic field, for an z = 0.02 sample at different temperatures, with the applied
field parallel to the Fe-As planes. The arrowed numbers indicate the temperature.
The superconducting transition is seen as a drop in frequency with increasing field
(see main text). Inset: d2f/dH? for the 12 K measurement.
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evacuated silica ampoule to prevent the oxidation of Nb. The ampoule was then
heated to 900°C at a rate of ~ 1°C/min before being slowly cooled to 400°C at
a rate of 5°C/hr, at which point it was cooled rapidly to room temperature. The
resulting crystals were around 1 x 1 x 0.1mm? in dimension and could be easily
removed from the flux mechanically. The growth procedure used here was found
to be highly robust: the pre-reaction of Na and As minimised the reaction of Na
with the alumina crucible, and sealing the crucible in Nb prevented any sublimed
Na from attacking the silica ampule. X-ray diffraction measurements carried out
using an Oxford Diffraction SuperNova showed that no detectable impurity phases
were present. Magnetic susceptibility data returned values of T, in agreement with
those previously published for each composition [200, 201]. The susceptibility data,
and the critical field measurements described in this chapter, are consistent with a
superconducting volume fraction of less than 20% in the parent compound, which

increased to 100% at x > 0.01, as reported previously for powder samples [201].

H.o was measured in pulsed magnetic fields at the Nicholas Kurti Magnetic Field
Laboratory, Oxford, with magnetic fields of up to 45 T applied parallel (H (‘:‘2) or nor-
mal (H, CJQ) to the Fe-As planes, and in temperatures down to 400 mK. The proximity
detector oscillator technique was used, and the resonance frequency was monitored
as a function of field and temperature. As explained in Chapter 3, for supercon-
ducting and metallic samples, the response of the PDO is strongly dominated by
the depth to which the radio-frequency signal penetrates the sample. Using Equa-
tions 3.8 and 3.2, the change in PDO frequency upon a change in temperature or
applied magnetic field is found to be proportional to the change in sample pene-
tration/skin depth, with an additional smooth-changing component due to the coil

resistance,

Aw = —d' A\ — bAR,

where o’ and b are constants, A is the sample skin/penetration depth, and Ry is
the PDO coil resistance. Therefore, due to the large difference between the su-

perconducting penetration depth and normal-state skin depth of a sample, the
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superconducting-normal state phase transition can be seen as a large change in

the resonant frequency at the critical temperature or field.

The measurements were performed using a 1 mm-diameter PDO coil made out of
4 turns of 21 pm—thick Cu wire, with samples cleaved to a diameter of approximately
0.9 mm. The samples were placed ‘flat’ in the coil, with the axis of the coil normal
to the crystal planes. For Hcé measurements the axis of the coil is parallel to the
applied field, whilst for H, (|:|2 measurements the crystal/coil holder was rotated by 90.
The superconducting—normal transition was seen as a drop in the PDO frequency
of ~ 100kHz, as shown for example in Fig. 6.3(b) for = 0.02. As expected the
transition moves to lower fields as the temperature is increased, and disappears at
T > T.. Above T only a smooth gradual change due to the bA Ry term is seen, which

is observed to be significantly smaller than the sample response at the transition.

One challenge in critical field measurements is the presence of the irreversibility
field H;y, above which the pinning of the vortex flux lattice becomes ineffective
due to thermal fluctuations, allowing the vortices to move and cause dissipation,
and hence, finite resistance [26]. In resistivity and skin depth measurements this
resistance can be mistakenly attributed to the onset of the superconducting—normal
state transition, thus leading to a measurement of Hj,, instead of H.o. The thermal

vortex fluctuations are parameterised by the Ginzburg parameter G; [215], which is

2
1 82 \2
Gi==|kgTe—— | ,
> (mn )

where ¢g is the flux quantum, A is the penetration depth, £ is coherence length, and €

given as

is a parameter that characterises the anisotropy. High G; values imply strong vortex
fluctuations and a significant difference between the irreversibility and true critical
fields, and conversely, low G; values indicate that H;, and Hgy are similar [215,
216]. Iron-pnictide superconductors are known to have relatively small G; values of
1073 — 10~% [216, 217], and so I expect Hi, =~ Hc. Nevertheless, to ensure that
Hs is correctly measured, one can utilise the measurement at 1" > T, where the

sample is completely normal. Hcs is then defined as the field at which the frequency
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Figure 6.4: (a) Evolution of Hj as a function of dB/dt, for a sample of
NaFe;_,Co,As with z = 0.05, at 4.2 K. The decrease in HCJQ at high dB/dt is
due to eddy current heating. (b) Evolution of PDO frequency f = w/27 as a func-
tion temperature for x = 0.01. A clear change in T, is observed after four days,
indicating that the sample has degraded.

response of the superconducting state maps on to that of the normal state. This
is usually found by by drawing a linear extrapolation of the transition curve, and
seeing where it crosses the normal state line [92]. In order to be systematic, I deduce

Heo from the peak in d?f/dH? [see inset of Fig. 6.3(b)]. Both methods give the

same values for H.o.

Heating can occur during pulsed field measurements due to the high value of
dB/ dt, which induces eddy currents within the sample and the PDO coil. I checked
for sample heating by monitoring H.o as the pulse width was changed, thus tracking
Hs as a function of the average dB/dt. This is shown in Fig. 6.4(a) for a sample
of z = 0.05 at 4.2 K. It is clear that there is little or no heating below 3 kT/s. All
samples were similarly checked for heating, and the measurements were performed
at the minimum possible dB/dt for a given field. No heating was seen in data

presented here.

As NaFe;_,Co,As is known to be highly air and moisture sensitive [37, 214],
the samples were covered with generous amounts of vacuum-dried Apiezon N grease
to arrest sample degradation. Even though covered with grease, it was found that

samples may begin to degrade after a few days, with the parent compound NaFeAs
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being the most sensitive. Sample degradation was found to lead to a noticeable
change in T¢ and a broadening of the transition, as shown for example in Fig. 6.4(b),
and seen in other measurements [214]. During the measurements, ¢, and the shape of
transition was continuously and carefully monitored to detect sample degradation. If
a sample was found to have degraded, all the data were discarded, and measurements
repeated on a fresh sample. Sample degradation proved to be a problem for under-

doped (0% — 2%) samples.

