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ABSTRACT

Quantum materials are expected to be the future of technology, with emerging IT relying on
new materials capable of switchable and stimuli-responsive behaviour. Quantum mechanics
governs the physical nature of all materials, able to describe how atoms and electrons behave
and interact. At the macroscopic level, quantum effects are not normally visible and the
system can be approximated by a classical description, however, in quantum materials, these
effects remain noticeable and manifest over a large range of energy and length scales. This
work presents a density-functional theory (DFT) study on two promising quantum materials:
CrCly(pym) [pym = pyrimidine] and Cus(OH )¢ F Br, candidate structures to host the S=2
Haldane phase and the quantum spin liquid phase respectively. This research also aims at
the discovery of new quantum materials via structure prediction of CrCly(pydz) [pydz =

pyridazine).

DFT struggles to account for the strong electron correlations found in quantum materials
and, therefore, a Hubbard U correction is needed. Such an approach has been first applied
to study the low-dimensional metal-organic magnet CrCly(pym). DFT+U (U = 3 €V)
geometry optimisation results found the presence of a Jahn-Teller distortion, confirming a
Or?* oxidation state with crystal field splitting resulting in S = 2. Band-structure and
density of states calculations showed a band gap of 1.2 V. Despite CrCly(pym) approaching
the quasi-one-dimensional antiferromagnet limit with a magnetic exchange ratio J;/J; = 8.4,
the Haldane phase was not confirmed by experimental collaborators, most likely suppressed

by superexchange interactions or single ion anisotropy.

Another focus of this work is the investigation of the quantum spin liquid candidate barlowite
[Cus(OH )¢ F Br|. Despite barlowite having an adequately small spin of S = % to be a
quantum spin liquid, such a quantum phase was not found, although non-collinear DFT
calculations confirmed the frustrated magnetic nature of the system. Structural disorder is

present in the system; DFT+U (U = 5 eV) geometry optimisations relaxed the system in



the Pnma and P63/mmc space groups. Band-structure calculations found a band gap of
0.56 €V, and a similar insulating nature was found for analogues containing different halides,

namely claringbullite |Cuy(OH)gF'Cl] and iodide [Cus(OH)gF1].

Building on the techniques fine tuned in modelling the systems presented above, a search
for novel quantum materials was carried out starting from CrCls(pym) in which Cr was
exchanged with a series of transition metals (V, Fe, Co, Ni) to create new systems, discover
trends and test for their properties. Furthermore, the search was expanded to include a
different organic ligand, pyridazine. The novel CrCly(pydz) structure was discovered by
carrying out structure searching by means of the Wyckoff Alignment of Molecules (WAM)
technique. Magnetic exchange results show that this material is quasi-one-dimensional, with
J1/Jy = 16.92. This is a promising result, suggesting that the DFT tested requirements to
host the S = 2 Haldane phase are met and this structure is ready to be physically synthesised

and experimentally proven.
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Chapter One

Introduction and Scientific Background

1.1 Overview

Modern technology is significantly driven by advances in engineering, materials applications
and software development, driven by our current understanding of the world at the atomic
level. One promising class of materials with innovative technological applications are quan-
tum materials. Quantum materials are a class of materials in which quantum effects remain
noticeable and manifest over a large range of energy and length scales, at times even at the
macroscopic level. A classical description of such materials would not account for the vari-
ous properties they exhibit, as their nature can only be described using quantum mechanics.

Examples of quantum materials include superconductors, qubits, and quantum sensors [1].

One of the most common types of quantum materials are strongly correlated materials, which
exhibit quantum mechanical properties driven by the strong electron-electron interactions.
Quantum materials have opened the door to exotic states of matter, from topological in-
sulators to quantum spin liquids [2|. Interesting magnetic properties often arise with such

quantum materials, opening up a world of technological potential [3].
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This thesis explores two of these exotic states, namely the Haldane phase using metal-
organic magnets and the quantum spin liquid phase using minerals. This is a computational
research using density-functional theory (DFT), a computational quantum mechanical mod-
elling method. In this chapter, the scientific background relevant to this work is presented,
along with an explanation of the motivation and research scope. Chapter two explains
how DFT works and its applications relevant to the modelling of quantum materials. In
chapter three, a DFT exploration of the Haldane phase candidate metal-organic framework
CrCly(pym) [pym = pyrimidine] is presented. In chapter four, the quantum spin liquid
candidate Barlowite is studied to investigate its structural nature, electronic properties and
magnetic frustrations. In chapter five, the understanding of the systems previously explored
and the refined modelling approaches developed throughout this research are exploited to
search for new quantum materials. A set of new 2D Metal-organic magnets based on the
structure presented in chapter three have been investigated. The last chapter comprises of

a summary of the work carried out along with an outlook on future developments.

1.2 Scientific background

The science governing the materials explored in this thesis is a combination of materials
science, solid state physics and materials chemistry. Quantum mechanics forms the scientific
basis of this work, and is at the core of the material properties explored as well as the

computational approach used to study them.

1.2.1 Quantum materials: strongly correlated systems

Quantum materials are a class of compounds characterised by strong electron-electron inter-

actions. Electron correlations govern the properties of these materials, and theories omitting
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this correlation interaction, such as Hartree-Fock theory, give qualitatively incorrect results.
This class of materials showing strong interactions between electrons often include ions with
narrow localised d or f open shells. The d or f orbitals are more localised and have a smaller
volume than s or p orbitals, causing these electrons to be relatively closer to one another and
experience strong Coulombic repulsion [4]. The crystal structure of these materials results in
narrow bands stemming from these orbitals. Simple band-theory models are inadequate to
describe these materials and often give wrong predictions in terms of electrical conductivity.
Alternative models, such as the Hubbard model presented in chapter 2, have been developed
to describe these materials, in which there is a competition between the on-site Coulomb

interaction with electron delocalisation [5].

Strongly correlated materials can be classified under different families. The most common
includes 4f and 5f electron compounds, showing either Kondo or heavy fermion behaviour.
Fermionic quasi-particles, much heavier than the ones found in conventional metals, are often
hosted by this family of materials. This family often exhibits non-Fermi liquid behaviour,
and act as unconventional superconductors under low temperatures [6]. Examples include

UPts, CeAls and YbRh,Si, [7, 8.

The second family of strongly correlated materials includes systems with partially filled
d orbitals, such as many 3d, 4d and 5d compounds. High-temperature superconducting
cuprates are the classic example, and other examples include manganites, titanates and
ruthenates such as LaMnOjs, LaTiO3 and SroRuO, [9]. This class of materials exhibit, to
different degrees, Mott behaviour. Mott insulators [10] are a class of materials that are
expected to conduct but actually show insulating behaviours. These materials possess half-
filled bands and, even when exposed to an electric field, are unable to conduct due to strong
electron-electron interactions. The on site Coulombic repulsion between electrons is stronger
than the “hopping” kinetic energy that would cause the electrons to conduct, so the electrons

stay “pinned” in place and conduction does not take place. In addition to Mott behaviour,
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this class of correlated materials can also present spin and orbital frustration, such as in the

quantum spin-liquid materials explored in chapter 4.

A third family of strongly correlated materials includes molecular crystals, such as Cgg
compounds, characterised by small inter-molecular hopping integrals resulting in narrow

bands [11].

In real-world strongly correlated systems, multiple strongly correlated bands often coexist,
which compete with other interactions besides the on-site Coulomb repulsion, such as elec-
tron—lattice coupling, crystal-field splitting, spin—orbit interaction, or magnetic exchange. It
is therefore hard to pinpoint the real cause of an experimentally observed phenomenon due
to the interplay of these interactions, especially when the correlation is strong. For instance,
a conductive to insulator transition may be expected to arise from a Mott mechanism, but
it could also be caused by lattice distortions reducing the symmetry, or both [4]. Com-
putational simulations are the best tool scientists can deploy in such scenarios in order to

disentangle the complexity of the system.

One famous example which scientists pondered for many years is the case of single layered
ruthenates. It was unknown if the ordering arises from a purely electronic many-body super-
exchange mechanism or if it arises from the electron-lattice interaction. It was recently
discovered that such ordering arises from the interplay of super-exchange with Born—Mayer

repulsion [12].

It is therefore clear that strongly correlated materials are a complex field of material science,
not defined by a single observable quantity, but rather consisting of a class of materials in
which the local Coulomb interaction must be explicitly taken into account, coherent with
the Hubbard model. It is conclusive to consider the d and f orbitals electrons to play a
fundamental role in strongly correlated materials, and in the next section we will explore

their nature inside a crystal by looking at crystal field theory.
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1.2.2 Crystal field theory

The materials presented in this research combine transition metals with ligands in a crystal
setting. In this section, we will describe what happens to transition metal complexes due to

the presence of such ligands.

From the moment we position an atom in a crystal and it forms bonds, there is a large
number of Coulombic and magnetic interactions it experiences from adjacent atoms. The
outer electrons are the ones responsible for forming bonds and giving the atom its magnetic
moment. For simplicity, let us consider point charges with the classical Coulomb’s interaction

energy between the charges:

B o 12 (1.1)
T

In transition metals, the d-orbital electrons play a major role in terms of the electronic
and magnetic properties of the atom and these electrons interact strongly with adjacent
atoms. The 3d orbitals have an Azimuthal quantum number [ = 2 (d-orbitals) with magnetic

quantum numbers my; = -2, -1, 0, 1, 2 (in the d,2, dy2_,2, dyy, dy, d,). Orientations).

For an isolated atom, these 3d orbitals are degenerate in energy. As we move inside a crystal,
repulsion between the electrons in the d-orbitals and the ligands breaks the degeneracy. As
shown in figure 1.1, the 3d orbitals are not spherically symmetrical, some lie on the x,y,z

axes, like the d,2 and d,2_,2 orbitals, while others are in between the axes [13|. Therefore,

-y
some of the 3d orbitals point towards the ligands while others do not, meaning that some
d-electrons will experience more opposition from the ligands than others, depending upon
the geometry of the crystal. This is the reason why the degeneracy is broken, causing a

splitting in the energy levels, known as crystal field splitting. The representation of this

splitting is shown for a crystal with an octahedral geometry in figure 1.2.
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Figure 1.1: Schematic representation of the d-orbital shapes of an isolated hydrogen atom.

The orbitals are a good representation of the probability of finding electrons in a given point

in space, and 5 of them exist for the d-shell electrons. Figure from Chemistrytalk.org|14]
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Figure 1.2: Schematic representation of the crystal field splitting in an octahedral complex

and Jahn-Teller distortion. The orbitals that lie on the axis (e;) point towards the ligands

and are raised in energy, whereas the others ty, are lowered in energy. The Jahn-Teller

distortion for a 9 d-electron octahedral system results in a further decrease in degeneracy.
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Electrons are filled following an arrangement which minimises the energy of the system. This
means that in a crystal field, the first 3 electrons fill up the ¢y, shells. The fourth electron
can either fill up one of the e, shells or pair with one of the ¢y, electrons with opposite spin.
The pairing with one of the previously half-filled ¢y, costs energy, the spin pairing energy. If
the crystal field splitting energy A, is more than the spin pairing energy, then the electron
will fill up the ty, shell, resulting in the “low spin” configuration, as is the case for strong-
field ligands. On the other hand, if the crystal field splitting energy Ag is rather small, less
than the spin pairing energy, then the electron will fill up the e, shell, resulting in the “high
spin” configuration, as is the case for weak-field ligands [15]. A diagram summarising the
high and low spin configurations is presented in figure 1.3. If these d-electrons are arranged
in the e, and ty, d-orbitals in a non-symmetrical fashion, as depicted by the blue coloured
configurations in figure 1.3, the system will experience a geometrical distortion, known as

the Jahn-Teller distortion.

Low Spin High Spin

{2 SR 2. 2P el

R, NN SRR SN NRN | NEEL AN REN NN, BN,
dé d’ dd d°

d1o de d7 d8 do ‘ d1o
—— & —— —— g —— g —— g —— g —— g ——e Lf €y LL €y
A S SRR S A S S T 508 SO Y W Y S S S X A X 2
d? d ! d3 4 ! ds dt d2 d3 d4 ds

Figure 1.3: Representation of the d-orbitals of an octahedral complex undergoing crys-
tal field splitting. Jahn-Teller distortion occurs when these d-orbitals are filled in a non-
symmetrical manner. The symmetrical configurations have been shown in red, whereas the
non-symmetrical ones in blue. The configurations with an asymmetrically filled e, orbital
are the ones experiencing the strongest Jahn-Teller distortion and have been highlighted in

yellow.
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1.2.3 The Jahn-Teller effect

The Jahn-Teller effect, common to octahedral complexes, is a geometric distortion of a non-
linear molecular system that reduces its symmetry and energy. This results in unequally
occupied orbitals being no longer degenerate, lowering the overall energy of the complex

[16]. This therefore happens when the d-orbitals are not filled symmetrically.

The Jahn-Teller effects therefore cause the physical geometry of the system to stretch or
compress. As this happens, the e, and ty, electrons are no longer degenerate. The new
relative energies of these orbitals are shown in figure 1.2. When asymmetry is present in the
tog orbital the Jahn-Teller effect will cause a weak distortion, whereas in the presence of e

asymmetry, the Jahn-Teller effect will cause a strong distortion.

As the metal ion is placed in the crystal, the metal’s orbitals overlap with the ligand’s orbitals
to form molecular orbitals. As ligand field theory predicts, some of the resulting covalent
bonds will be of lower energy than the original atomic orbitals, called the bonding molecular
orbitals; some will be of higher energy, the anti-bonding molecular orbitals; and some will

be of the same energy, the non-bonding molecular orbitals [17].

The transition metals in many of these octahedral complex systems, and generally in strongly
correlated materials, have partially filled d shells with unpaired electrons. These unpaired
electrons, having angular momentum, result in the atom having an overall magnetic moment
pointing in a specific direction. This leads to magnetic behaviours, which we will explore in

the next section.
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1.2.4 Magnetism in solids

Magnetism classically arises from the motion of electric charges, such as by a flow of electrons
around a coil. With the development of quantum mechanics, it has been discovered that
charged particles like electrons have an intrinsic spin angular momentum (. ), giving rise to

a magnetic moment, meaning that each electron acts as a minuscule bar magnet [18|.

The spin angular momentum of an electron around a nucleus is:

eh
2me,

He = — (1'2)
in which e is the electric charge of the electron and m, is its mass. The magnitude of .
is referred to as a Bohr magneton (up), which is often used as the unit for expressing the

magnetic moment of an electron.