6.3 Results

The temperature dependence of the upper critical field for NaFe; ,Co,As was
measured across the superconducting dome, from under-doped samples with
x =0, 0.01, 0.02, via the optimally-doped x = 0.03, to over-doped samples with
x = 0.05 and 0.08. The results are given in Fig. 6.5. For all dopings Hcl2 and H(Uz
went to zero at T, and increased monotonically with decreasing temperature, with
Hcé < H C||2 at all temperatures. In the parent compound, I observe a critical tem-
perature of 11.4(5) K and puoHz (,uOHCHQ) of 9.9(2) T (16.7(5) T) at 7'~ 0. Doping
slightly to 1% leads to a significant increase in Hs for both directions. Upon doping
to 2%, the behaviour of HCLQ as the temperature is decreased becomes almost linear,
in contrast to the concave (positive curvature) temperature dependence of the par-
ent compound. At 3% doping I find the highest T, of 21 K, as well as the highest
critical fields. Interestingly, at optimal doping chi begins to rise upwards as the
temperature is decreased and develops a convex (negative) curvature, in contrast to
the behaviour of H <|;|2- Further addition of Co moves the system to the over-doped
regime, where any additional doping leads to a decrease in T, and the upper critical
fields, although H cHz and Hcl2 retain their shape.

Therefore, there are two overall trends. One is the usual increase, and then de-
crease, of Hco on moving from the under-doped to over-doped regime [see Fig. 6.7(a)].
The other is the gradual change in the behaviour of H CJQ from one extreme to an-

other: from very concave at parent composition, to linear at 2% doping, to convex
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at and above optimal doping. Note that the data agree well with the previous low-
field resistivity study of 2.5% doped samples [214], and that the observed critical

temperatures match published SQUID susceptibility measurements [200, 201].

6.4 Discussion

The upper critical field is determined by two independent mechanisms, one of which
is the Clogston-Chandrasekhar spin paramagnetism [218, 219]. The spin paramag-
netism polarises the normal state into spin-up and spin-down electron states due to
the Zeeman effect, and leads to a reduction of the normal state free energy. In con-
trast the spin-singlet Cooper pairs are not affected. Thus, in effect the magnetic field
reduces the energy gap between the superconducting and normal states. The param-
agnetic effect can be thought of as the applied field breaking the Cooper pairs apart
when the normal state paramagnetic energy Ep = (1/2)xynpd H? matches the super-
conducting condensation energy Eg, which in BCS theory is given as (1/2) NA? [28].
Here yn = (1/2)g? MQBN is the normal state susceptibility, ¢ is the g-factor, A is the
zero-temperature superconducting energy gap, and N is the density of states at the

Fermi energy [220]. The paramagnetic (PM) limit is thus defined as

_V2A

HY'(0
KoLt o ( ) 9uB

(6.1)

In the case of isotropic BCS s-wave pairing with g = 2, this reduces to
HP's(0) ~ 1.84T,.. However, this weak BCS coupling can underestimate the ac-
tual paramagnetic limit. The critical field can be enhanced by an increase in A, for

example by strong electronic interactions giving
HG" = (14 Ase) Hyes,

where )¢ is the strong-coupling coefficient, or by spin-orbit coupling that may
change g [221]. Additionally, spin-orbit interactions destroy spin as a good quantum

number and allow for non-zero susceptibility in the superconducting state [222—
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Figure 6.5: The upper critical field of NaFe;_,Co,As, where the percentage denotes the amount of Co substitution. Blue circles and
red triangles represent H.o with the field applied parallel and normal to the Fe-As planes, respectively. The solid lines are fits using the
one-band model, and the dashed lines are fits using the two-band model (see text) with A1 = Ao2 = 1, A1 A22 — A12A21 = 0.5, and using

diffusivity b# / bw ratios as given in Table 6.2. Inset: picture of a NaFeAs sample.
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226], thus bringing the spin-paramagnetism of the superconducting and normal
states closer together, reducing the limiting effect of paramagnetism on the criti-
cal field [226-228]. Note that paramagnetic pair-breaking has no effect in triplet
p-wave superconductivity, where the electrons within the Cooper pair already have

their spins aligned together [229].

The second mechanism which limits the critical field is orbital pair-breaking,
which is related to the creation of Abrikosov vortex lines and shielding supercon-
ducting currents around the vortex core, reducing the superconducting condensation
energy [230]. This effect is dependent on the electronic properties of the material.

See Fig. 6.6.

In general H., is influenced by both orbital and spin-paramagnetic effects, and
thus is always less than both HY" and H%P. However, if there is a significant dif-
ference between HY," and H%P, then the smaller one dominates the critical field
behaviour and sets the value of H.. Usually the critical field is limited by or-
bital pair-breaking in type-II superconductors, however the paramagnetic effect can
become important when the orbital effect is suppressed, for example due to low-
dimensional electronic structures which limit cyclotron motion of charge carriers

out of the planes [220]. The relative importance of the orbital and paramagnetic

limiting fields can be measured by the Maki parameter [226, 228]

orb

H
Oé:\/§ c2

pm
HC2

where Hgb is the orbital critical field. If o > 1.85, the superconductivity is consid-

ered to be paramagnetically limited [220].

As was shown in Fig. 6.2(a), NaFe;_,Co,As is a quasi-two-dimensional supercon-
ductor with a Fermi surface consisting of collinear warped columns. In such systems,
application of magnetic field parallel to the superconducting planes causes the elec-
trons to form open orbits along the cylinders [231], which significantly suppresses
orbital motion, leading to a negligible orbital effect and significant enhancement of

the orbital critical field above what would be expected for a more isotropic super-



110 6. The upper critical field of NaFe,_, Co, As superconductors

H02 H
r 1 orb
FN(O) 1 :
|
I I
1 |
2N
|
v N/
> | 1
o0 I
g |
m: 1
: $ ’
= 4 |
I
I Hpm
F(0)

Applied Field

Figure 6.6: The evolution of the free energies with applied magnetic field. There
is a parabolic reduction in the normal state free energy Fn due to the Zeeman
effect (blue line), and a rise in the superconducing free energy Fg due to orbital
effects (red line). The green line is a possible Fg when the spin-susceptibility in the
superconducting state due to spin-orbit scattering is included [226]. HP™ (H°™) is
the field at which Fy (Fs) matches the zero-field superconducting (normal state)
energy. Hco is defined as the field at which Fx(H) = Fs(H). Two possible upper
critical fields are shown. See Ref. [226] for more details.
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conductor. In contrast, application of field normal to the superconducting planes
forms closed electron orbits within the Fermi sheets and leads to creation of vor-
tices [232, 233], thus reducing the orbital limit [234]. Therefore in general H, (['2 > H,

as is the case for NaFe;_,Co,As (see Fig. 6.5).