Furthermore, the electron “orbits” around a nucleus with orbital angular momentum L, giving
rise to a magnetic moment [ = 7[_:, where v is the gyromagnetic ratio. The combination
of these, along with a very small contribution from the nucleus, results in the net magnetic

moment of an atom.

For an electron around a nucleus, the magnitudes of orbital and spin angular momentum are
quantised in terms of the spin (s) and orbital (/) angular momentum quantum numbers as

follows:

IL| = /1(L+ 1)h
15| = \/s(s+ Dk

(1.3)

Note that s = % and [ = 0,1,2,3..n — 1 where n is the principal quantum number. Recall

that [, sometimes referred to as the Azimuthal quantum number, is what is commonly used
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to describe the shapes of the orbitals of an electron orbiting a nucleus, such as the s,p,d or

f orbital shapes.

The orbital and spin angular momentum are further quantised in different directions, de-
pending upon the magnetic quantum number (m;) and the spin quantum number (m; = :I:%)
Recall that (m;) determines how many orbitals there are, of a given type, per energy level.

For instance, for (=1 (p-orbitals) m;, = -1, 0, 1 (in the Px, Py, Pz orientations).

The sum of the spin angular momentum and orbital angular momentum results in the total

angular momentum J =L+ S. The total magnetic dipole moment is [19]

. J
Hj = g3 B ﬁ (1-4)

where gy is the Landé g-factor, a measure of the relative importance of orbital and spin
angular momenta. This gives rise to the total effective magnetic moment of an atom, which

is quantised quantity as follows:

|pet| = g3/ J(J + 1) s (1.5)

In spite of this, the orbital angular momentum does not substantially contribute to the
magnetic field of an atom. The electrons in any filled shell move equally in any given
direction and can be pictured to have a “cancelling out” effect in terms of the effective
magnetic moment, on top of the fact that they come in spin up and spin down pairs. The
majority of the effective magnetic moment in an atom therefore arises from the unpaired
electrons in half-filled outer shells [18]. This is why atoms found near the sides of the
periodic table with mostly filled electron shells are not magnetic, whereas the atoms towards

the middle of the blocks, such as transition metals with half-filled electron shells, exhibit

10
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strong magnetic behaviour.

After having understood magnetism on a single-atom basis, we are ready to explore what
happens when we combine atoms in crystal structures and understand how magnets are
formed. Following the logic presented in the previous chapter, one might expect solids made
up of atoms with unpaired electrons in half-filled outer shells to be magnetic, however, the
magnetisation of the entire sample is usually zero. This is because different regions within
the material normally have their magnetic moments pointing in different directions. These
regions are called domains, and inside each domain the magnetic moments actually do point
in a uniform direction. To magnetise a sample of material, an external magnetic field (ﬁ )
is applied. The domains aligned with this external field will grow, shrinking the adjacent
domain which are not aligned in order to minimise the overall energy of the system. Once
the magnetic moments of the atoms in the sample are aligned with the external magnetic
field, the sample is magnetised. Some materials are easier to magnetise than others, which

is dictated by the magnetic susceptibility of the material y. The magnetisation (M ) is

M = xH (1.6)

In ferromagnetic materials the uniform magnetic moment arrangement is stable and a magnet
is formed, whereas in paramagnetic materials the magnetisation is not permanent and will
dissipate once the external magnetic field is removed. Despite ferromagnetic materials, such
as iron, acting as permanent magnets, they can lose their magnetisation due to an increase in
temperature. Thermal energy causes the atoms to vibrate more and misalign, decreasing the
magnetisation while increasing the internal entropy of the system. The temperature above
which certain materials lose their permanent magnetic properties and undergo a phase change
is known as Curie temperature for ferromagnetic materials and Néel temperature for anti-

ferromagnetic materials [20]. Notice that as we transition from a non-magnetic state to a
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magnetic one in which the spins are aligned, the rotational symmetry of the system is broken
during this phase transition. Whether a material acts as a ferromagnet, anti-ferromagnet or
paramagnet is dependent upon the magnetic exchange interactions, which will be explored

in the next section.

1.2.5 Magnetic exchange

The exchange interaction is a quantum mechanical phenomenon whereby individual magnetic
moments will attempt to align all other magnetic moments of the system with themselves.
This means that if the exchange interaction between the electron spins is larger than the
thermal energy of the atoms involved, then ferromagnetism is seen, and the opposite case if

for para-magnetism [21].

To understand magnetic exchange, let us first remind ourselves of the Pauli exclusion princi-
ple, which states that two identical fermions cannot occupy the same quantum state si-
multaneously. The wavefunction describing two electrons in the same quantum system
may have the same spatial part or the same spin component, but not both. To under-
stand this, let us take two particles with positions 7; and 75 occupying two different quan-
tum states W, and Vg respectively. The combined wavefunction solution for this system
can be represented as W(7,75) = Wa(r)) Yp(ry). After the exchange of the two particles
is carried out, we find W(7,7) = Wa(ry) ¥p(71). The probability distribution is iden-
tical before and after the exchange, being |[W¥ (7, 75)[* = |¥(rh, 7 )|, which means that
W(r, ) = £W (7, 71). This gives rise to two distinct classes of subatomic particles which
show different behaviours under exchange: bosons, whose wavefunctions are symmetrical un-
der exchange W (7, 7) = W(7%,, 1), and fermions, whose wavefunctions are anti-symmetrical
under exchange W (7}, 75) = —W (7%, 7). Electrons are fermions, and the wavefunction of elec-

trons is therefore always anti-symmetric, either having symmetrical spatial components and
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anti-symmetrical spins (in anti-ferromagnets), or anti-symmetrical spatial component and
symmetrical spins (in ferromagnets) [22|. The wave function overlap of two electrons gives
rise to the exchange integral J. The exchange energy between all the neighbouring magnetic

moments of a system can be quantified using the Heisenberg model [23]:

ij

where S; and §j represent neighbouring spins and the sign of J, the exchange integral, deter-
mines if the exchange is symmetric (ferromagnetic) or anti-symmetric (antiferromagnetic).
There is a number of different mechanisms through which magnetic exchange can occur, and

we will explore the two which are relevant to this thesis.

The first is direct exchange [24], in which the magnetic exchange interaction happens directly
through neighbouring atoms. Because atoms are often too distant for the orbitals hosting the
unpaired electron to overlap, this magnetic exchange is often too weak to be noticed. The
second exchange mechanism is called superexchange, in which two next-to-nearest neigh-
bour metals undergo exchange through a non-magnetic mediator [25]|. If the mediator was
also magnetic, then we would simply be faced with direct exchange. In the superexchange
mechanism, the mediator’s orbitals overlap with the metal’s orbitals, therefore acting as a
“medium” through which the magnetic interactions of the two metals are coupled, either fer-
romagnetically or anti-ferromagnetically, despite the metals being relatively far apart. Other
exchange interactions include double exchange, the Dzyaloshinskii-Moriya interaction, the
RKKY interaction and dipolar exchange [26]. When incoherent exchange interactions are
present in a material simultaneously, they cause magnetic frustration, as will be explored in

chapter 4.
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1.3 Research motivation

The motivation behind this ab initio computational research is to understand, develop and
optimise a new class of quantum materials with the potential of revolutionising the infor-
mation technology (IT) world by exhibiting switchable and stimuli-responsive characteris-
tics [27]. Quantum materials, such as strongly correlated materials, are growing in popularity
thanks to their ability to achieve reversible metal-insulator transitions, a property of great
use in the IT world [28]|. These types of transitions of a material from a metal to an insula-
tor, and even to a semiconductor, can be attained by altering a series of parameters such as

pressure, temperature, or doping [29].

The 20" century has been revolutionised by semiconductors which made computation and
information technology a reality, while the big focus of the 215 century is quantum materi-
als, with great potential in transforming memory, sensing, information, energy, and related
technologies [30], being the overall motivation behind this thesis. The limitations of classical
band-based semiconductors [31], such as silicon, will require the IT world to look for alterna-
tives with more complex physics, such as strongly correlated semiconductors. Technology has
reached a need for novel materials that can compute and store information in new ways, and
quantum materials are one of the most promising ways of achieving this goal. These novel
materials exhibit non-trivial magnetic and electronic properties, such as colossal magnetore-
sistance (like manganese-based perovskite oxides) by coupling magnetism and electricity to
form magnetoelectrics [32]|, quantum-spin liquids by exploiting topological properties [33]
and high-temperature superconductivity to form qubits [34, 35]. The careful tuning of dop-
ing, delocalisation and correlation in these materials holds the potential of revolutionising

the computing world, leading to spintronics [36] or even quantum computing [37].
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1.3.1 The essentiality of DFT for technology and science

The discovery of new materials is often driven by experimentally synthesising them and later
testing their properties. Known chemical trends and previous research are of great value in
such an approach, but the trial-and-error aspect persists. This approach is somewhat ineffi-
cient in terms of money, time and laboratory equipment usage. One alternative, often used
in conjunction with the experimental approach just mentioned, is the design of new materials
in silico, such as using DFT [38|. For a novel unknown hypothesised material, DFT is able
to predict a series of material properties without any experimental equipment, although the
usage of appropriate computational resources, such as computer clusters, is needed. DFT
allows for a series of properties to be computationally calculated, such as electronic struc-
ture, phonon modes or electrical conductivity. Furthermore, DFT can facilitate structure
prediction and refinement of new materials as it can geometry optimise a system by relaxing

its atoms to the lowest energy positions [39].

On top of this, laboratory experiments can measure properties, such as conductivity or
magnetism, but give no explicit insight into why these results are seen or the quantum
mechanics driving them. On the other hand, DFT applies quantum mechanics directly onto
the system of study and outputs quantum mechanical results which no experiment can see
explicitly, such as molecular orbital shapes [40]. In addition, different properties can be
included or excluded in the computational model to see if they play a major role in the
system of study or if they are relatively negligible. This helps to pinpoint the driving science
behind the different observed properties. This approach gives insight into what modification
must be made to materials in order to meet a set of criteria that solve technological problems.

It is through deep understanding that progress is made in this field of science.
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1.3.2 Research scope

The scope of this thesis is to investigate strongly correlated materials by focusing on two
promising structures, the first being the CrCly(pym) metal-organic magnet, a candidate
structure for the S=2 Haldane phase, and the second being Cus(OH )¢F Br, a candidate
structure for the quantum spin liquid phase. One of the goals for each of these structures
is to attain an accurate structural lattice geometry by investigating the forces at play while
relaxing their structures. Further goals consist of studying their electronic behaviour by
generating band-structure plots and density of states diagrams, as well as solving for their
molecular orbitals and charge density. On top of this, this study will focus towards under-
standing the type of magnetic interactions involved, the magnetic exchange mechanisms and

any other physics specific to the system of interest.

After having developed and optimised a robust DFT+U approach suitable for studying
strongly correlated materials, a second scope of this research consists in predicting novel
unknown structures by computationally synthesising them based on the previously studied
metal-organic magnet. The science governing these new theoretical structures is investigated,
and the electronic and magnetic properties of these new quantum materials are discovered,

opening new possibilities for the technological and scientific sectors.
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Chapter Two

Electronic Structure Theory

Quantum mechanics is at the core of analysing crystal properties, such as energetics, struc-
tures at the atomic level, vibrational properties, electronic response properties, etc. To do
this, the shared-source academic and commercial software package CASTEP [41] has been
used throughout this research. In this chapter, the plane-wave DF'T approach used through-

out this research is carefully explained.

2.1 The many-body problem

In order to find the electronic structure of a system of N interacting electrons of charge e
and mass m., and M nuclei of charge Z and mass my, the full many body Hamiltonian must

be taken into account, which takes the following form [42]:

. - R 1 L&z
2m. Z Y 2my - I 4re XZ: ZI: |7 — Ry
1 NoXM e? 1 MM AV A (i (21)
147
+ ——— T — =
8meo Z ; 7 =751 8mey ; JZ# |R; — Ry
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The electronic positions are 7; while the atomic positions are R;. The first two terms of this
equation are the kinetic energy of the electrons and the nuclei respectively. The next three
terms account for the electron-nuclei interaction, the electron-electron interaction and the
nuclei-nuclei interaction. To prevent counting a self-interaction of the electrons and nuclei
with themselves, the i = j and I = J are not included in the last two double-sums. These two
double-sums also include a front factor of 1/2 to prevent double counting. Also, spin-orbit
coupling has not been included as it would require the wavefunctions to be represented by

spinors, as later discussed in section 2.5.4.

Following equation 2.1, the explicit form of the Hamiltonian used in the many-body time-

independent Schrodinger equation takes the form:

HY({R}, (7)) = EV({B}, (7)) (2.2)

For a system containing more than a few electrons, this equation cannot be exactly solved
because an analytical solution cannot be found and it is too complex to be solved compu-
tationally, therefore, approximations must be made. Two approaches have been developed
over the years, focusing on the electron density or on the wavefunction, each with its own

advantages and disadvantages.

Wavefunction approaches use an explicit form of the wavefunction from which observables are
then calculated. These methods include perturbational approaches, such as Moller-Plesset
and diagrammatic methods, as well as variational approaches, including Hartree-Fock or the
configuration interaction method. These methods are often very computationally expensive

but offer accurate results.

Density-based approaches, on the other hand, focus on the electronic density instead of the
explicit wavefunction, which is not explicitly calculated. These methods are often less com-

putationally demanding and still offer relatively accurate results, such as the Thomas-Fermi
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approximation and density-functional theory. Before diving into density-based methods, the

more classical wave-function approach is examined.

In order to simplify the problem at hand and decrease degrees of freedom, a series of ap-
proximations can be used, the main one being the Born-Oppenheimer approximation. Since
nuclei are about 2,000 times heavier than electrons, they can be assumed to be fixed in
place relative to the electrons. Of course this is not strictly representative of reality, not
only because the nuclei are not indeed static, but also because there is always an inherent
uncertainty in the position of the nuclei according to Heisenberg’s Uncertainty Principle.
However, as nuclei are orders of magnitude larger than electrons, their wavefunction is rel-
atively localised and therefore such an approximation can be implemented provided that
temperature is not taken into account. Such a static approximation of nuclei, known as the
adiabatic approximation, allows for the decoupling of the motion of the electrons and nuclei.
This simplifies the third term of equation 2.1 to a simple external potential term. A new

Hamiltonian can therefore be defined for the electrons only. Note that nuclei are static and

1

o = 1) have been used.
TEQ

Hartree atomic units [43] (e = m, = h =

Helec:_§ Zvlz—zgm+522m+vﬂn (23)

i i
The V,,,, accounts for the Coulomb interaction between the static nuclei, which has been
included for completeness in the electronic Hamilotnian presented above. Such an equation
therefore leads us in finding the potential energy surface minima, reaching the electronic
ground state. Finding these local minima can be done using computational iterative ap-
proaches, as later explained. This becomes a powerful tool at our disposal. For instance,
by treating the nuclei classically, their positions can be shifted towards the minimum of the
potential energy surface, therefore relaxing the structure. More on these approaches will be

later explained.
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2.2 Hartree-Fock theory

The Hartree approach, detailed in Ref[44|, considers the wavefunction as a product of single
particle wavefunctions, as if the electrons were independent. This approximation therefore

decouples the electrons leading to a series of single particle equations of the following form:

— 5 VR) + Vi) = ) 2.4

The problem with such an approximation is the lack of particle exchange symmetry. In
order to take into account an antisymmetric particle exchange nature, the many body wave-
function is described by a Slater determinant consisting of the N orthogonal single particle
wavefunctions. This is a smart solution to impose antisymmetric exchange, as swapping two

rows or columns results in a sign flip.