6.4.1 Dirty or clean?

In this chapter I assume that the samples are in the so-called dirty limit, where the
mean free path [ < the coherence length &. This is justified by the low residual-
resistivity ratio (as low as 4) [214], the low superconducting volume fraction (< 20%)
of the parent compound [201], and the tendency of pnictide superconductors to have
a small [ due to the low Fermi velocities [235] and high scattering rates [207, 236].
Published Hall effect data [40] on NaFe;_,;Co,As show the Hall coefficient to be
large and negative. Thus, assuming that the electrons are the major charge carriers

in the normal state,! the mean free path can be estimated via
_ m*up

l= |RH’7
ep

where Ry is the Hall coefficient, e is the electron charge, m* is the effective electron
mass, vr is the Fermi velocity, and p is the resistivity [117]. Assuming vg ~ 10° m/s
and m* ~ m,, a comparison of the mean free path as estimated from published
resistivity and Hall effect data [40], and the coherence length as calculated later
in Section 6.4.7, gives values for [ that are less than | at all dopings, but of
similar order of magnitude. The under-doped samples are estimated to be dirtiest,
for example || ~ 0.7 nm and § ~ 3.4 nm for the parent compound, while the
optimally-doped and over-doped samples have slightly longer mean free paths, for
example /|| ~ 1.8 nm and § ~# 2.2 nm at optimal doping. Values for [, (£1) would
be smaller (larger).

In this chapter, the data will be fitted with critical field models in the weakly

coupled limit. However, as shown later, strong electronic interactions may be

!So that Ry = —1/ne, where n is the charge carrier density.
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present. I note that the author of Ref. [203] states that NaFe;_,Co,As heat capacity
data [202, 203] might be understood using a highly modified Eliashberg theory in

the strong-coupling limit.

6.4.2 Single-band model

One model for the upper critical field of a superconductor is the single-band
Werthamer-Helfand-Hohenberg (WHH) model in the dirty limit [226]. This semi-
classical model includes the effects of paramagnetism, orbital pair-breaking, and
scattering that involves spin-orbit interactions. However it neglects any strong cou-

pling, and is insensitive to Fermi surface anisotropy. H.o is given implicitly via

(aht)? !

120+ 1] 4+ (h + Xso)/t ’

1 1 h
=2, pr TR LU

V=—00
- _
71'2Tc <d 62>
dr =T,

where t = T'/T,, v is the summing index, and A\go = h/(37kpT.Tso) accounts for the

h =4Hc

spin-orbit scattering with 74, as the mean free scattering time [227]. The results of
fits to the WHH model are shown in Fig. 6.5 (solid lines), and the fit values given in
Table 6.2. H, C||2 is well-described by this model across all temperatures. However, in
contrast Hz seems to be only well-fitted close to T.— the WHH model is insufficient
to reproduce the enhancement of these upper critical fields at low temperatures.
One explanation for such a convex curvature in Heo(T') is localisation of the
electron wavefunctions as suggested by Lebed [237] and Dupuis et al. [238], where
the application of high magnetic fields parallel to the superconducting planes and
below a critical temperature T* < T, leads to confinement of the electron motion to
within the planes, causing a dimensionality crossover. This suppresses orbital pair-
breaking, and in the absence of other pair-breaking effects leads to an increase in
the critical field and the possibility of re-entrant superconductivity at high magnetic
fields. However, this effect would imply that the convex curvature would be seen in

H C||2, whereas we have an upwards curvature in H, 35 instead. The second possibility,
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v | To(K)  poHb (T) woHb (T) poHY (mT)  poHpm (T)  poH), (T)
0 11.4(5) 16.7(5) 9.9(2) 0.5(3) 16(2) 47(4)
0.01 | 13.4(3) 46.9(5) 40(2) 2.9(3) 50(9) 50(9)
0.02 | 19.0(3) 51(2) 45(3) 5.1(5) 55(5) 131(4)
0.03 | 20.9(1) 62(3) 56(6) 8.4(10) 61(3) 119(3)
0.05 | 17.1(1) 49.8(2) 47(5) 3.2(3) 51(3) 115(4)
0.08 | 7.8(2)  26.2(2) 16.5(5) 1.8(3) 22(4) 37(2)

Table 6.1: Results of the critical field measurements on NaFe;_,Co,As. All critical
field values are given at T" = 0. Where data close to 0 K was not available, the
critical field was extrapolated to 0 K using the WHH model (see Section 6.4.2) for

H C”2, and the Gurevich model (see Section 6.4.3) for H, (fi, and the extrapolation error
included in the error values. HCL1 was measured using a SQUID susceptometer at

2 K (see Section 6.4.7). The orbital (H, ﬂrb) and paramagnetic (H[‘)‘m) components of
H C||2 were calculated using the Maki parameter extracted from the WHH fits.

T 1o Aso §| (nm) &1 (nm) 1/)\ﬁ (pm—2) Di /Dy
0 4.0(2) 0.55(8) 5.76(7) 3.4(1) 0.56(3) 2.5(3)
0.01 | 1.4(1)  3(2) 2.87(7)  2.50(7)  3.4(3) 4.7(4)
0.02 | 34(2) 032 2719  24(1) 6.2(7) 2.4(1)
0.03 | 28(1)  0.19(9)  2.4(1) 2.2(2) 10.5(5) 6.6(3)
0.05 | 32(2)  04(1)  2.6(1) 2.5(1) 3.7(4) 8.8(5)
0.08 | 2.3(4) 1.8(8)  447(7)  281(5)  2.3(4) 10(1)

Table 6.2: The Maki parameter « and the spin-orbit scattering constant Ay, as
obtained from fits to H(|:|2 using the one-band WHH model. Also given are the
coherence lengths & and £, and the superfluid stiffness ps = 1/ )\ﬁ, all at 2 K.

DlL / D2L is the band anisotropy, extracted from fits to H, (fg using the two-band model
with )\11 == )\22 = 1, )\11)\22 — )\12)\21 =0.5 (See Section 643)
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in the case of weak interlayer coupling, is the formation of a Josephson-coupled
superconductor with flux lines trapped between the layers [239]. This causes a
divergence in the orbital critical field and leads to a rapid increase of Hco if the
system is orbitally limited. However, this phenomenon can also be ruled out since
(as shown later in Section 6.4.7) the superconducting coherence length is found to

be larger than the interlayer separation.

6.4.3 Two-band model

It is likely that the upwards curvature in Hz is due to the multi-band nature of the
superconductivity, as is thought to be the case for the rare-earth “1111” systems
(ReFeAsO, Re = rare earth) [216, 234, 240], the “122” systems (BaFeyAs) [51],
and the closely related “111” superconductor LiFeAs [216], amongst others. A two-
band superconductor can be fitted using the model by Gurevich [190, 191], which
is a generalisation of the one-band WHH model and is based on a weakly-coupled
BCS system in the dirty limit. The model parameters are essentially the BCS
coupling constants Apy, (A12, A2p inter-band; Aj1, Aoz intra-band) and the intra-
band diffusivities Dy and D9 due to impurity scattering within each band. In the
assumption of small inter-band scattering, the model relates the upper critical field

and temperature via [190, 191]

ap[lnt + U(h)|[Int + U(nh)] + taz(lnt + U(nh)] + ai[lnt + U(h)] = 0, (6.2)

Uw) = ¢ (1/2 b iteld ) (),

where () is the digamma function, and,

At = A1 £ Ao, ag = 2w/ Ao, h = HeoD1/2¢0T,

Ao = /A2 +4A12)01, ap =1+ A_/Xo, n=Dy/Dy,

w = A11A22 — A1221, ag =1—X_/Xo.
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The BCS coupling constants represent the pairing strength [27]. The band diffusiv-

ities D are related to the conductivity tensor o;; via [190]
045 = 62 Z NmD%,
m

where e is the electron charge, IV, is the density of states of each band, and the
sum is over all bands. Thus the diffusivity may be used as a handle on the band

dirtiness—the smaller it is, the dirtier the band [190, 191].