Yi(M)  Pa(rh) oo Ya(m)

1) () e Ya()
VN s

This is the Hartree-Fock theory, and works by implementing the variational principle of
quantum mechanics. This means that the ground state energy FEj of our system will always

be less than or equal to the expectation value E:

E = (V|H|V) > B, (2.6)

The expectation value can be calculated using U described by the Slater determinant pre-

sented in 2.5.
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The mathematics can be simplified exploiting the following property held by the Slater

determinant, [ 97 dif = &;;, resulting in the following expectation value:

E = —%Z/wi‘V?widﬂ%//m—p@dmﬁ

=7

__Z//w s <‘> <r>dﬁdf_z[:Z]/Wp%

| d

For the first time, in equation 2.7 we come across the electron density:

o) = 3 ()

(2.7)

—

g

Now that we have an equation for the expectation value of energy, we can implement varia-

tional calculus techniques to minimise E.

This leads to a system of N Hartree-Fock single particle eigenvalue equations shown in 2.9,

each electron having its own equation. This system of equations has to be solved self-

consistently through an iterative process since the output also forms part of the input. Once

a desired convergence is reached, the Hartree energy is found, as later explained in section

2.4.2.

-

’ r
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There are four terms in 2.9: electron’s kinetic energy, Hartree potential accounting for the
electron’s Coulombic interaction with the electron density, the electron-nuclei Coulomb “ex-

ternal” potential and the Fock-exchange purely arising from quantum mechanics.

These terms make up the Hartree-Fock approach, which can be summarised in equation 2.10:

Eurp =T+ Eg + Eepy + Ex (2.10)

After iteratively solving the system of Hartree-Fock equations, an Eyp is found, which
approximates the true ground-state energy E,. The difference between Eypr and the true
ground-state energy Ej is the correlation energy. To some extent, the Hartree-Fock approach
takes into account electron correlation, found in the electron exchange term describing the
correlation between electrons with parallel spin. However, it does not take into account other
forms of correlation such as Coulomb correlation, accounting for the correlation between the
spatial position of electrons due to their Coulomb repulsion. The term correlation energy
can be intuitively thought of as a measure of how much the movement of one electron is
influenced by the presence of all other electrons. As previously explained, the Hartree-Fock
approach approximates the anti-symmetric wavefunction by a single Slater determinant.
However, a single determinant is generally not sufficient to express exact wavefunctions,
and such an approximation does not adequately take into account correlation. Although
not being a dominant term, correlation energy plays an essential role when working with
strongly correlated materials, meaning that the Hartree-Fock approach is inadequate for
such systems. It is therefore important to find an alternative computational method which
does account for correlation, one of the most promising being DFT, which will be explored

in the following section.
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2.3 Density-functional theory

Density-functional theory is one of the most used ab wnitio computational approaches in
materials science. It differs from Hartree-Fock by working with the electron density instead
of the explicit wavefunction. The fundamentals of DFT are described by the Hohenberg-
Kohn Theorems presented below, proving that the electron density determines all the ground
state properties of a system. An outline of DF'T is presented below and details can be found

in Ref [45, 46].

2.3.1 Hohenberg-Kohn theorems

Hohenberg-Kohn Theorem 1

The external potential V., (), arising from the presence of the fixed nuclei, is uniquely deter-
mined by the ground state density po(7), up to a constant [47|. This means that the external
potential is a functional of only the electron density. To understand why this is the case,
let us assume the opposite: one ground state charge density po(7) for two separate external
potentials V;(7) and V5(7) differing by more than a constant, with two different Hamiltonians
and wave-functions and with energies F; = <\111]H1]\Il1> and By = <\112]H2]\112>. Applying

the variational principle of quantum mechanics, we find the following:

E1 < <\D2|ﬁ1|\1’2> = <\I[2|ﬁ2|\1]2> - <\I[2|ﬁ2 - ﬁ1|\112 = /pO F ‘/2 ‘/1(7?)] dr
B, < <‘111!ﬁ2!‘1’1> = <‘I’1\ﬁ1\‘111> — <‘I’1|ﬁ1 - ﬁ2|‘1’1 = /PO — Va(r)] dr
S+ Ey < B+ Ey

(2.11)

Assuming that E; and E, are non-degenerate, £y + Ey < E; + E5 is clearly absurd, meaning
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that, po(7) uniquely determines the external potential.

Hohenberg-Kohn Theorem 2

For any external potential V,,,(7) there exists a functional for the energy in terms of density
E[p]. The density which minimises this functional is the ground-state density po(7); and the
minimum of this functional is the ground-state energy [47]. To understand this, let us take
two densities: the ground-state density po(7) and another non-ground state density p' (7). As
the first theorem states, each of these will uniquely correspond to a Hamiltonian. Applying

the variational principle, we find:

Elp) = (W) A1) > (Wolpo] [H]¥o[p0] ) = Elpo] (212)

Combining these two theorems proves that there exists a single functional Fpg|[p] which
simplifies the complexity of the many-body problem down to a simple energy minimisation

calculation, in which the energy is:

Elpl = [ o0)Vea )07+ Firl (2.13)

This is a very powerful approach which would revolutionise ab initio calculations, but the
exact form of the functional Fpyk[p] is unknown to this day. However, as we will next
explore, the mystery of this functional was not enough to take DFT to a dead-end thanks

to the studies of Walter Kohn and Lu Jeu Sham.

2.3.2 Kohn-Sham approach

Since the functional Fyg[p] is unknown and approximations of it have not shown much

success, especially due to the inability to account for kinetic energy, the Kohn-Sham (KS)

25



Electronic Structure Theory

approach uses a fictitious set of non-interacting KS electrons in a KS potential Vig. The

Kohn-Sham energy is [48]:

Exs[p, V] =T [V] + En [V] + Eext [p] + Ere [0] (2.14)

This is an exact equation, as all unknowns are gathered into the exchange correlation F,.

functional:

Eye = AE, + AT (2.15)

The E,. term arises from the electrons, which, in reality, do interact. Electrons experience
an exchange energy caused by the Pauli repulsion, omitted in the Hartree term, as well as
a correlation energy caused by the repulsion between them. In addition, this term accounts
for the fact that the kinetic energy calculated is a non-interacting kinetic energy of the KS

particles and corrects for this.

In order to achieve the Kohn-Sham equations, the Kohn-Sham energy Fxg is minimised with
respect to variations in {U(7)} as shown in equation 2.16, with [ W (7) U;(7) dF = §;;. This

results in the following [45]:

5Exs 5T 0Be O0Ey 6B, dp(F)

SUI(F)  Wi(F) | Lop(F) | op(r) | op(r)] dVi(F)

(2.16)
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with the 5 terms being evaluated as follows:

s~ 2 7 O

;55(77; = Vit (7)

555?) = Vae(T)

dC\lIIIOZ‘((f;)’) - dq;;l(qv) XZ:‘P?(F)‘I’Z(F)

(2.17)

(2.18)

Each of the Kohn-Sham equations has a kinetic energy term and a Kohn-Sham potential

(Vks) term. The Kohn-Sham potential encapsulates the following three terms: an external

potential term due to the interaction with the “static” atomic nuclei, a Hartree potential term

due to the interaction with the average electromagnetic field and an exchange-correlation

potential term described in 2.15. Just as in the Hartree-Fock approach, these equations

have to be solved self consistently, in which the electron density, initially given as an input,

is calculated by the code until convergence. Details on carrying out DFT calculations are

presented in section 2.4.

In equation 2.18, ¢; is a Lagrange multiplier introduced as an orthonormality constraint.

From this Kohn-Sham system of non-interacting electrons, the total energy is E,opn_int =

DiEi

However, if we wish to derive the energy of the real system of interacting electrons we have to
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remember to subtract the Hartree energy since it is double counted and adjust the exchange

correlation energy. Therefore, for a system of interacting electrons, the true total energy is

Frs=3a -3 [[ 5p irir — [ oVl )+ B o)) (219

|

After having calculated the Kohn-Sham equations, we will now shift our focus on the
exchange-correlation functional. Despite knowing that the accurate form of this functional

exists, it has yet to be discovered.

2.3.3 Exchange-Correlation Functionals

Since the exchange correlation functional is unknown, over the years different approximations
have been created. The most basic of these is the local density approximation, taking the

E,. to be a local functional of the density as follows [49]:

Eﬁ“@%ﬂzjﬁwwm@w»w* (2.20)

where €,. is the exchange-correlation energy for a homogeneous electron gas of density p.
Using a homogeneous electron gas approach to model a solid is a crude approximation which
is reasonable for potentials which do not change rapidly. The advantage of this is that the
exchange part of the exchange correlation energy can be calculated analytically while the

correlation part can be calculated using quantum Monte Carlo simulations [50].

This ELP4 functional paved the way for a series of more advanced functionals. A popular
class of functionals are the generalised-gradient approximation (GGA) functionals, which
account for the inhomogeneity of the density by including its first derivative. Amongst

many within this family, the functional mostly used throughout the research presented in
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the chapters to follow is the Perdew-Burke-Ernzerhof (PBE) functional [51]. More complex
functionals are becoming more popular, such as the SCAN meta-GGA functional, which also
includes the kinetic energy density and higher density derivatives. However, no significant
improvement has been seen using the SCAN meta-GGA functional with the strongly cor-
related materials dealt with throughout this research. The SCAN functional was found to
present the same problems as other more simple and less computationally expensive func-
tionals, such as the need for a Hubbard U correction, as explained in section 2.5.2, and
therefore presents no significant benefit of using it. This is not to say that PBE does not
have its own drawback: PBE under-binds the atoms in a cell and, just like LDA, PBE un-
derestimates the band-gap of semiconductors and insulators [52]. One attempt to improve
on this band-gap problem is the creation of Hybrid functionals, in which they incorporate a
part of Hartree-Fock exchange.|53]. HSE is one functional under this Hybrid family, which

has been used throughout this research.

2.4 Practical aspects of DFT

In materials science we usually focus on solids, whose constituents are often arranged in a
periodic ordered structure forming a crystal lattice that tessellates across the entire structure.
The most convenient way to apply DFT to such systems is to use planewaves as the basis
set with pseudo-potentials [54]. This requires the system to be modelled as ordered periodic
crystals, and the use of periodic boundary conditions allows the usage of a relatively small
unit cell that DFT can work on. Common to solid state physics research, reciprocal space

is used instead of the real space throughout calculations.
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2.4.1 Plane-wave DFT and pseudo-potentials

If the nuclei are arranged in a periodically repeating pattern, their potential acting on the
electrons must also be periodic, along with the density and the magnitude of the wavefunc-
tion. According to Bloch’s theorem [55], the Kohn-Sham eigenfunctions can be described

as:

Yo () = €™ u () (2.21)

with & representing the wavevector and n the band number. The lattice, with lattice vector
ﬁ, has the same periodicity as the Bloch functions, u, (7). The Kohn-Sham wavefunctions

for a crystal of volume €2, can therefore be written as:

Vi () = —= > ,2(G) GHOT (2.22)

where G are the reciprocal lattice vectors. The number of these reciprocal lattice vectors
is infinite, however DFT calculations only need to include as many of these as needed to
converge specific parameters of interest. This is set by specifying a cut-off energy: E.,; =
%|/§ +G 2. Following this approach, the charge density can be found by integrating over the

first Brillouin Zone (BZ) and is expressed as [48, 56]:

/=3 | gtk (2.23)

Once the charge density is known, it can be placed back into the Hamiltonian and the
various quantities of interest can be derived. Using a finite number of G reciprocal lattice

vectors means that the higher G vectors above the cut-off energy are not included in our
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calculations. This is a problem when the wavefunction is varying very quickly as these large
G components describe such regions of space. To overcome this, the Coulomb potential near
each nucleus can be replaced with a modified, weaker potential, known as a pseudopotential.
The pseudopotential is an effective potential which eliminates the atomic core states while
maintaining the orthogonality of the system and results in an accurate representation of
the valence electrons, which are described by pseudo-wavefunctions. In essence, the atoms’

nuclei and core electrons are considered as simple ions.

replacing inner electrons

with pseudopotential -
> Q“ My

all electron Sy : pseudo
wavefunction : wavefunction
v \/ 3 : 3
all electron : pseudopotential
potential :
TouTOFF

Figure 2.1: Visual representation demonstrating the idea of a pseudo-potential. A cut-
off radius (rcyrorr) is chosen after which the pseudo-wavefunction matches the true full-

potential wavefunction. Figure created by Edvin Fako [57].

Depending on the type of research, the atomic core states are often not of great interest since
they do not affect the chemical, mechanical or electronic properties very much, meaning
that pseudo-potentials are a convenient and suitable choice. Of course, if the research is
focusing on the core states, such as in core level spectroscopy like near edge x-ray absorption

spectroscopy studies, making use of such pseudo-potentials would not be a suitable approach.

Although plane-wave DFT is found successful in modelling many crystal structures, some

systems require a better description of van der Waals interactions than what standard DFT
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alone provides. Dispersion corrections are applied to achieve this. There are five common
procedures for implementing dispersion corrections: non-local correlation functionals [58],
empirical atom—atom dispersion potentials [59], the Becke-Johnson exchange-dipole model
[60], the Tkatchenko-Scheffler van der Waals method [61] and, finally, the many-body dis-
persion method [62]. In this thesis, the many-body dispersion (M BD*) correction has been
used because it is not highly computationally demanding, yet outperforms other methods,
since it goes beyond the pairwise-additive treatment of dispersion taken by many of them.
The van der Waals dispersion energy in M BD* is calculated using the ground-state electron
density and includes both short range and long range electrostatic screening effects. This is
to account for the polarisation effects experienced by atoms exposed to a dynamic electric
field created by the surrounding atoms of the molecule. M BD* calculates the dynamic re-
sponse of a system by modelling it via a set of dipole-coupled quantum harmonic oscillators

[63]. The correlation energy is expressed as:

B, = % D (@ —w,) (2.24)

where N is the number of quantum harmonic oscillators used, w, are the frequencies of the
interacting (dipole-coupled) system and w, are the frequencies of the non-interacting system.
The energy difference between the interacting and non-interacting oscillators is therefore used
to calculate the van der Waals interaction energies of the system. This is only an introduction
of the basic ideas, however a complete explanation with detailed implementation schemes
can be found in Ref [64-67]. Dispersion corrections are a very active field of development in

the DFT world and new clever schemes are under development with promising results [68].
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2.4.2 DFT applications

There are a number of different uses for which DFT has been applied throughout this re-
search. The main ones consist of single-point energy calculations, geometry optimisations,
band-structure and density of states (DOS) calculations. Out of these, single-point energy

calculations form the foundations upon which all other types are built upon.

Single-point calculations consist of applying the DFT formalism presented above to a crys-
talline system in order to find the ground state total energy of the system. This is done
self-consistently, in the following manner: first an initial guess of an input electron density
is made. Then, it is used to calculate the effective potential of the system. At this point,
the Kohn-Sham equations are solved and a new output density is calculated according to
equation 2.23. If the input and output densities are within a predefined margin of error, the
ground state energy of the system is found. If the input and output densities are not within
the margin of error, the output density is used to generate a new input density, as explained

in the following paragraph, and a new self consistent field (SCF) cycle begins.

Looking at this process in more detail, there are a number of different self-consistent elec-
tronic minimisation methods available which may somewhat deviate from the theoretical
scheme presented above, the most popular being density mixing [69-71]. In this approach,
the new charge density at the end of an SCF cycle is mixed with the initial one and the
process is repeated until convergence. This mixing can be done following different schemes:
linear mixing, Kerker mixing, Kerker-Broyden mixing, and Kerker-Pulay mixing. The most
robust method found to work with the materials in this research is the Kerker-preconditioned
Broyden mixing scheme, in which the output density is mixed with densities from a number

of previous iterations, using a quasi-Newton relaxation method [72].

An alternative scheme to density mixing is the ensemble density functional method (EDFT)[73],
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directly minimising the total energy of the system. The wavefunctions of the electrons de-
scribed using a plane-wave basis set and the expansion coefficients are modified in order
to minimise the net energy of the system. This means that the density is reconstructed
whenever the wavefunctions or occupancies change, which happens during the energy min-
imisation process. More specifically, each SCF cycle consists of a number of wavefunction
updates, each one followed by an update of the occupancies. This approach is therefore based
on an all-bands wavefunction search, followed by the self-consistent updating of occupancies

in the case of metals.

Once the ground state total energy of a system has been reached, a series of properties of
the system can be found. For example, forces acting on the atoms can be calculated using
the first derivative of the total energy with respect to the nuclear atomic coordinates. The
calculation of forces allows the optimisation of the geometry of a system, as discussed in the
following paragraph. Additionally, second derivatives of the energy with respect to volume,
parameters of the unit cell, and the fractional coordinates of the atoms can respectively

output the bulk modulus, the elastic constants and vibrational properties [74].

The second type of calculations worth exploring are geometry optimisations. A geometry
optimisation consists of an iterative process in which the total energy of the system is min-
imised by adjusting the coordinates of the atoms and the cell parameters. This is achieved
by locating minima and saddle points on the potential energy surface and therefore reducing

the magnitude of calculated forces and stresses until they fall under a predefined tolerance.

Two common methods for carrying out geometry optimisations are BFGS [75] and damped
molecular dynamics [76]. In this thesis, the BFGS approach has been adopted because it
allows for both the cell lattice vectors and the internal coordinates of the atoms to be opti-
mised, whereas the CASTEP damped molecular dynamics method keeps the cell parameters

unchanged. The BFGS approach makes use of an initial Hessian which is recursively updated
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during the optimisation. The Hessian is a square matrix of second-order partial derivatives,
and is used to find the minima of the potential energy surface. A development on this ap-
proach is the limited-memory BFGS algorithm (LBFGS) |77] which uses a restricted number

of Hessian updates to construct the new Hessian.

The last type of DFT calculations carried out throughout this work are band-structure and
density of states calculations. Band structure calculations use the ground-state electron
charge density to compute the electronic energies with respect to k-vectors, along high sym-
metry directions in the Brillouin zone. Following the DFT formalism presented earlier in
this chapter, the band-structure is calculated using Kohn-Sham states, not the true elec-
tron orbitals. Despite this being a good approximation, it may lead to scenarios in which
the ground state energy and its derived properties are accurate, like forces, but the band-
structure is less precise. For instance, scenarios arise in which the band gap is miscalculated
in band structure plots due to the integer nature of electrons causing a derivative discon-
tinuity of the total energy as a function of the total number of electrons [78]. On top of
this, the band gap can be further miscalculated due to the self-interaction error which arises
in the occupied states in standard DFT, and in the unoccupied states in the Hartree-Fock
approach. Despite having to carefully scrutinise band-structure results for the presence of
inaccuracies, a number of useful properties can be deduced from these calculations, from
visualising energy band gaps to investigating directions with relatively flat, dispersionless
bands. Even the nature of bands can often be inferred, as narrow bands of d and f states
are easily distinguished from free electron like bands that correspond to s and p orbitals.
These results are often most useful when combined with density of states plots. Density of
states calculations compute the number of electron states per unit volume per unit energy,
or, in other words, the number of different states at a particular energy level that electrons
are allowed to occupy. Bulk properties such as specific heat or paramagnetic susceptibility

depend on the density of states of the material. In this research, the projected density of
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states (PDOS) has been used instead of the total DOS, which is obtained by projecting the
DOS onto local orbitals at each atomic site. This has been done using the OptaDOS [79]

code.

2.5 Modelling strongly correlated quantum materials

Working with strongly-correlated materials is challenging because they tend to present prop-
erties typical of atomic/molecular physics despite being in a crystal structure. These types
of materials present strong interactions between electrons and often include ions with narrow
localised d or f open shells. For instance, 3d electron compounds with partially filled d states
are a common type of strongly-correlated materials, later presented in this thesis. In gen-
eral, d or f orbitals are smaller than s or p orbitals, meaning that electrons in d or f orbitals
are in close proximity and the Coulomb interactions are much stronger [80]. DFT, which
fundamentally works with a fictitious set of non-interacting Kohn-Sham electrons, struggles
to account for the strong electron correlations, and therefore corrections or alternative ap-
proaches beyond Kohn-Sham DFT are needed when working with quantum materials. The
most common model to describe the nature of strongly correlated materials is the Hubbard

model, explored in the following section.

2.5.1 The Hubbard model

Electrons in crystals present both an itinerant delocalised nature, predominant in metals,
and a localised atom-bound nature, predominant in insulators. In the case of the Hubbard
model [81, 82|, the first term favours delocalisation (metal) whereas the second term favours
localisation (insulator). Electrons in strongly correlated materials present both of these

behaviours, which can be combined to form the Hubbard Model [83, 84]:
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H=—t ) (@, + &) + U Y gy (2:25)
Two terms are present in this equation: a kinetic energy term, allowing for hopping of

electrons between lattice sites, and a potential energy term, reflecting on-site interaction.

To start, the first term, corresponding to the hopping term, is examined. In this term we
find the hopping integral ¢t which calibrates the strength of this term. To calculate the energy
of an electron with spin ¢ undergoing quantum tunnelling and hopping from one lattice site
1 to its neighbouring site j, the Hubbard model creates an electron in the new site while

removing it from the old one, done via the use of pairs of creation and annihilation operators

.|.

KA At A
denoted as ¢;,¢j, and ¢;,Cio.

Let us now examine the second term, the on-site interaction term. U is the electronic
repulsion term, or, in other words, the energy for having two electrons, one spin up and the
other spin down, at lattice site i. The n; is the spin dependent electron number operator,
meaning that it can be either 0 if no electron of that spin is present or 1 if it is. This means
that when two electrons (spin up and down) are present at site ¢ ¥ = U, otherwise this term

is equal to zero.

Strongly correlated materials present unexpected electronic properties caused by a com-
petition between hopping integrals, leading to electron delocalisation, and on-site Coulomb
interaction, generating atomic-like behaviour [85]. In the physical world, such peculiar quan-
tum effects can often be affected by perturbations in external parameters, such as changes
in temperature or pressure. For instance, these physical changes modify the ratio of the
Coulomb repulsion U to the hopping t, resulting in metal-insulator transitions, as seen in
Mott insulators. According to band theory, electrical conduction happens when an electric

field is applied to a system with semi-filled overlapping bands. However, there is a class of
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materials, known as Mott insulators [86], which do not conduct, despite meeting the con-
duction criteria, due to the strong repulsion between electrons. In these types of materials,
the energy cost of finding the “conducting” electron next to another electron as it conducts

is very high and outweighs the electric field, and, therefore, no conduction takes place.

2.5.2 DFT+U

DFT struggles to account for the strong Coulomb repulsion between f or d electrons, and
Anisimov et al. [87] introduced the idea of implementing a correction, a Hubbard U term,

to overcome this shortcoming.

DFT-+U explicitly accounts for the on-site Coulomb interactions of the f or d orbital electrons
by adding a Hubbard repulsion energy term to the normal DFT energy. The Hubbard
parameter is defined as the cost to place two electrons at the same site. This Hubbard
parameter [88], in terms of Coulomb energy, can be calculated as follows: U = E(d"™!) +

E(d"') — 2E(d"™). Applying such approach to the common LDA functional [87]:

Erparulp(T)] = Erpalp(P)] + Enu [Mime] — Edc [Mime] (2.26)

where n;,,, are the atomic-orbital occupations at site ¢ with quantum number m and spin
0. Erpa also accounts (at least partially, in some averaged way) for the interaction of these
electrons, therefore, to prevent double-counting, a double-counting energy term Eg. [Nime] 1S

subtracted. This equation takes the following explicit form:

N —

1 . . . .
Erparv = Erpa + Z 5 Z U (Nimo ) (Mimror) + Z (U = J) (Rime) (imror)

mo#m’o’! mo#m/o’

(2.27)
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The parameters U and J are the screened on-site Coulomb and exchange interactions which
are inputs of the equation. Choosing appropriate values can be done semi-empirically with
the help of experimental data or self-consistently. Experimental analysis on the conductivity

of the system being modelled can assist in the selection of appropriate Hubbard U values.

2.5.3 Dynamical mean-field theory

DFT+U has shown wide success in modelling strongly correlated systems, and more advanced
approaches going beyond DFT are also seeing great progress in recent years. One of the most
promising methods is dynamical mean-field theory (DMFT) [89]. Such an approach turns
a DFT single particle approach into a quasi-particle one, in which the motion of a single
particle is used to capture all of the interactions the particle experiences. To do this, Green’s

functions are used in which the one electron Green’s function is:

G, t) = =i (0|T [9(70), 417, 1)] | 0) (2.28)

where |0 > is the ground state wavefunction. T is the time ordering operator in which
chronological events inside the square brackets are ordered from right to left. Jf and @
are the electron creation and annihilation operators. Therefore, this function calculates the

propagation amplitude of an electron which is created at (r’,t’) and annihilated at (r,t).

Although such Green’s function is adequate to describe one electron, to include interactions

we use an Anderson impurity model, outlined in Ref [90-92].

The Green’s function for the lattice is

Gk, w) = (2.29)
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Being a mean-field theory, this Green function of a lattice site is assumed to be equal to the
mean Green function of the overall lattice. In the equation above, we come across »_(w).
This term, known as the self-energy, encapsulates all of the effects of electron interactions
and links the interacting Green’s function G with the non-interacting one Gy through the

following equation: G~ = Gy' — .

In reality, a simple lattice model is not adequate to model real systems, and DFT can actually
be incorporated with DMFT to create a DFT+DMEFT free energy functional using the local
Green’s function and the electron density. By minimising this free energy functional, the

ground state energy of the system can be found. Such functional is:

F[P(F), Gloc] = T[p(mv Gloc} + /‘/emt(fj p(T_’})dF—i— EH + EXC[p(F)a Gloc] (23())

It is worth noticing that the kinetic energy T" and exchange correlation F,. do not just depend
on the electron’s density, as in DF'T, but also on the Green’s function. A new exchange
correlation term is therefore seen in this equation, which adds the DMFT correlation on top
of the DFT exchange-correlation term. The details of DFT+DMFT are rather complex and

only the basic ideas have been introduced. For more information, please see Ref [93-95].

This DFT+DMFT approach along with other “beyond DFT” models are undergoing fast
development and showing promising results, although they are over the scope of the DFT

research presented in this thesis.

2.5.4 Non-collinear spin-polarised relativistic DFT

In quantum materials, electronic spin plays a major role in determining their properties. The

DFT formalisms presented above allow for spin polarised calculations. The wavefunction can
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be explicitly written as ¥;(x) = ¢;(7")x:(0), with ¥;(x) forming a complete spin-orbital which
is a function of x = (7, 0), whilst ¢(7") and (o) are only the spatial and spin components

of the wavefunction respectively. The Kohn-Sham equations therefore take the form [45]

(‘% v +va<x>) Ui(x) = &, 04(x) (2:31)

This approach therefore allows spin to be implemented in our DFT calculations, however,
it does not account for spin-orbit coupling effects. Despite not being essential for mod-
elling most materials, spin-orbit coupling is important when working with systems hosting
non-collinear magnetic moments, such as quantum-spin liquids. To carry out non-collinear
spin-polarised DFT calculations, fully relativistic pseudo-potentials are required. A set of
single-particle Dirac-type equations are implemented in the DFT code, referred to as the
Dirac-Kohn-Sham equations. Relativistic DFT is a complex topic, branching more into the
field of relativistic physics than materials science. Detailed explanations of spin-polarised
relativistic DFT and its implementation can be found in Ref [96-99|. From the development
of relativistic pseudo-potentials to the implementation of more effective ways to account for

relativistic effects, this field of research is still under improvement.

Relativistic DFT is an advancement of DFT currently under implementation in many DFT
software packages and results are not as robust as often desired. To this note, it is still un-
der evaluation within CASTEP and therefore sample calculations based on the well known
kagome antiferromagnetic metal Mn3Sn [100]| have been carried out. Also, a system closer
to the Barlowite kagome frustrated-spin material presented in chapter four is tested, with
chemical formula CuzO, following a similar structural arrangement as Mn3Sn. In collabora-
tion with the CASTEP development and visualisation team, non collinear spin calculations
have been carried out using fully relativistic pseudopotentials from the CASTEP SOC19

pseudopotential library. A non collinear input spin arrangement has been set to aid these
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calculations. After the run has been completed, a post-processing visualisation file has been
created using the c2x [101] package, in which CASTEP’s spin integrals are recalculated,
saving the magnetic moments as “forces”. These moments are then visualised using the
XCrySDen [102] crystalline and molecular structure visualisation program, which presents

them as arrows.