Example fits of Eqn. 6.2 to Hcl2 are shown in Fig. 6.5. This model accounts well
for our H, é, and attributes the convex curvature to a significant difference between
the diffusivity of the two bands, Ds-/Di- < 1 [190, 191]. This difference arises from
the inequality of the two bands [191] and their Fermi velocities (ve > wvy) [207],
as well as scattering from impurities or strong magnetic excitations which might
affect the bands differently [234, 240]. The use of the dirty-limit model does not
matter in this case, since explaining the large negative curvature in the clean-limit
also requires a significant band asymmetry [241]. Note that this argument depends
on decoupling of the band scattering rates (i.e. small inter-band scattering), which
would otherwise mix Dy and Dy. Interband scattering might be small due to the
large separation between the electron and hole bands in k-space, and the difference

in the orbital character of the bands as seen in ARPES measurements [205].

I note that in contrast to Hz, the Hl‘Q data can be fitted by setting Dy = Dg,
which in essence reduces back to a one-band model and thus validates the previous
H<|;|2 one-band fit [190, 191]. This model was found to be strongly sensitive to the
band diffusivities D1 and Do, but significantly less dependent on the BCS couplings.
Furthermore, due to the symmetry of the fitting functions the data can be fitted
with attractive inter-band coupling A12, A21 > 0 indicative of the conventional s-wave
coupling scenario, as well as with repulsive inter-band coupling A2, A2; < 0 which
would indicate s* superconductivity. Thus the data can be used neither to rule out,
nor confirm, the s coupling suggested by a recent neutron study [242]. The data

could be fitted with strong (A12Aa1 > A11Aa2) or weak (A12Xa1 < A11A92) inter-band
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coupling. Therefore I find the two-band model to be over-parameterised in terms of
Anm i our situation, and so shall not rely on this model for extracting values for A,,.
Example fits shown in this chapter assume A1 = Ao = 1, A11A29 — A12Ao1 = 0.5. 1
suggest more generally that the number of parameters involved in the two-band
model would make it difficult to draw strong conclusions regarding the nature of the

underlying order from fitting this model to any H.s data of this form.

There also exists the possibility of a Fulde-Ferrell-Larkin-Ovchinnikov (FFLO)
phase [243, 244], which would lead to a state of inhomogeneous superconductivity
with a spatially varying gap function, and cause an increase in the experimentally
measured critical field below 0.557¢ if the system is paramagnetically limited, hence
accounting for the slope of H l|2 [220]. The presence of an exotic FFLO phase cannot
be ruled out, however it seems unlikely since (a) such an state is possible only in
extremely clean materials (I > ), and (b) that the FFLO should lead to a second
superconducing phase and appearance of additional features in thermodynamic mea-
surements [220, 245], which have so far not been observed. However, I note that the
possibility of a weak FFLO state has been raised for LiFeAs [83], where | ~ £ [246].
The proof of such a phase from upper critical field data requires the use of a modified
two-band model [247]; however, this probably would not supply authoritative proof

of an FFLO phase due to the over-parameterisation problem explained previously.

6.4.4 Enhancement of the paramagnetic limit

Given that in the case of NaFe;_,Co,As the two-band model collapses into a one-
band model when the applied field is parallel to the planes, I return to further
analysis of the single-band fit of the WHH model to H, JQ, which allows one to separate
the orbital and paramagnetic components of the critical field. The orbital limit is

experimentally approximated as [190, 226]

dHy,

HEP(0) = —0.69T, Vi

C

T=T¢
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Figure 6.7: Evolution with Co doping of (a) H, l|2 and the BCS paramagnetic limit =
1.847T, , as well as the orbital and paramagnetic components deduced from fits to the
WHH model, (b) the spin-orbit scattering constant \s, for H, (UQ (for 1% substitution,
a reliable estimation is not possible) and the strong-coupling constant \s. (extracted
from Ref. [203]). The green, purple and white areas represent the orthorhombic AFM
phase, the non-magnetic orthorhombic phase, and the tetragonal phase, respectively.
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in the dirty limit, and the paramagnetic component can be found from the Maki
parameter via HY"(0) = v/2H%P(0)/a. The extracted orbital and paramagnetic
components, the BCS paramagnetic limit ,LL()HEISS(O) ~ 1.84T,, and the experi-
mental critical field H2(0) (as extrapolated using the WHH model), are given in
Fig. 6.7(b). I observe that at all dopings the extracted paramagnetic component
matches H C||2(0) well, while the calculated orbital limit is noticeably higher than
H l'Q(O). This implies that the critical field behaviour is dominated by paramagnetic
effects, and the Maki parameter is observed to be above 1.8 (see Table 6.2). The
only exception is at 1% doping, where H%P(0) ~ H"(0) such that the effective
critical field may be a function of both effects. This anomalous behaviour at 1%
may also be a result of the paucity of data points near T, for HL‘Q, which increases
the error in estimation of (dHiI2 /dT)r—1, in Eqn. 6.3, and may significantly af-
fect the accuracy of the H%P(0) and HY"(0) estimates at that doping. For the
parent compound we observe the PM limit to be equal to that expected by BCS
theory, however addition of Co leads to a significant enhancement of the PM limit
above Hgg/ls by about 1.6. This enhancement of the PM limit is seen in all doped
samples. Paramagnetic enhancement above the BCS limit seems to be a feature
of Co-doped pnictides [248], and NaFe;_;Co,As can be compared with the more
isotropic (Ba,Sr)Fes_, Co, Asg [249, 250], which show paramagnetic enhancement by

about ~ 4 — 5 and are thus likely to be orbitally limited instead.

The spin-orbit scattering constant Ay, as extracted from the fit of the WHH
model to HCH2, is shown in Fig. 6.7(b). Starting from the parent compound, Ag,
decreases upon doping, likely due to the reduction in scattering from magnetic ex-
citations as the system moves away from the long-range ordered AFM phase. Aq,
then reaches a minimum at optimal doping, but begins to increase in the over-doped
region, possibly due to scattering from Co impurities. It is likely that the enhance-
ment of the paramagnetic limit is due to a combination of the spin-orbit scattering
and other strong electronic interactions; any increase in the g-factor or the effective

mass caused by such interactions will enhance the paramagnetic limit by a further
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(m*g)/(mg*) [221, 251, 252]. I note that neither of the models considered so far
include the Eliashberg strong-coupling renormalisation effects [253].

Heat capacity measurements by Tan et al. [203] suggest that NaFe;_,Co,As has
two superconducting gaps, with larger gap Ar,(0) being significantly above the BCS
value Apcs(0) = 3.5kpT/2. This allows us to extract the effective strong-coupling
constant A\ via Ap(0) = (1 4+ Asc)Apcs(0), as given in Fig. 6.7(b). This gives a
maximum Ag. = 1.1 at optimal doping,? implying the presence of significant strong
electronic interactions, which are reduced on moving away from optimal doping.
Therefore I conclude that the enhancement of the paramagnetic limit above the
BCS value is a combination of both the spin-orbit and strong coupling effects. How-
ever, the reason for the absence of any PM enhancement in the parent compound,
despite a finite g, is not clear. Since A¢c =~ 0 in the parent compound, this may in-
dicate that strong coupling effects dominate the PM enhancement effect; but in such
a case one wonders why there is a PM enhancement at 1% doping (which also has
Asc &~ 0). Alternatively, the absence of PM enhancement in the parent compound
may be caused by some underlying interaction between the magnetism and super-
conductivity, caused by the strong antiferromagnetism in the 0% doping region. It
may also indicate that the PM limit is influenced by additional effects that are not
encapsulated in A\go or Agc.

As explained previously, application of magnetic fields parallel to the crystal
planes leads to a significant H, (‘:)Qrb, thus allowing the paramagnetic effect to limit the
observed critical field. It is this reduction in the importance of the orbital character
which allows the one-band WHH model to describe the H, C”2 despite the underlying
two-band nature of the system, and which sets the scene for the dominance of the
paramagnetic limit. Within this regime I find the WHH model to be a better fit, as
it includes the spin-orbit effects described previously. In contrast, application of field
normal to the planes reduces the orbital critical field, and so the overall critical field

now becomes an intricate combination of the two-band orbital and paramagnetic

2Note that there is an apparent disagreement in the reported value of Ar(0) at optimal doping
between Refs. [203] and [202], giving Asc = 1.1 and Asc = 0.8, respectively.



120 6. The upper critical field of NaFe,_, Co, As superconductors

a b
() T T T ()3.() T .
10 3 } %

=S a 9

e £ 25

& 8

F

2 ; 5

= 232.0

< <)

£ 6f z

* % 3z ¢ ¢ 3

1.5F
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
Co substitution (%) Co substitution (%)

Figure 6.8: Differential with respect to temperature of (a) poH, C”2 and (b) poHz, at
T. and as a function of doping. The green, purple and white areas represent the
orthorhombic AFM phase, the non-magnetic orthorhombic phase, and the tetragonal
phase, respectively.

limits. This results in the one-band WHH model being no longer sufficient due to
the increased sensitivity of the critical field to the underlying multi-band nature of

the Fermi surface.

6.4.5 (dHc/dT)p—r,

Even though H(fi cannot be fully described by a one-band model,
—po(dH5/dT) =1, at T. is still of interest as it should be proportional to
the orbital critical field of the cleaner band [191]. The —po(dHce/dT)r=1, for
each sample orientation is plotted in Fig. 6.8, where we notice a sudden change at
2% — 3% doping for both. It is at this doping regime that the structural transition
and the antiferromagnetism become suppressed, leading to the possible formation
of a quantum critical point at absolute zero. The AFM structure is thought to
form a columnar spin-stripe structure within the Fe-As planes, with simple columns
of up/down spins along the c-direction [195, 254]. The coherence length is several
times the relevant Fe-Fe separation distance d in both in-plane (§|| ~ 9dH) and
out-of-plane (£, ~ 4d,) directions, such that the Cooper pairs should feel a net
internal field of zero. This implies that the sudden change in (dH/dT)r—7., and

hence the corresponding effect on the orbital limit, is not simply due to internal
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mean field effects. Thus it must be due to either a more inherent interaction between
the superconductivity and antiferromagnetism, or due to the structural transition.
I note that the sudden change in (dH, <|:|2 /dT) =1, at 2% doping coincides with the
suppression of antiferromagnetism, while the drop in —(dHz/dT)7—r. coincides
with the structural transition at ~ 3% doping. Furthermore, note that the sharp

increase in Ag. at 2% doping also coincides with the death of antiferromagnetism.

6.4.6 Anisotropy

Given the critical field in both directions, we can obtain the critical field anisotropy
via yg = H(LIQ /Hz, as given in Fig 6.9(a). The anisotropy is highest just below
T., and decreases with decreasing temperature. Such a temperature-dependent
anisotropy is characteristic of pnictide superconductors, having been seen in
Sr1_zEuy(Fep.g9Cop.11)2As2 [255], BaFes_,CoyAsy [51], SmFeAsOqgs [234], and
LiFeAs [256]. Temperature-dependent anisotropy arises from competition between
the two bands and is a signature of the underlying multi-band nature of the system.
In a single-band s-wave superconductor the anisotropy should be largely tempera-
ture independent, although note that it has been suggested that a single-band d-wave
superconductor may also have a weakly temperature-dependent ~y [189]. However,
having measured the anisotropy up to 0.957; for most dopings, I do not see the i
peak at T' ~ 0.97; as seen in a number of other two-band materials [51, 234, 257].
This may be due to the increase in the vy error near T, or more likely because
the peak occurs at T' > 0.957, in this material. The approach to unity at low

temperatures can be explained in several ways [255]:

(a) the upper critical field at absolute zero for both directions is the paramagnetic

limit,
(b) at low temperatures the band with lower diffusivity anisotropy dominates, or

(c) the two bands have opposite anisotropy which compensate each other at low

temperatures, for example Di/DlL <1, Dﬁ/Di > 1.
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Figure 6.9: (a) The critical field anisotropy g = Hl|2 J/HZ as a function of T/T;
(b) plot of the out-of-plane band diffusivity anisotropy Df- / Dﬁ-, from fits to the
HCLQ with A11 = A2 = 1, A\11A22 — A12\01 = 0.5. Also shown is (c) the coherence
length at 0 K, found by extrapolating the critical field measurements to absolute zero
using the WHH model for H <|:|2 and the two-band model for Hz. The uncertainly in
extrapolation of the over-parametrised two-band model to 0 K has been included in
error bars.
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I note that the under-doped systems are relatively isotropic (v < 3), whereas the
optimally and over-doped systems become noticeably anisotropic near T, (yg =~ 7).
This is complemented by the fact that the positive curvature in Hz also becomes
more pronounced as we move over from the under-doped to the over-doped regime
(Fig. 6.5). Both observations could be accounted for by an increase in the band
diffusivity anisotropy Dp/Ds [see Fig. 6.9(b)], which magnifies the effect of the
underlying multi-band nature on 4y and Hz. The Fermi surface is known to be
highly sensitive to Co doping; causing the electron pockets to widen and hole pockets
to shrink with doping (see Fig. 6.2). I tentatively suggest that it is this difference
between the response of the hole and electron pockets (and the corresponding change
in the Fermi velocity vp), as well as the increase in scattering from impurities with

additional doping, which leads to an increase in Di/Ds.