© Mn
®sn

(a) Mn3Sn (b) CuzO

Figure 2.2: Non collinear spin-polarised relativistic DFT results of Mn3gSn and CusO.
CASTEP 22.11 has been used with the LDA exchange correlation functional and SOC19
relativistic pseudopotentials. The green arrows point along the direction of the magnetic

moments around each metal atom.

Non collinear DFT results have been achieved using the LDA exchange correlation functional
and SOC19 relativistic pseudopotentials. The magnetic moments in figure 2.2a are mostly
coplanar and point towards different directions. This is in agreement with experimental
results carried out on MngzSn by Reichlova et al. [100] in which magnetic imaging techniques
were used based on a laser induced local thermal gradient combined with the detection of the
anomalous Nernst effect. The experimental findings have shown that the magnetic moments
point either away or towards an adjacent atom, similar to our DFT results. However, no
magnetic moment is found to point towards Sn atoms, which is experimentally expected for

two Mn moments.
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As for CusO, no scientific literature has been found for comparison, however, since the
system is in a kagome lattice, non-collinear magnetic moments are expected. This is indeed

seen in figure 2.2b, with the spins actually being less co-planar than the Mmn3Sn structure.

These are promising test results, showing that the latest implementations of spin-orbit cou-
pling in CASTEP 22.11 do achieve non-collinear spin textures in an overall good agreement
with experiment. This new developments on relativistic DFT will play a key role in the

study of frustrated magnetism of chapter 4.
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Chapter Three

Exploration of the 2D Metal-Organic

Magnet CrCly(pym)

The work presented in this chapter has been published in the following article:

“Low-Dimensional Metal-Organic Magnets as a Route toward the S=2 Haldane Phase”
Jem Pitcairn, Andrea Iliceto, Laura Canadillas-Delgado, Oscar Fabelo, Cheng Liu, Christian
Balz, Andreas Weilhard, Stephen P. Argent, Andrew J. Morris, and Matthew J. Cliffe.
Journal of the American Chemical Society 2023 145(3), 1783-1792

3.1 The nature and scope of the research

Coordination frameworks often create low-dimensional structures and can therefore act as
a template to search for topological phases of matter, exotic states or quantum-magnetic
phases. This is because the weak coupling through relatively large ligands decreases the
dimensionality of the material to achieve 1D or 2D quantum phases. This research aims at

investigating CrCly(pym), a novel quasi-1D S = 2 antiferromagnetic metal organic magnet.
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This material is an ideal candidate for recreating the S=2 Haldane phase, which has still not
been physically seen in any material. First-principles DFT+U calculations aim at exploring
the electronic and magnetic properties of this material. In addition, through the use of

appropriate supercells, magnetic exchange pathways involved are investigated.

3.1.1 The Haldane Phase

The Haldane phase is the prototypical example of topological matter and was awarded the
Physics Nobel Prize in 2016. It is a topological phase of matter in which a Haldane gap opens
due to the breaking of either time-reversal symmetry or inversion symmetry. The Haldane
phase requires a system to have an antiferromagnetic nearest neighbour spin arrangement,
and for each spin to arise from an even number of unpaired electrons, or in other words, to
have integer spins (S=1,2,3...). Famous examples of the S=1 Haldane phase materials are
NENP and NINO [103]|, which have played a key role in the topological materials world.
However, only the S=1 Haldane phase has been detected so far because the Haldane gap
A, the characteristic energy gap in the excitation spectrum of a Haldane phase, decreases
significantly relative to the intrachain exchange J;. For S=1 A/J; = 0.41 but for S=2
A/J; = 0.087, making the gap much harder to detect due to the presence of single-ion

anisotropy and non-Heisenberg exchange interactions [104].

The Haldane phase can be described using the following magnetic Hamiltonian:

H=7Y (§ S+ D (55)2) (3.1)

where J is the Heisenberg exchange and D is the single-ion anisotropy. The ground state
of the antiferromagnetic S=1 Haldane phase is a disordered state, which has symmetry-

protected fourfold-degenerate edge states caused by the fractional spin excitations [105]. A
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schematic representation of the S=1 and S=2 antiferromagnetic 1D Haldane system is shown

in figure 3.1.

“bond”
{ / b { ~

Haldane S =1 l.l I‘] l’l I‘I

{

Haldane S =2 i‘i 1'1 i't 1’1 t'f 1';

Figure 3.1: Representation of the antiferromagnetic spin arrangements for the S=1 and S=2
Haldane phase. Note that each arrow represents the unpaired S=1/2 electrons giving rise to

the net magnetic moment of each atom.

Common to many topological insulators, the edge states are different from the bulk states.
It is visible from figure 3.1 that “free” S=1/2 spins appear at each end of the chain. To
recreate such an S=2 Haldane system, metal-organic coordination frameworks are a feasible
and convenient choice. It has been chosen to use metal-chloride pyrimidine frameworks, with
two possible choices of metals containing 4 unpaired electrons to meet the S=2 spin state,
either Cr** or Fe?*. Since iron has a significant spin-orbit component it is not ideal for this
goal, and therefore chromium, which has a smaller atomic number and therefore presents

weaker spin-orbit coupling [106], has been selected, resulting in the creation of CrCly(pym).

3.2 The structure of CrCly(pym)

The literature on strongly-correlated semiconductors has shown that ligand-centred radicals
created by exploiting the redox properties of the transition metal result in strong coupling
between the metal and ligand charge [107]|, which allows for the transfer of spin and charge

between metal centres throughout the strongly-correlated metal-organic coordination frame-
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work [108]. One very interesting publication by K. S. Pedersen et al. [109] has shown that
bonding CrCly with pyrazine generates CrCly(pyz)s which is a ferromagnet with powerful
magnetic coupling between the Cr and (pyz). By replacing the pyrazine with pyrimidine and
by carefully adjusting the electronic and magnetic nature of such material, a novel switch-
able strongly-correlated semiconductor is achieved, holding great technology potential and

forming the foundations of this research [107].

This research focuses on a new strongly correlated metal-organic framework CrCly(CyNoHy).
The material of interest is a metal-organic framework (MOF) made up by a chain of pyrim-
idine structures linked by metal atoms surrounded by 4 chlorine atoms each, as shown in
figure 3.2. Such metal-organic materials are modular, meaning that the pyrimidine struc-
tures can be functionalised without altering the overall topology, as the synthesis is ruled
by directional coordination bonds [110]. This is a great advantage of strongly-correlated
coordination frameworks (SCCFs) over more generic strongly-correlated semiconductors, as
the topological nature and electronic interactions cannot be simply decoupled due to the
non-directional Coulombic and van der Waals interactions present, posing difficulties in the

physical creation of such materials [111, 112].

Figure 3.2: Structural visualisation of the CrCly(Cy Ny H,) strongly-correlated metal-organic

coordination framework. The structure has been visualised with VESTA [113].
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3.3 Achieving an accurate geometry

As this research is computationally based, the structure of the system of interest needs to be
representative of reality in order to achieve results applicable to the physical world. A large
effort must be placed experimentally to provide a good starting point for the computational
simulation. We began by looking at the geometrical nature of CrCly(CyNoH,), a 1D chain
material synthesised by the Cliffe group, a materials chemistry group at the University of
Nottingham. More specifically, to support the computation structural research, Matthew
J Cliffe and Jem Pitcairn offered experimental collaboration by physically synthesising the
framework by reacting C'rCly with pyrimidine using vapour diffusion which resulted in the

formation of single crystals suitable for X-ray diffraction measurements.

In order to gain a clear experimental understanding of the structure, two types of experi-
mental analysis were carried out by collaborators: a) average structure calculations such as
Bragg diffraction, and b) local structure calculations, such as NMR, pair distribution func-
tion and Raman. Single crystal X-ray diffraction results showed that the system crystallises
in a monoclinic space group P2;/m with two formula units in the unit cell, as seen in fig-
ure 3.2. However, the presence of inaccuracies in experimental structure analysis had to be
taken into account. In order to overcome these last, a geometry optimisation was carried out
by means of a computational iterative approach, in which the atoms and unit cell parameters
are spatially shifted to minimise the total energy of the structure, following the approach

previously presented in section 2.4.2 [41].

3.3.1 Simulation parameters and convergence testing

Before starting any type of DFT calculations on a new system, it is essential to find the

appropriate number of k-points and the cut-off energy required to accurately model the
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structure of interest [114]. Convergence testing has been carried out for this purpose.

—=— NCP19 AE (eV) 0.21
40 —e— NCP19 AF x 100 (eV/A)

—+— NCP19 AP (GPa) 0.0
S 20 s

s 5 —02
0] W o

g 0y g -0.4
(V] (0]
o) o]

2 20 g —0.6
c c
(o] o

(@) O —-0.81

—401 —s— Ultrasoft AE (eV)
—-1.01 —e— Ultrasoft AF (eV/A)
—— Ultrasoft AP/10 (GPa)
—60 _101
600 800 1000 1200 1400 1600 1800 600 800 1000 1200 1400 1600 1800
Cut-off Energy [eV] Cut-off Energy [eV]
(a) NCP19 pseudo-potentials used (b) Ultrasoft pseudo-potentials used

Figure 3.3: Cut-off energy convergence testing has been carried out with respect to the
following 3 quantities: total energy, forces and pressure. Convergence testing has been done
using both norm-conserving (NCP19) pseudo-potentials and ultrasoft pseudo-potentials. A

converged value of 1100 eV suitable for both pseudo-potentials has been decided upon.

The choice of pseudo-potential is important as the cut-off energy convergence is directly
affected by it. In order to use both generalised gradient approximations functionals (like
PBE) and hybrid functionals (like HSE), the choice of using both norm-conserving pseudo-
potentials as well as ultrasoft pseudo-potentials has been made [115]. Norm-conserving
pseudo-potentials usually need a higher cut-off energy compared to ultrasoft pseudo-potentials.
It is important to be able to also use HSE functionals for comparison as PBE tends to under-
estimate semiconductor band-gaps and usually leads to slightly long bond lengths [116, 117].
Convergence testing results have shown that an appropriate cut-off energy is 1100 eV, suit-
able for both norm-conserving and ultrasoft pseudo-potentials. Next, k-points convergence

testing has been carried out.
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Figure 3.4: K-point spacing convergence testing using norm-conserving (NCP19) pseudo-
potentials and ultrasoft pseudo-potentials. The k-point separation refers to the maximum
k-point spacing in a Monkhorst-Pack k-point grid. A converged value of 0.05 27/ A has been

selected to be an appropriately converged k-point separation.

As figure 3.4 shows, the convergence of k-points is independent of the pseudo-potential
used. Acknowledging the presence of numerical approximations, like basis-set size, integral
evaluation cutoffs, numerical approximations, and iterative schemes tolerances, the NCP19
results appear to match with the ultrasoft ones. A k-point spacing of 0.05 27/ A has been
selected to be an appropriately converged k-point separation, and has been used in the

calculations throughout the rest of this chapter.

Using an appropriate number of k-points and a suitable cut-off energy is crucial to model
the system computationally. However, this specific material poses further issues: common to
many 2D strongly-correlated metal-organic coordination frameworks [107], the large distance
between the layers, when stacked on top of each other, poses a challenge in DFT calculations
as the van der Waals forces between these layers are hard to account for [118|. To overcome

this obstacle, van der Waals dispersion corrections are implemented in the DFT code. The
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many-body dispersion (MBD*) correction of Tkatchenko et al. [65] has been selected as it
goes beyond the pairwise-additive treatment of earlier DF'T-D methods, in which the n-body
contributions to the dispersion energy is taken into account up to the number of atoms, along
with the polarisation screening contributions to infinite order [119]. The details of the physics
behind this dispersion correction are discussed in section 2.4.1. This DF'T-D method is used

throughout this computational investigation.

3.3.2 Geometry optimisation

As previously stated, to achieve an accurate cell, the geometry of the system has to be
optimised. A computational process is therefore carried out in which the nuclear coordinates
and lattice vectors are shifted in order to minimise the total energy of the system [120]. This
process works on the fundamental principle that, in nature, atoms are positioned in local
energy minima. This is a very powerful approach, allowing the geometry of the lattice to be
refined in order to reach a more accurate and stable structure in which the forces between

the atoms are minimised and reach equilibrium [121].

As we are dealing with a 1-D chain type structure, the structure stretches along the pyrim-
idine direction and becomes very large, posing a computational problem. We therefore
implement periodic boundary conditions, choosing to include two chromium atoms and two
pyrimidine rings in the DFT unit cell. Having two chromium atoms allows to take into
account the spin texture of the 1-D MOF, whether to have the chromium atoms in a ferro-

magnetic (FM) or anti-ferromagnetic (AFM) arrangement along the cell.

Multiple geometry optimisations have been carried out using different parameters. Both
ultrasoft and norm-conserving pseudo-potentials have been used. Different Hubbard U values

have also been used, as later explained. The results of these geometry optimisation are
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summarised in table 3.1.

UValue Volume Density Lattice Parameters [A] Cell Angles Integrated Cr-Cl Bond Lengths [A]
3 3 |S Density|
[ev] [A3  [amu/A3] (h/2)
a b c a B % Cratom 1 Cr atom 2

Experimental 312.75 1.30 3.67 1210 7.06 90.0 94.2 90.0 2.40 2.76 240 276
0 297.68 1.36 3.53 1187 7.10 90.0 88.7 89.6 7.9 2.56 2.40 2.61 2.38
Ultrasoft 2 312.45 1.30 3.72 1205 7.03 90.0 97.2 89.6 8.7 239 287 240 286
Pseudo-potential 3 313.33 1.30 3.73 1210 7.00 90.0 97.4 895 8.7 241 287 242 286
4 316.06 1.28 3.77 1210 6.97 90.0 97.5 895 8.8 242 288 242 288
0 255.35 1.59 3.24 1175 6.70 90.0 91.0 899 7.3 238 239 240 238
3 272.08 1.49 346 1190 6.64 89.9 97.8  89.7 8.7 239 273 240 272
Norm Conserving 4 27203 149 347 1190 664 899 97.8 89.7 8.7 240 273 240 273
Pseudo-potential 5 273.86 1.48 347 1190 6.68 89.8 97.8  89.7 8.8 240 275 241 275
6 275.83 1.47 3.50 12.00 6.65 89.9 98.2  89.7 8.9 242 276 243 276
10 283.03 1.43 3.53 1210 6.72 89.9 98.6  89.8 9.3 246  2.82 247 282

Table 3.1: Summary of PBE4+U+MBD* geometry optimisation results using two differ-
ent pseudo-potentials and a range of Hubbard U values. Ultrasoft pseudo-potentials have
been used as well as NCP19 Vanderbilt (ONCVPSP) “on-the-fly” optimised norm-conserving
pseudo-potentials. A cut-off energy of 1100 eV has been used with a k-point spacing of 0.05
27/ A and a Gaussian smearing scheme with a 0.2 eV smearing width. The Broyden density-

mixing scheme has been used throughout the optimisations.