6.4.7 Coherence length and the superfluid stiffness

The Ginzburg-Landau coherence lengths can be estimated using [26]

_ | 0

=N (6.5)
270 H o8,

Extrapolating the critical field measurements to absolute zero using the WHH model
for H, llz and the two-band model for HCLQ, we can calculate the coherence lengths as
given in Fig. 6.9(c), showing a minimum at optimal doping. The superconducting
layer thickness ¢ can be estimated as § = \/ﬁ&’”HCJQ H C”2 [258], which gives us a
minimum superconducting layer thickness of 7.25 nm, an order of magnitude longer
than the lattice c-axis parameter. This rules out the possibility of a dimensional
crossover, or the formation of a Josephson-coupled superconductor, as discussed in

Section 6.4.2.

The lower critical field H.;, which denotes the onset of Abrikosov vortex forma-

tion, was measured using a Quantum Design SQUID magnetometer. Due to the very
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Figure 6.10: (a) The magnetic moment of NaFe;_,Co,zAs, x = 0.02, taken at 2 K
after zero-field cooling. The lower critical field H.; is defined as the field at which
the moment deviates from the straight line. Also shown in (b) is the evolution of
the superfluid stiffness p; = 1/A| at 2 K with doping, where I have also included
data from Knight shift [260] and muon-spin relaxation [201] measurements.

small values of H.1, any trapped remanent flux in the superconducing coil windings
may cause anomalous readings [259]. To remove this remnant field, the magnet was
quenched by heating the magnet coil above its critical temperature before the mea-
surements. The samples were zero-field cooled from 300 K down to 2 K, and then
their magnetic moment was recorded upon slowly increasing the field from 0 T. H¢;
was determined, in a consistent manner, as the point at which the magnetisation
deviates from the straight line representing the Meissner condition x = —1 [26], see
Fig. 6.10(a). The values for HY are presented in Table. 6.1. Having obtained the

lower critical field, the London penetration depth can then be calculated via

$o . Al
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HoHel AT AL " €L (6.7)

The penetration depth is related to the superfluid stiffness ps and the supercon-

poHg =

ducing density of states n; via )\[2 = ps x y_n; [261]. The evolution of the superfluid
stiffness at 2 K was calculated and is given in Fig. 6.10(b), where we observe a max-

imum at optimal doping, with ps decreasing almost linearly in the under-doped
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region. Such a rapid fall could be due to (a) the competition between superconduc-
tivity and antiferromagnetism which removes a portion of charge carriers that might
otherwise join the condensate [262, 263], and/or (b) strengthening of the AFM phase
and increased magnetic fluctuations in the coexistence region [204], which increase
pair-breaking scattering as the system moves into the magnetic region [264]. The
slower decrease within the over-doped regime may be a result of the reduction in
the carrier density as the hole pockets begin to shrink, although it has been noted
by authors of Refs. [264, 265] that an anisotropic reduction in the pairing strength
in the st scenario can also lead to such an effect. Finally, I emphasise that the
1/ )\ﬁ values given here are approximate as I have neglected any geometric factors or
demagnetisation effects at sharp corners of the sample [266], however I note that the
data is in relatively good agreement with previous Knight shift [260] and muon-spin

relaxation [201] measurements.

6.5 Conclusion

In summary, I have measured the upper critical field of NaFe;_,Co,As across the
superconducting phase, with the magnetic field applied normal and parallel to the
superconducting planes. I find that the in-plane critical field is paramagnetically
limited across the phase diagram, with the critical field matching the BCS limit in
the parent compound. Doping leads to an enhancement of the critical field above
the BCS paramagnetic limit due to a combination of spin-orbit and strong electronic
interactions. I note that a multi-band model is necessary to fully describe the criti-
cal field behaviour, in particular the upwards curvature in HCL2 at low temperatures,
and is further confirmed by the critical field anisotropy. I also discovered a sudden
change in (dHs/dT)r=7, at optimal doping, which I related to the death of the
antiferromagnetic order and/or the structural transition near optimal doping. Fur-
thermore, I discussed the penetration depth £ and discovered a peak in the superfluid

stiffness at optimal doping.
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6.6 Further work

Focusing on the high-field measurements of NaFe;_,Co,As, and on the data pre-
sented in this chapter, there is room for further work to be done. Note that the
measurements were performed only up to 45 T, while the critical field extrapola-
tions down to absolute zero reach values of = 60 T or more, effectively limiting the
upper critical field measurements of optimally-doped samples to the high temper-
ature region around T,. Therefore the measurements would greatly benefit from
access to higher fields. The pulsed magnetic field facility at Oxford is currently in
the process of being upgraded with new magnets that can reach 70 T, facilitating

further in-house critical field measurements.

There have been a number of ARPES studies on NakFe;_,Co,As. However,
ARPES is essentially a surface measurement, and as such it is highly sensitive to
surface effects. In particular surface charge redistribution on a number of pnictide
superconductors, in particular the “1111” family, prohibits ARPES measurements,
although this is not a significant problem in NaFe;_,Co;As due to the non-polar
surface [204]. Deintercalation of the mobile Na atoms at the surface can lead to
a different surface Na concentration when compared to bulk [206]. The most es-
tablished method for measuring Fermi surfaces is quantum oscillations in resistivity
(Shubnikov-de Haas effect) or magnetisation (de Haas—van Alphen effect) [2, 117].
The proximity detector oscillator is an excellent technique for observing Shubnikov—
de Haas oscillations, due to its contactless nature and high sensitivity to the sam-
ple penetration depth, and hence, resistivity. Additionally, pulsed field extraction
magnetometry is a proven technique for observing de Haas—van Alphen oscillations
due to the high dB/dT which amplifies the sample signal. However, despite the
best efforts of myself, and others, no quantum oscillations have yet been observed in
NaFe;_,Co,As or a range of other Co-doped superconductors, probably due to pres-
ence of defects within the samples, which dampen the oscillations [2, 117]. Higher
fields increase the magnitude of quantum oscillations, and so the upgrade of the

Oxford pulsed field facility will provide further opportunity to search for quantum
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oscillations in NaFe;_,Co,As and a variety of other iron-pnictide superconductors.
Measurements at other high-field facilities, for example the pulsed-field facility at
Los Alamos, USA, also remain an option.

It would also be useful to further investigate the multi-band nature of the
superconductivity. The original theory by Gurevich [191] was developed for the
quintessential two-band superconductor MgBo, where the critical field behaviour
could be qualitatively described by considering the system as a bilayer of two dif-
ferent superconductors, with the superconductivity in each layer arising from one of
the bands [191]. It would be interesting to see if this analogy can be carried further,
and in particular to see if the critical field of NaFe;_,Co,As could be described by

a combination of two or more one-band models.






Chapter 7

Conclusion and outlook

In this thesis, a number of transition-metal coordination polymers and iron-pnictide
superconductors were investigated under extreme conditions, such as high magnetic
fields, high pressures, and low temperatures. This chapter summarises the results,

and presents a brief outlook of future experiments.

In Chapter 4, I discussed the effect of pressure on the magnetic properties of the
coordination polymer CuFy(H20)q(pyrazine). It was shown that pressure could be
used to modify the magnetic parameters of the system, giving us the ability to control
the exchange couplings and the ordering temperature. Specifically, the presence of
a Jahn-Teller active metal centre within a hetero-ligand environment meant that
pressure could be used to induce a phase transition from quasi-two-dimensional to
quasi-one-dimensional magnetism at 9 kbar. This was shown to lead to a significant
reduction of the primary exchange coupling and a five-fold decrease in the ordering

temperature.

This work has been published in Ref. [121], and presents a notable contribution
to the field of coordination magnetism, showing that it is possible to directly control
the magnetic parameters and dimensionality via external perturbation, giving us
the ability to fine-tune the exchange couplings to desired values. This work also

emphasises the role that pressure can play in exploring new materials and phases,

129
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and provides a path for further high-pressure magnetometery measurements on co-

ordination polymers and other magnetic insulators.

In Chapter 5, I showed how a chemical synthesis route can lead to two separate
phases of matter which, although made from the same molecular building blocks,
show drastically different magnetic properties. It was shown that the coordination
polymer [Cu(pyrazine)HyO(glycine)2]ClOy is an excellent realisation of a quasi-one-
dimensional antiferromagnet. However, the removal of a glycine molecule from this
compound at the synthesis stage leads to a radical change in the structural and mag-
netic properties. It was demonstrated that [Cu(pyrazine)(glycine)]ClO4 becomes a
zero-dimensional spin-dimer system, and remains disordered down to absolute zero,
but undergoes a field-induced phase transition to an XY ordered phase. This work
has been published in Ref. [19], and highlights the fact that even very small changes
at the synthesis stage can lead to significant modification of a material’s structure,
and hence, magnetic properties. Furthermore, this chapter shows that applied mag-
netic fields, as well as enabling measurement of the material’s magnetic properties,

can be used to modify the energy levels of a system and induce phase transitions.

I briefly discussed the physics of [Cu(pyrazine)(glycine)]ClOy4 in terms of forma-
tion of S = 1 quasiparticles upon the application of a magnetic field, showing that
the bosonic interpretation can be more intuitive than the original spin-picture of the
system. Such a connection between spins and bosons has been exploited since the
discovery of quantum mechanics [173]. This work demonstrates and gives weight
to the the idea of using coordination polymers as ‘quantum simulators’ of phenom-
ena that may occur in quantum mechanical systems [267], such as Bose-Einstein

condensation.

Overall, my work on coordination polymers highlights the quantum nature of the
magnetism in these systems, and the potential for creating novel magnetic ground
states. There exists the possibility of using polymeric magnets as a playground
for realising exotic magnetic phenomena, enabling one to investigate rich behaviour

that may rarely be seen in more conventional materials. The combination of my
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work in Chapters 5 and 4 suggests a route for achieving this aim: by (a) using
chemical synthesis to grow materials with structures that might lead to interesting
magnetic behaviour; and then (b) using the external perturbations such as pressure
or magnetic field to control the magnetic parameters and the dimensionality, thus
fine-tuning the system towards the desired magnetic ground state. Phenomena of
interest might include magnetic frustration, and the formation of a Haldane gap or

a spin-Peierls instability in spin-chains, amongst others.

There is room for significant further experimentation and research in the
field of coordination polymers. I have already begun investigating several
materials of interest along the route suggested above.  Such materials in-
clude (a) [Ni(HsF4)(4-Fpy)4]SbF¢ (py=pyridine, C5sHsN), a coordination polymer
with a kagome structure which could give rise to geometrical frustration, (b)
Cu(H20)5VOFy, a material which has a spin-gap consistent with formation of Cu—
V spin-dimers, and (c¢) a number of weakly-coupled Cu-based tetramers, amongst

others.

In Chapter 6, I presented a high-field study of the iron-based superconductor
NaFe;_,Co,As. Specifically, I measured the upper critical field of this material
across the whole of the doping phase diagram, from the parent to over-doped com-
pounds. I assessed the ability of various models to describe the upper critical field
behaviour, and found that a multi-band model is required to explain the unusual
upwards curvature seen in the critical field vs temperature curve of the optimally-
doped and over-doped compounds. Furthermore, I showed that with the magnetic
field parallel to the Fe-As planes, the critical field is strongly limited by param-
agnetic pair-breaking effects. Doping by cobalt was shown to lead to a significant
enhancement of the paramagnetic limit. Additionally, I extracted and discussed
the behaviour of the critical field anisotropy, the penetration depth, the coherence

length, and the superfluid stiffness.

The results of Chapter 6 have been published in Ref. [182], and presents a com-

prehensive study of the effect of doping on the upper critical field of NaFe; _,Co,As,
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which is a highly topical superconductor. Thus this work represents an advance in
the study of the high-field behaviour of this class of compounds. Unconventional
superconductivity is one of the major intellectual problems in current condensed
matter physics, and the intense interest in this phenomena means that there is an
almost continuous discovery of new materials. In this context, my work in Chap-
ter 6 presents some insights and provides a path for future studies of other iron-based
superconductors. For example, my group in Oxford has already began performing
similar experiments on FeSe, a superconductor which shows an increase in the critical

temperature when intercalated with molecular spacer layers [39].

Returning to the beginning of this thesis, in Chapter 3 I described my devel-
opment of the proximity detector oscillator dynamic susceptometer, a new radio-
frequency based technique which can be used for both magnetometery and trans-
port measurements. This system has no dependence on dB/dt and can operate at
extremely high fields, making it suitable for use in both steady and pulsed magnetic
fields. Furthermore, the small spatial footprint and absence of moving parts in this
system makes it ideal for use in pressure cells or sample rotators. Such magnetome-
tery measurements would have previously been extremely challenging or impossible.
Thus the development of this technique has made a significant contribution to the
field of high-pressure and high-field magnetometery, making new experiments pos-

sible. The results of Chapter 3 have been published in Ref. [72].