Starting by analysing the results where no Hubbard U correction is present (where U = 0 eV),
table 3.1 shows that the volume and density of the experimental cell matches better with the
ultrasoft pseudo-potentials optimisation. Looking at the optimised lattice parameters, an
8.95% length difference is seen along the a direction between the ultrasoft optimised structure
and the norm-conserving optimised structure. This is unexpected, as the mere selection of
pseudo-potentials should not bring such discrepancies. When comparing the ultrasoft and
the norm-conserving optimised structures, the norm-conserving one deviates the most from
the experimental results in terms of lattice parameters, volume and density. As shown in
figure 3.3, a higher cut-off energy is needed for norm-conserving pseudo-potentials. This
could suggest that the calculations are not fully converged. At 1100eV, forces present a

convergence error of 6 x 1073 eV/A. Such an error is relatively small and is unlikely the
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cause of the discrepancies presented in the optimised structures, however, no other obvious

reason has been found for this odd behaviour.

The bond lengths between the two Cr atoms with the Cl ions surrounding each atom does
not match in either case, as the structures lost their tilt in the beta direction and became
much more symmetrical. This is a problem, since this MOF is expected to have a spatially
degenerate electronic ground state which will therefore lead to a geometrical distortion that
removes that degeneracy [16], resulting in the Jahn-Teller effect [122|. The two geometry
optimisations so far examined are therefore not capturing this physics of the system, and
therefore further corrections must be introduced in the DFT inputs. In order to attain
the Jahn-Teller effect, a Hubbard U [123] correction must be included in the geometry

optimisation, as explained in the following section.

3.3.3 The Jahn-Teller effect and Hubbard U correction

As previously explored in chapter 1, the Jahn-Teller effect is a geometric distortion of a
non-linear molecular system, such as the one we are dealing with, that reduces its overall
symmetry and lowers its energy [122]. This effect is directly dependent upon the electronic
state of this MOF, and causes each Cr atom to have two long bonds and two short bonds
with the four Cl atoms surrounding it. This distortion of the chromium octahedra is common
in octahedral complexes [124], and is an essential property to capture in our optimised cell.
In order to do this, a Hubbard U correction is needed [125]. This comes as no surprise, since

we are dealing with strongly correlated materials with partially filled d orbitals [107].

As explained in more detail in chapter 2, DFT+U adds a Hubbard-like term to the on-site
Coulomb interactions of the localised electrons [123|. This is because the localised orbitals in

the band-gap, in our case the localised d-states, are incorrectly calculated to be too close to
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the Fermi level. The Hubbard U correction moves these states away from the Fermi energy.
In other words, a Hubbard term is added to the Hamiltonian in order to account for the
on-site Coulomb interactions of these d-orbital electrons, resulting in a more accurate band

gap and preventing the inaccurate delocalisation of these electrons [126].

DFT+U geometry optimisations have been carried out for a U value between 2 eV to 10 eV.
Hubbard U values above 5 eV are out of the expected range of a suitable U correction for this
material, however, they have been included to achieve a more comprehensive understanding.
These results have been included in table 3.1, and one can notice how the effect of Hubbard U
increases the volume of the cell and therefore decreases its density. Comparing the different
geometry optimisations, the closest ones to experimental results in terms of volume and
density are the ultrasoft DFT+U calculations with a Hubbard U correction of U = 2 €V to
3 eV. This is in agreement with other studies that suggested to use a U of 2.1 eV [127] and

3.5 eV [128] for similar systems.

Adding a Hubbard U correction in the geometry optimisation process has resulted in op-
timised structures which successfully show the presence of Jahn-Teller distortions. The
geometry optimisations using norm-conserving pseudo-potentials result in structures which
are in closer agreement with the experimental Cr-Cl bond lengths, with the stretched Cr-Cl
bond presenting only a 0.01A difference for U = 5 €V, resulting in almost a perfect match.
This cell, however, presents a large volume difference with the experimental cell of -12.4%,

far too large to be acceptable.

In conclusion, the best geometry optimised structure has been achieved using ultrasoft pseu-
dopotentials with a Hubbard U correction of U=3eV. This structure exhibits the Jahn-Teller
effect with the stretched Cr-Cl bond showing a relatively small 4.0% bond length difference

compared to the experimental cell, but most importantly, the volume matches very well with
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the experimental cell with only a 0.19% difference and the density is found to be the same
at this level of accuracy. The lattice parameters and cell angles found using ultrasoft pseu-
dopotentials also match better with the experimental cell compared to the norm-conserving

results. This best optimised structure has been used for the remained of this research.

3.4 Investigating electronic and magnetic properties

After having achieved a geometry optimised unit cell, the electronic and magnetic properties
of this material can be explored. To this goal, the science behind the electron arrangement

in this MOF must be investigated.

In our crystal system, chromium is coordinated by four C'l~ ligands and two N atoms from
the pyrimidine ligands, which forms a distorted C'rC'l4 Ny octahedron. Chromium, with an
electron configuration of [Ar| 3d°4s!, is a transition metal normally containing 24 electrons,
however, the presence of the Jahn-Teller distortion in the chromium octahedra suggests that
we are dealing with Cr?* ion [129]. This can be inferred since the high spin state electron
configuration of Cr?T is non symmetrical, as later explained and depicted in figure 3.5.
Having a non symmetrical spin system causes the elongation along one of the directions of
the crystal referred as the Jahn-Teller distortion [130]. Note that if chromium was either
not oxidised and had its 24 original electrons or only lost one electron, the 4s' electron, the

d-orbital would be symmetrically filled and no Jahn-Teller distortion would be seen.
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Figure 3.5: Diagram of crystal field splitting in octahedral complexes for Cr**

The Cr** oxidation state is in agreement with single crystal x-ray diffraction results and
powder x-ray diffraction after a 1-month exposure to air. These experimental results have
been measured by experimental collaborators and their analysis and interpretation is beyond

the scope of this research.

3.4.1 Crystal field splitting and spin states

After having concluded that our central metal ion is in the 2+ oxidation state, the electronic
configuration for this ion is simply Cr?* : [Ar]3d*. When the ligands approach the chromium
ions, the degeneracy of the chromium’s d-subshell is broken because of the static electric
field. The d-electrons found closer to the ligands will reach a higher energy since they would
naturally repel and, therefore, splitting of the d-orbital is seen [131]. This splitting is affected
by the period of the metal ion, 4 in our case, the charge of the metal ion, 2+ in our case,

and the field strength of the complex’s ligands [132].
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CASTEP has been used to computationally explore these theoretical notions. Table 3.2
shows that the difference in number of spin up and down electrons is very close to the
theoretical result of 4. Since electrons are fermions with a spin = 1/2 each, we are expecting
a net spin of S=2 in the high spin state. With this said, looking at the individual electron
occupancies in the d-suborbitals makes less sense, as CASTEP is projecting the electron
density onto these non-eigenstates [41]. It would be more accurate to use Kohn-Sham
states, but even by doing so the Kohn—-Sham equations describe fictitious non-interacting
particles, letting the Exchange-Correlation functional deal with the quantum mechanical
correlation effects [133]. More advanced approaches such as dynamical mean-field theory[93]
offer better solutions to account for correlations and may lead to more accurate projections

onto the d-states, which could be an extension to this research.

Cr, d-electron occupancies Cr, d-electron occupancies
D Orbitals
Spin Up Spin Down Spin Up Spin Down
e dz 0.983 0.017 0.982 0.018
g
dxz_y2 0.793 0.063 0.797 0.063
dyy 0.943 0.032 0.942 0.031
b dyz 0.900 0.063 0.898 0.064
dy, 0.630 0.092 0.630 0.094
Net electrons
(Up-Down) 3.98e 3.98e
Spin: ~2 ~2

Table 3.2: DFT results for the high spin state d-electron occupancies for each of the two
chromium ions in CrCly(pym). As can be seen, a spin of 2 is seen, correctly matching

theoretical expectations for Cr?+.
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3.4.2 Band structure and density of states

In order to gain an insight on the behaviour of the electrons of the system, the band-
structure and density of states have been calculated. As previously explained in section 1.2.1,
the electron correlations are driving many of the properties observed in strongly correlated
systems, and these are not easily captures by DF'T, hence, this representation has limitations.
However, band-structure and density of state calculations still offer an excellent model with
respect to many physical properties, including electrical conductivity and optical absorption.
The path along the cell chosen for the band structure calculation is shown in figure 3.6. The

high symmetry points of the unit cell have been included in this path.

Figure 3.6: Visualisation of k-point path taken to calculate the band structure of
CrCly(pym), incorporating its high symmetry points. The selected path is: T'— X; YV —
I'—=Z; Ry— I' =Ty; Uy — T'— V5. Image generated using SeeK-path [134].

The electronic band structure and projected density of states have been calculated using two
different functionals, PBE and HSE06, along with a Hubbard U correction of 3 eV. Results

have been presented in figure 3.7.
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Figure 3.7: Band structure and density of states of CrCly(pym) for the ferromagnetic con-
figuration. The Fermi energy has been placed at the origin and is shown by the dashed line.

The projected density of states has been decomposed onto the respective atomic species.
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Comparing these graphs, it is easy to see that the overall shapes of the bands are relatively
similar, but the bands are found at different energies with respect to the Fermi energy
placed at the origin. PBE, being a GGA functional, tends to underestimate the band gap.
Being aware of this problem, calculations have been carried out using the HSEO6 functional
which, being a non-local exchange-correlation functional, does not experience the same band-
gap issues as PBE. HSE(06 is a hybrid functional based on a screened Coulomb potential
[135]. Such a functional is expected to find a more accurate band-gap compared to PBE by
implementing a more correct treatment of the quantum mechanical exchange interactions,
although it is more computationally expensive. However, provided the inclusion of a Hubbard
U correction, PBE can also perform adequately well when applied to such systems, suggesting
that HSE is not of great necessity. Ideally both the exchange and correlation parts of the
exchange-correlation functional are as accurate as they can be, but adding a Hubbard U to
alter the correlation interactions can indirectly compensate for the lower accuracy exchange

interactions.

As previously mentioned, hybrid functionals like HSE06 are significantly more computation-
ally expensive. This resulted in carrying out HSE calculations using only 1 k-point to sample
the Brillouin zone. This means that, unfortunately, the HSE results are not fully converged.
Also, finding a convergence error would require the use of more k-points, which is not feasi-
ble given the available computational resources, hence the error is unknown. However, the
cut-off energy of 1100 eV has not been decreased and has been shown to be converged even
when using the HSE06 functional. Being aware of these factors, the HSE results have still

been presented as they act as a valuable comparison to the better converged PBE results.

Comparing the band structure of figures 3.7a and 3.7c and of figures 3.7b and figure 3.7d,
it is clear that the Hubbard U correction is opening up the band gap as theoretically ex-
pected [136]. Furthermore, comparing the PBE and HSE density of states, the HSE PDOS

shows a smoother contour. This must not be confused with any property of the material,
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since this effect is merely caused by the use of fewer k-points for HSE calculations due to

their computationally expensive nature.

The presence of dispersion along Us — I" — V5 can be inferred from the curvature of the spin
up band just below the Fermi level, while it is more localised in the Y — I' — Z region as it
appears more flat. Overall, band structure suggests that the material exhibits semiconduct-
ing characteristics, with a band gap of around 1.2eV when a Hubbard U correction of 3 eV
is used. The semiconducting nature comes from the electrons belonging to one spin, say the
spin-up electrons, while a large gap of 3.3¢eV is present for the other spin electrons. The
large energy difference between the spin up and spin down bands demonstrates that such
material is ferromagnetic and suggests the likely possibility that the system would be able
to offer spin-polarised carriers [137] when exposed to thermal, optical or electrical gating
excitations [138, 139]. Furthermore, the projected density of states (PDOS) suggests that
the nature of the conducting electrons around the Fermi level are Cr and Cl based, meaning

that the organic linker (pym) is not directly involved in the conduction band.

Although higher in energy, the anti-ferromagnetic configuration can also be explored and
presents slightly different characteristics, as shown in figure 3.8. Still, a semiconducting
nature is characteristic of the material also with a band gap around 1.2 eV, however, as
the spin up and down bands overlap, no distinction exists between the spin type in regard
to conductivity. An interesting characteristic when comparing the FM and AFM DOS is
their similarity. The organic linker components are again seen above the Fermi level and
the down spin channel has moved up to match the spin up conduction band, just below the

Fermi energy.
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Figure 3.8: Band structure and density of states of CrCly(pym) for the anti-ferromagnetic

configuration.

65



Exploration of the 2D Metal-Organic Magnet CrCly(pym)

Although this AFM configuration is 1.88 meV higher in energy when comparing the PBE
U = 3 €V results, meaning that such system actually exhibits a ferromagnetic nature, the
magnetic relations with Cr ions of adjacent layers in the bulk material have not been ex-
plored. This type of coordination framework forms, in nature, a 3D structure, with layers of
chromium atoms stacked on top of each other and connected via the chlorides. These layers
are adjacent to other identical ones, as shown in figure 3.9. In order to analyse magnetism
on this larger scale, a 2 x 2 x 1 supercell of the original structure has been developed. This is
essential in order to increase the degree of freedom in regards to magnetism. Working with
a unit cell containing two Cr?* ions can only be used to model ferromagnetic or antiferro-
magnetic configurations along the direction of these two chromium ions. Different magnetic
configuration in the different directions cannot be modelled. A supercell overcomes this

problem, as seen in the next section.

3.5 Magnetic exchange

As introduced in chapter 1, different types of magnetic exchange interaction exist. Let us
now focus on the superexchange interactions [140|, which refer to strong coupling between
two next-to-nearest neighbour cations, Cr in our case, through a non-magnetic anion, like
Cl or the pyrimidine [141]. Superexchange has not been traditionally explored in nitrogen
heterocycle halides. Heterocycle halides are cyclic compounds which contain atoms from
at least two different elements in the organic ring, C and N in our case, combined with
a halide, Cl in our case. However, our system comes with large organic linkers that offer
long, weak superexchange pathways between the Cr ions at low temperature. From heat
capacity experimental results carried out by experimental collaborators, a temperature of
Ty = 20.0(3)K has been found to bring the system into a Néel ground state with long-

range magnetic order. This experimental result demonstrated that the framework exhibits
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significant magnetic low dimensionality [142, 143].