This conclusion is essentially supported by the rest of the thesis, where the
proximity detector oscillator (PDO) was used to perform measurements that
would have been very difficult to do otherwise: measuring the magnetisation of
CuF3(H20)2(pyrazine) as a function of pressure, (b) measuring the magnetisation
of [Cu(pyz)(gly)]ClOy4, a sample which had a large magnetocaloric effect and could
not be measured using traditional pulsed-field techniques, and (c) performing upper
critical field measurements on NaFe;_,Co,As, a highly air-sensitive sample. One
unique property of the PDO that hasn’t been explored so far is the unique ability

to observe transport and magnetic properties in the same experiment. The PDO, in
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combination with a pressure cell and high magnetic fields, would be ideal for explor-
ing materials that show metal-insulator phase transitions [268]. This would enable
characterisation of the magnetic properties in the insulating phase, and transport
properties in the metallic phase, providing a path for gaining new insights into the
physics of these materials.

The discipline of high magnetic fields is continuously evolving, with new tech-
nologies and concepts being used to achieve ever-increasing fields. This means that
there is an on-going need to develop new measurement techniques and instrumen-
tation that can operate within these extreme conditions. One current challenge is
the operation of transport and magnetometery experiments in the 300 T single-
turn explosive magnets, which have an extremely short pulse width (microseconds).
Several new technologies that address this challenge are currently in development,
including a modified version of the PDO that will operate at much higher frequencies
(~ 100 MHz) and uses fibre-optics as part of its circuitry [269].

The PDO has a bright future as a multi-purpose tool in the hands of the high-
field experimentalist, widening the range of experiments that can be performed and
the number of samples that can be investigated. A recent report by the US National
Research Council has confirmed the important part that high magnetic fields play
in both basic and applied scientific research, and has recommended development
of new 60 T steady-field and 150 T pulsed-field magnets [5]. The PDO, due to its
unique advantages and versatility, is bound to be one of the measurement techniques

of choice in these new systems.






Appendix A

Diamond anvil cell

measurements

This appendix describes the procedure for setting up turnbuckle diamond-anvil cells

for the experiment described in Section 4.9.

The diamond-anvil cells (DACs) were designed and made at the National High
Magnetic Fields Facility, USA. The schematic diagram of a DAC is given in Fig. A.1.
The pressure cell consists of a pair of natural diamonds, each with a highly polished
flat surface. Each diamond is set into a high-tensile BeCu alloy endcap. A thin
gasket, reinforced by a Zylon outer ring, is placed on the flat surface of the bottom
diamond. A small hole at the centre of the gasket acts as the sample space, which
is filled with an appropriate pressure medium. The DAC uses a turnbuckle design,
where the endcaps have threads of the opposite sense. The two diamonds are then
placed in the turnbuckle body using a specially designed load-cell assembly [see Figs.
A.1(a,b)], and each turn of the turnbuckle brings the diamonds closer together. As
the diamonds are brought together, the gasket becomes compressed, sealing the
pressure medium in. Further application of force compresses the gasket even more,

causing a pressure buildup within the pressure medium.

The gasket is reinforced by an outer ring of epoxy-impregnated Zylon fibre, and

is made by mixing a powder made of 5-10 pm diamond particles with Stycast 1266
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Figure A.1: Schematic diagram of (a) a turnbuckle diamond-anvil cell and (b) the
spanner system for tightening the turnbuckle [270]. Also shown is an image of a DAC
gasket loaded with a PDO coil and a sample. The pink dots next to the sample are
the ruby spheres used for pressure calibration.
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epoxy. The smallest amount of epoxy is used, as higher diamond content leads
to a stronger (but more fragile) gasket. The gasket is prepared as follows: firstly
a Zylon ring is fixed to the sides of the diamond surface using Araldite 5-minute
epoxy, and once dry, the Zylon ring is filled with the gasket mixture. The second
diamond is coated using a thin film of PTFE lubricant, and both diamond stones
are then placed in the turnbuckle body, and are brought together in a controlled
manner, compressing the gasket material. The gasket is compressed until the desired
thickness is reached, after which the DAC assembly is placed inside an oven for the
gasket to cure. The top diamond can then be easily removed due to the added

lubricant, giving access to the newly made gasket.

The sample space is created by making a hole of the appropriate size at the
centre of gasket, the walls of which are covered with a thin layer of epoxy for added
strength. Two channels are made in the gasket and the Zylon ring, for feeding
through the PDO coil leads. The PDO coil is placed inside the gasket hole, and
the wires are positioned inside the channels and fixed in place with epoxy. These
channels are needed to prevent the wires from being completely crushed or discon-
nected as the DAC is pressurised. Finally, the sample and some ruby spheres (used
for pressure calibration) are placed inside the coil, and the gasket hole filled with
the pressure medium. The bottom and top diamonds are then placed inside the
turnbuckle assembly, and brought together by turning the turnbuckle. As the di-
amonds are brought together the applied pressure is continuously monitored using

the luminescence of ruby, as discussed in the next section.

Similar to piston-cylinder cells, the DAC is slowly cooled at a rate of 0.5 K/min
during the experiment, to prevent thermal shocks and reduce non-hydrostaticity.
However, in contrast to PCCs, cryogenic cooling increases the pressure by a factor of
2—-3. This is due to the low thermal expansion coefficient of diamond when compared
to the cell body. All pressures quoted here are taken in-situ at the measurement

temperature, using the R; fluorescence line of the ruby spheres (see Section 4.3.2).
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Diamond anvil cells are used for their ability to reach higher pressures than
other pressure cells. In this thesis (see Section 4.9) a maximum pressure of 56 kbar
was achieved, although pressures in excess of 500 kbar are possible in DACs. The
maximum pressure that can be achieved in the DAC setup explained here depends
on the diamond cutlet (diameter), as well as the gasket thickness, material, and hole
diameter. Using smaller diamonds or thinner gaskets allows higher pressures to be
achieved, as a smaller amount of force is required to reach a particular pressure,
although at the obvious cost of a smaller sample space. Typically turnbuckle DACs
of this design fail by either (a) developing a leak at the lead channels, or (b) an
expansion of the gasket hole. In the latter case the gasket becomes unable to support
the pressure—the application of further force simply serves to deform the gasket hole,
and the pressure remains constant or is reduced. Finally, DAC experiments can also
fail when the gasket compresses so much that both diamonds begin to touch the
sample directly, crushing it in the process.

For the experiment described in Section 4.9, over ten DACs were prepared, using
a wide variety of diamond cutlets (0.6-1.2 mm), gasket thicknesses (50 — 150 pum),
gasket holes (0.2 — 0.4 mm diameter) and PDO coils (100 — 300 pm diameter).
Successful measurements up to 56 kbar were made using a 0.8 mm cutlet diamond

with a gasket of thickness 150 pm and gasket hole of 300 pm diameter.
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