To examine the magnetic exchange computationally, a 2 x 2 x 1 supercell has been made to
include the exchange directions of interest. The three shortest Cr-Cr distances represent the
three exchange directions: J; along the chloride bridge, J; through the pym ligand and J3

between layers.

J3: Exchange
along the layer

€ J,: Exchange along
the pyrimidine
(%)

Figure 3.9: Visualisation of the super-cell that has been used to investigate the exchange
interactions. These exchange interactions have been calculated along the chromium direction,
chloride direction and layer direction, as well as their combinations. Chromium atoms have

been numbered for reference purposes when interpreting table 3.3.

The J, consist of the Heisenberg exchange energy for the three nearest neighbours and
are a self-consistent set of the exchange interactions. Using symmetry, a set of 8 different
spin configurations were used to calculate the J,, values along the three different directions.
Table 3.3 presents these 8 FM or AFM configurations, covering the possible combinations

that Ji, Jo and J3 could have.
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Spin on each Cr?* Magnetic Exchange

Crl Cr2 Cr3 Cr4 Cr5 Cre Cr7 Cr8 3 ) J3

up up up up up up up up FM FM FM
up down down up down up up down AFM AFM AFM
up down up down up down up down FM AFM FM
up up up up down down down down AFM FM FM
up up down down up up down down FM FM  AFM
up down up down down up down up AFM AFM FM
up down down up up down down up FM  AFM AFM
up up down down down down up up  AFM FM  AFM

Table 3.3: Report of the 8 different Cr spin configurations implemented on the supercell,

used to calculate magnetic exchange interactions. Each row represents each configuration.

DFT+U was used to calculate the ground state energy of each configuration at different U

values and a multidimensional linear regression was used to fit these energies.

3
E = Z Jn Sn + fit constant (3.2)

n=1
Equation 3.2 was used to fit the energies of the 8 different configurations to output the
magnetic exchange values along the three different J, directions. For a given configuration,
the E term represents the energy difference between the given configuration and the lowest
energy one. The s, term represents the nature of the exchange interaction along that J,
direction, which can be either 1 (for AFM) or 0 (for FM) as we are carrying out collinear
spin-polarised DFT calculations. Along each of the three J, directions, each of the three
s, terms can therefore be described by s, = §; - §;11, with positions ¢ and 7 + 1 being

nearest-neighbours, following a Heisenberg model approach as explained in section 1.2.5.
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The results are compared with the experimental ones. Inelastic neutron scattering was
carried out by our experimental collaborators on a powder sample at 1.7 K and 25 K. Both

computational and experimental results are shown in figure 3.10.

051 b
0.0 +— —
—
S 051
]
£ INS (LSWT) /1
> -1.01 INS (LSWT) /,
3 INS (LSWT) /3
U _15] —— DFT (PBE+U))s
o —— DFT (PBE+U) J
& 5 0] —+ DFT(PBE+U)J
S -2,
X
L
-2.51
-3.0

2.0 2.5 3.0 3.5 4.0 4.5 5.0
Hubbard U [eV]

Figure 3.10: Magnetic exchange interactions J,, along the three shortest Cr-Cr distances with
respect to the Hubbard U value. The figure presents both the DFT results calculated with
PBE+U and MBD*, as well as the powder inelastic neutron spectroscopy (INS) experimental

results fitted using linear spin wave theory (LSWT).

When comparing experimental data with DFT results, it is essential to keep in mind that
that DFT carries out calculations on static crystals (at 0 K). This may account for some
DFT and experimental differences seen in figure 3.10, along with the presence of computa-
tional and experimental errors. For instance, structural inaccuracies may be present both
computationally and experimentally. In fact, structural inaccuracies can arise computation-

ally during the geometry optimisation process, for instance by using GGA functionals which
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often lead to slightly long bond lengths as previously explained. Experimentally, the grown

crystals may have defects, which have not been taken into account in DF'T calculations.

With a Hubbard U of U = 3 €V, the J,, interactions are J; = —2.53meV, J, = 0.30 meV,
J3 = —0.09meV. When compared to experimental results, the J; and J3 exchange energies
are in good qualitative agreement, while a greater discrepancy is found in J;. The experi-
mental values are J; = —1.13(4) meV, Jo = 0.10(2) meV, J3 = 0.01(0) meV. As Hubbard U
is increased, DFT results tend to approach the experimental ones in the tested range, since
J,, of smaller magnitude were calculated experimentally. Hubbard U makes the system more

localised, causing the exchange energy to tend towards.

The sign of the exchange interactions suggests the nature of the interaction being ferromag-
netic (positive) or antiferromagnetic (negative). It is therefore very easy to tell that J; is
AFM while J5 is FM. J; is very close to zero and results between experiment and DFT
do not agree. However, further experimental investigations were carried out to test this
discrepancy and the ground state determined by powder neutron scattering confirms a FM
arrangement. Moreover, the ratio .J;/Jo = 8.4 for our DFT results is close to J;/Jy = 11(2)
of our experimental results. These values are near the conventional "threshold" value of
J1/Js > 10, suggesting that the system is approaching the quasi-one-dimensional limit [144].
This is because the magnetic interactions mainly appear in the J; direction, clearly prevail-
ing over the others, therefore primarily being one-dimensional. This approaches the regime
in which the physics of the material is well described by a 1D Hamiltonian, and is therefore

considered quasi-one-dimensional [145].
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3.5.1 Exploring the supercell’s electronic nature

The band structure and density of states of the supercell have been calculated and shown
in figure 3.11. As expected, an antiferromagnetic nature is seen, as the up spin channel is
symmetrical with the spin down. This is in agreement with the AFM J; being the dominant
term and prevailing over the others. Figure 3.11 has been calculated using the full magnetic
ground-state of the system, with AFM J; and FM J; and J;. This was not possible using

smaller calculation cells, hence previous band-structure results may be less accurate.
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Figure 3.11: PBE4+U+MBD* (U=3eV) electronic band structure and projected density of
states of the 2 x 2 x 1 supercell. The Fermi energy has been placed at the origin and is shown
by the dashed line. The projected density of states has been decomposed onto the atomic

species and their respective angular momentum channels.

As expected, the overall behaviour is similar to the unit cell band structures and density

of states, with the Cr and Cl ions forming the highest occupied crystal orbitals, while the
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(pym) is involved in the lowest unoccupied crystal orbitals. As shown in figure 3.11, a band

gap of ~ 1.2 €V is present.

To further examine the science of this framework and to gain a clearer understanding into
the nature of the electron configuration of the system, the Kohn-Sham orbitals have been
calculated and visualised. The highest occupied crystal band and lowest unoccupied crystal

band have been calculated at the Gamma point and presented in figure 3.12.

oCr
ocl
ON
oC
OH

(c) HOCO Side view (d) LUCO Side view

Figure 3.12: Graphical visualisation of the Kohn-Sham orbitals of the 2 x 2 x 1 supercell
calculated at the Gamma point using the DFT package CASTEP with the PBE exchange-
correlation functional. Post processing to visualise the highest occupied crystal orbital
(HOCO) and lowest unoccupied crystal orbital (LUCO) has been carried out using ¢2x [101].

The yellow and blue colours are representative of the phase of the wavefunction.
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The highest occupied band is found around the metallic ions of the system. This is in
agreement with figure 3.11, since the PDOS shows that the highest occupied band right
below the Fermi energy is composed of Cr and Cl. The highest occupied Kohn-Sham orbital
resembles a d,2 atomic orbital centred on the Cr atoms and a p orbital around the Cl. On the
other hand, the lowest unoccupied Kohn-Sham orbital is found around the organic linkers.
This also matches with figure 3.11 as the Kohn-Sham states right above the Fermi energy
are C, N and H based. The lowest unoccupied Kohn-Sham orbital more closely resembles
m molecular orbitals, with an anti-bonding nature similar to the Benzene 7} anti-bonding
molecular orbital type [146]. After having looked at the frontier orbitals, the spin density

has also been calculated and shown in figure 3.13.

OCr
ocl
ON
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OH

Figure 3.13: Graphical visualisation of the spin density of the 2 x 2 x 1 supercell calculated
at the Gamma point using the DFT package CASTEP along with ¢2x [101]. An appropriate
isosurface level of 0.015e A~3 has been set and shows the overall spin density nature of the
system. The blue and yellow colours represent the sign of the spin density, corresponding to

the spin up or spin down.
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Analysing the isosurface colours of figure 3.13, a ferromagnetic arrangement between the
chromium ions is seen along the chromium-pyrimidine direction (J; direction). Furthermore,
a ferromagnetic arrangement is also present between the chromium ions of adjacent layers
(along the J3 direction). These findings confirm are in agreement with experimental results

presented in figure 3.10.

The majority of the spin density is located around the chromium and chloride ions. This
is expected in metal-organic magnetic materials, as this accounts for the long-range weak
magnetisation of the system. On the other hand, the centre of the organic rings act as
nodes, resulting in a spin system with weak long-range interactions, typical of quantum

materials [147].

The spin density is not only valuable to understand the spin nature of the system, but
also in making comparisons with similar systems to gain a better understanding of the
scientific properties it holds. A similar system, useful for comparing and understanding
scientific properties, is the S=2 Heisenberg antiferromagnet CrCl; investigated by M. B.
Stone et al. [148], which is a material of similar structure and magnetic behaviour. The
interesting difference, however, lies in the Jahn-Teller distortion. In CrCly the Jahn-Teller
distortion does not lie in the spin-chain plane while in CrCly(pym) it does. In other words,
in CrCly(pym) each J,, interaction is weakened due to the lengthened bonds caused by the
distortion, but in CrCl, the only weakened interactions are J; and Js, but not J;. This is
clearly seen in, for instance, J, = —0.12(7) meV for CrCly which is an order of magnitude
weaker than J; = —1.1(1) meV. Following this logic, in the CrCly(pym) all the J,, should be
weakened, but this is not the case. DFT+U (U=3eV) gave a CrCly(pym) J; = —2.53 meV
which is an order of magnitude greater than Jo = 0.30 meV. These values are surprisingly
qualitatively similar to those published for CrCl,, as if the extra Jahn-Teller distortion is

not felt. The most likely explanation for this unexpected behaviour is an enhancement in
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direct exchange in CrCl, through the presence of the magnetic d? orbital within the spin

chain.

3.6 Conclusions

The properties of the new coordination polymer CrCly(pym) have been reported in this
thesis chapter. The presence of Jahn-Teller distortion suggests that chromium takes the
Cr** oxidation state in this material, with d-orbitals splitting between the e, and ¢5, bands,
resulting in S = 2. With the use of a 2 x 2 x 1 supercell, the magnetic ground state of the
system has been achieved. The supercell’s band structure and density of states have shown
a band gap of 1.2eV using the BPE exchange-correlation functional in combination with a

Hubbard U correction of 3eV and MBD* dispersion correction.

With the use of a supercell, it has been demonstrated that CrCly(pym) is an antiferromagnet
approaching the quasi-one-dimensional limit with a magnetic ratio J;/Jo = 8.4. Magnetic
exchange interactions are in qualitative agreement with experimental inelastic neutron scat-
tering results and have shown antiferromagnetically correlated CrCl, spin chains, which are
ferromagnetically correlated with adjacent layers through van der Waals forces and ferro-
magnetically correlated across the organic linkers. The supercell’s PDOS suggests that the
highest occupied band is primarily of chromium and chloride nature, supported by the vi-
sualisation of the HOCO which resembles a d,2 atomic orbital centred on the Cr atoms and
a p orbital around the Cl. On the other hand, the lowest unoccupied band arises primarily

from the pyrimidine.

In summary, the analysis of this coordination polymer has confirmed its validity to be a good

candidate for recreating the S=2 Haldane phase. However, despite the many advancements
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brought forward by this computational research to aid experimental collaborators in the
recreation of the Haldane phase, this topological phase of matter has still not been achieved
in the physical world. It is likely that with such a large .J, superexchange, the ratio J;/Jo =
8.4 found with DF'T+U is too small, and, in combination with the large single ion anisotropy
found experimentally, the S = 2 Haldane phase is suppressed. The proximity of CrCly(pym)
to the Haldane region has however been experimentally confirmed with inelastic neutron
scattering results. Therefore, careful adjustments of the magnetic properties of the system,
such as superexchange and single-ion anisotropy, are likely to lead us to the S = 2 Haldane
phase. More in general, looking at this work from a wider perspective, low-dimensional
materials with a small band gap and strong magnetic superexchange are of great importance
in developing next-generation materials that may revolutionise the I'T world. The study
of CrCly(pym) has contributed to this active field of research by exemplifying the various
properties that such a class of materials may hold, and by deepening our understanding of

the science governing such properties.
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Chapter Four

Exploring Barlowite: A Frustrated S = %

Kagome Antiferromagnet

4.1 Introduction

As we have seen in the previous chapters, topology, electron correlations and magnetism all
play a key role in quantum materials and give rise to unconventional states of matter governed
by quantum mechanics. As later explained, the interplay between symmetry and magnetism
can lead to magnetic frustration and result in quantum spin liquids [149]. Understanding and
harnessing materials hosting these properties has the potential to revolutionise fields such as
data storage, spintronics, quantum computing and beyond. In this chapter, the structural,
electronic and magnetic properties of the frustrated S = % kagome antiferromagnet Barlowite

are explored [150].
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4.1.1 Magnetic frustration and the quantum spin liquid phase

Frustrated magnets are a class of materials in which the magnetic moments interact through
competing exchange interactions resulting in a state of frustration where the magnetic mo-
ments cannot simultaneously satisfy all the interactions within the lattice. This frustra-
tion arises from the geometric arrangement of magnetic ions, leading to intricate magnetic
ground states with rich and exotic properties. Frustrated magnets can even be found in
nature, and one of the first examples to have gained interest are a class of minerals known
as the Jarosites [151|. These minerals are classical frustrated antiferromagnets with a gen-
eral formula AM3(OH)g(SO4)2, structured into kagome layers. A kagome lattice consists
of corner-sharing triangles. A schematic representation of a kagome lattice along with frus-

trated magnetism is shown in figure 4.1.

Kagome Lattice

g . AW WL
AN .06
XX XXX
A’A’A’A’A’A

/\ A

Classical Magnetism:

Ferromagnetism ‘—H
Anti-ferromagnetism ‘—H

Figure 4.1: Schematic representation of kagome lattice which leads to frustrated magnetism.
For a system governed by antiferromagnetic interactions, such antiferromagnetic arrangement
cannot be satisfied in a triangular geometry, leading to magnetic frustration. For reference,
a diagram of classical ferromagnetism and anti-ferromagnetism is included. The arrows

represent magnetic moments.
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Conventional magnetism exhibits long-range ordering of the spins, causing the magnetic
moments to align in a ferromagnetic or antiferromagnetic ordering. On the other hand,
in kagome structures the magnetic moments continue to thermally fluctuate even at low
temperatures and a disorder persists [152]. The fluctuations are correlated because the
overall system always tends to a lowest energy configuration, often depicted as an Ising

antiferromagnetic ground state.

Under certain conditions, frustrated magnets can result in the formation of fluid-like states
of matter, referred to as "spin liquids", in which the constituent spins are highly correlated
but still fluctuate strongly down to a temperature of absolute zero [153|. Spin liquids can
be either classical, such as in Jarosites minerals with S > %, or quantum. In the classical
regime, fluctuations are governed by thermal energy leading the spins to rotate randomly
with time. As the temperature is decreased and the energy kgT becomes small, the spins
either order or freeze. On the contrary, for quantum spin liquids (with S = %) the magnetic
moments do not freeze but zero-point motions persist, caused by Heisenberg’s uncertainty
principle, even at T = 0 K. In such a state, the spins are highly entangled and the systems
can be described as a superposition state in which the spins point simultaneously in many
different directions [153]. In other words, quantum spin liquids are characterised by quantum

superpositional states formed by entangled pairs of magnetic moments.

These materials have garnered significant attention in the materials science sector due to their
vast application potential. Frustrated magnets offer the possibility of developing novel mag-
netic memory devices with enhanced stability, reduced power consumption, and increased
storage density [154]. Their unique magnetic states and the ability to manipulate spin tex-
tures can lead to the development of spintronic devices that exploit the spin degree of freedom
to store and process information [155]. In addition, the intricate spin arrangements and the
presence of exotic quasiparticles in frustrated magnets make them good potential candi-

dates for realising topologically protected qubits. Frustrated magnets may provide crucial
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insights into the development of robust quantum systems, capable of performing complex
computations with increased efficiency and reliability. Scientists are now testing magnetic
skyrmions, small swirling topological magnetic excitations with particle-like properties that

arise in frustrated materials, as a possible route for next generation memory devices [156].

4.1.2 Research scope

The search for these quantum spin liquid materials has been a challenge for many years
without great success. Experimentally, achieving a quantum spin liquid phase requires very
precise conditions, and maintaining a system in such a spin-liquid state while carrying out
experiments makes it notoriously difficult to confirm their existence and pinpoint their exact
nature [157]. Computationally, the requirement of non-collinear spin treatment is demand-
ing for many DFT packages. Although materials showing traits of this quantum spin liquid
behaviour have been found, the most famous example being the copper-based mineral Her-

bertsmithite [158], the search for quantum spin liquids continues.

In this research, the mineral barlowite has been selected as a quantum spin liquid candidate,
with chemical formula Cuy(OH )gF Br. Barlowite meets all the theoretical requirements for
exhibiting a quantum spin liquid nature: it is a frustrated magnet with S = %, an adequately
small spin for quantum fluctuations caused by the uncertainty principle to produce visible
zero-point motion of the spins at T=0K [159]. However, the ground state structure of
barlowite has brought dispute in the scientific community, and one of the scopes of this
research consists of gaining a better understanding of its structure and exploring its geometry
at different temperatures and degrees of symmetry. In collaboration with an experimental
team, this research aims at gaining a better understanding of the geometry of the proposed
barlowite structures and at exploring the electronic properties of this material. Learning how

the electronic properties change along the halide series, when other halides take the place of
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bromine to form new minerals, is an important scope of research, key in discovering trends
for future structure prediction. In addition, the magnetic nature of the system is investigated
by looking at the magnetic exchange pathways. Finally, gaining a better understanding of
the frustrated magnetism this structure holds is also an important goal, especially since the

true nature of this putative quantum spin liquid state is still under debate for barlowite.

4.2 Exploring the structure of barlowite

Barlowite, Cus(OH)gF Br, is a mineral with hexagonal structure at room temperature,
formed with Cu?* based distorted kagome layers. More specifically, the kagome layers are
formed by equilateral triangles of Cu** ions which are bound together by hydroxide anions.
A second Cu?T is present between the kagome layers, which is disordered with 3 possible
occupation sites. Between the kagome layers the Br~ and F~ ions are also located. A

schematic representation of barlowite is shown in figure 4.2.

The ground state structure of Barlowite has been in question for many years, as rival proposed
structures have been presented through different studies. The difficulty in determining the
ground state structure lies in the presence of disordered inter-layer Cu?" sites, here presented
with partial occupancies. The literature [160] has shown that Barlowite takes a P63/mmc
symmetry at room temperature (300 K) with dynamically disordered Cu?t sites between
the layers. However, as the temperature is lowered, a structural phase transition takes place
and the disorder becomes static, with an overall lowering of symmetry. Different proposed
structures of barlowite have been published in the low temperature regime. Smaha et al.
[150] has shown a P63/m space group at T < 262 K, Pnma at T < 265 K and P63/mmc
at T = 300 K. A C'mem space group was also proposed [159] in the low temperature range,

differing from the Pnma by having another ordering scheme. Keeping in mind that these
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(a) Pnma | T=5K | (b) P63/mmc [ T=300K |

Figure 4.2: Visualisation of the structure of barlowite [Cuy(OH )¢ F Br| at different temper-
atures. At low temperature Barlowite is found to order in a Pnma space group as shown in
(a), while at room temperature a P63/mmc space group is found as shown in (b). The par-
tially filled Cu?* ions represent partial occupancies. The structures have been synthesised

by experimental collaborators: Dr Lucy Clark and her research group [159].

are experimental findings, one possible reason for these different proposed structures is the
use of different reagents in the hydrothermal preparation of these synthetic samples. The
P63/m sample was synthesised using CuBry and LiF' [161], while the Cmem sample was
made using CuCO3 - Cu(OH )y, NH,F and HBr [162].

In order to gain a better understanding of the crystal structure of barlowite and its transitions
in phase and symmetry, a DFT investigation has been carried out and backed up with
experimental research carried out by Dr Lucy Clark and her research group from the School
of Chemistry at the University of Birmingham. Dr Clark’s team combined high-resolution
synchrotron X-ray and neutron powder diffraction data to examine both positional and

compositional disorder within their ground-state structures. Furthermore, magnetometry,
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heat capacity, and high-flux powder neutron diffraction measurements were used to correlate

this structural disorder with the magnetic ground state.

High-resolution neutron and X-ray powder diffraction confirmed the hexagonal space group
P63/mmec at T = 300 K [159]. As for the low temperature range, high-resolution powdered
X-ray diffraction data showed Bragg peaks which can be indexed with the orthorhombic
Pnma space group at T = 5 K. This data confirms a hexagonal to orthorhombic structural
transition to take place as the temperature is decreased, and that the positional disorder is
therefore driving the structural transition. In order to gain a better understanding of such
transition, DFT has been used to quantify the energies associated with the disorder present

in the system.

When carrying out DFT calculations on spin liquid materials, particular care must be taken.
Since barlowite and other similar quantum materials exhibit traits of Mott physics, barlowite
being a Mott insulator [163], a Hubbard U correction was included in our system. This is also
an attempt to capture the potential superconductivity nature of barlowite later discussed in
section 4.3, since DFT usually fails to predict localised polaron states [164, 165]. DFT+U
calculations were carried out using the PBE exchange-correlation functional using CASTEP
version 22.11. A Monkhorst-Pack k-point grid was implemented with a k-point spacing
of 0.05 2’/T/A. Following previous implementations of DFT+U on barlowite and similar
materials [163, 166] as well as Dudarev’s approach [167], a U parameter of U.s; = 5eV was
chosen. Although a series of U values have been tested in the 3eV to 6 eV range, our results

are not sensitive to the choice of U within the selected range.

Each disordered Cu?* ion has 3 possible positions. In a unit cell, which includes 2 disordered
Cu** ions, there are 6 potential Cu?* sites available. Following the symmetry of the cell, 4
possible configurations can be made with 2 Cu?* ions filling up the 6 possible sites. These

4 configurations are shown in 4.3.
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(¢) Medium-close [5.94 A] (d) Close [5.63 A]

Figure 4.3: Considering the high temperature unit cell and its symmetry, 4 possible configu-
rations with respect to the disordered Cu** ions can be made with 4 distinct Cu** to Cu?*

distances. The distance between the disordered Cu?t ions is included in the label.

In the high temperature P63/mmec phase, there is an equal probability for these ions to
be found in each of the 3 possible sites at any one time, although the presence of coupling
between the sites leads the system to a dynamic low energy disposition of its disordered
atoms. In other words, there is some order amongst the disorder, as there is some level of
correlation between the locations of the copper ions. The four configurations shown in figure
4.3 have been geometrically optimised. The structural information of the optimised unit

cells has been summarised in table 4.1.
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Distance between . Disordered Cu?* to Central Cu?*
Volume Density Lattice Parameters [A] Cell Angles .
disordered Cu?*ions Bond Lengths [A]
[A3] [amu/A3)

[A] a b c a ) v Cu2*-Cu?* Pair1  Cu2*-Cu?* Pair 2
Experimental 359.04 2.54 6.68 6.68 9.30 90.0 90.0 120.0 Disordered Disordered
Far 16.43 361.52 2.52 6.74 6.56 9.36 90.0 90.0 119.1 3.22 3.22
Medium-far ~ :6.39  361.13 2.52 6.67 6.67 9.35 90.0 90.0 119.8 3.24 3.24
Medium-close :5.94 360.87 2.52 6.70 6.66 9.35 90.0 90.0 120.0 2.84 3.18
Close :5.63  361.45 2.52 6.69 6.69 9.44 90.0 90.0 121.0 2.81 2.81

Table 4.1: Summary of PBE+U-+MBD* geometry optimisation results with U = 5eV. A
cut-off energy of 1100 eV has been used with a k-point spacing of 0.05 27/ A and a Gaussian
smearing scheme with a 0.2 eV smearing width. The Broyden density-mixing scheme has

been used throughout the optimisations.

After successful geometry optimisations, DF'T was used to calculate the ground-state energy
of each of the 4 configurations shown in figure 4.3, and results are presented in figure 4.4.
Analysing these results, DFT calculations have been able to quantify the energy range asso-
ciated to the positional disorder of the Cu®* - Cu?* sites, and showed that the lowest energy
structure was found to be the one with the medium Cu?* - Cu?* displacement. This re-
sult indicates that medium distance sites are favoured due to the electrostatic and magnetic
forces at play, and suggests that the many possible disordered arrangements in the kagome
lattice containing medium Cu?* - Cu?' distances prevail on average. This is in agreement
with the experimental low temperature Pnma structure, found to contain medium and far

filled sites with a 2:1 ratio, and with no energetically unfavourable close sites filled.

The number of Cu?* - Cu?T distance combinations that can form in a kagome lattice increases
with the size of the system under consideration, given the same symmetry constraints: the
larger the system, the more combinations can exist along each of the 3 different kagome lattice
directions. In larger systems, which host combinations of different filled disordered Cu** -
Cu?* sites, the disorder becomes more homogeneous. For instance, a larger cell made from

structure 4.3c does not only contain medium-close filled sites but also medium-far ones. This
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Figure 4.4: Relative energies per unit cell of the four configurations shown in figure 4.3.
DFT+U (Uess = 5eV') has been implemented with ultrasoft pseudo-potentials. The medium-

close configuration is the lowest in energy out of the four structures.

has been taken into account in our results by using periodic boundary conditions. Without
periodic-boundary conditions, the energy differences shown in figure 4.4 would be even more
accentuated. Furthermore, temperature makes the system dynamically disordered; however,
it is expected that the correlation between Cu?T sites always leads the system towards a
majority of medium-close filled sites. On average, which of the 3 Cu*" sites is filled is
equally likely due to the dynamic disorder, but the Cu?" correlations bring a certain level

of order within the disorder.

After having concluded that the unit-cell with lowest energy contains medium-close Cu?*
sites, a stable structure with no partial occupancies has been achieved. In addition, a separate

geometry optimisation has been carried out for the Pnma structure, resulting in a successful
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refinement of both of the barlowite structures shown in figure 4.2. This is an important step
in order to advance in this study, as these optimised structures will be used to investigate

barlowite’s electronic and magnetic properties, presented in the following sections.

4.3 Electronics of barlowite and its halide analogues

Quantum spin liquids are insulating materials with preexisting electron pairs, with the po-
tential of becoming high temperature superconductors when doped [168|. Although it is
known that spins in quantum spin liquids are highly entangled, the precise nature driving
unconventional superconductivity in this class of materials is still being researched, as BCS
[169] theory based on Cooper-pairs is successful for explaining low-temperature conventional
superconductivity, but inadequate for quantum spin liquid materials. The mechanisms for

such high temperature superconductivity in quantum spin liquids is still being investigated

[170).

Although evidence for this quantum spin liquid superconductivity is still scarce, Hong-Chen
Jiang [171] has demonstrated that doping quantum spin liquids can naturally give rise to
d-wave superconductivity. In a different study, Ya-Ting Jia et al. [172] reported a pressure-
induced insulator to metal Mott transition followed by the emergence of superconductivity.
The quantum spin liquid candidate NaY bSey was used, which is surprising since Mott tran-
sitions are rare in quantum spin liquid systems which are, by nature, without long-range

magnetic order.

It is therefore clear that quantum spin liquid candidates possess complex and sometimes
unexpected electronics, and DFT has been used to explore barlowite’s electronic properties.
The electronic band structure and density of states have been calculated for the Pnma

structure. Results are shown in figure 4.5.
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Figure 4.5: DFT+U band structure and projected density of states of barlowite Pnma

system. The PBE exchange correlation functional was used with Uepr = 5 eV.

The band-structure shows an insulating nature of barlowite, with an indirect band-gap of
0.56 eV. This is expected for such systems, with a clear presence of Cu?* states just above
the Fermi energy. Dispersion is seen around the valence bands below the Fermi energy
especially around the U and I' high symmetry points. The band just above the Fermi level
is of the same spin type, arbitrarily labelled as spin-down in our result, covering the entire
band-structure. The highest occupied crystal orbital is expected to be around the Cu?* and
hydroxide, whereas the lowest unoccupied crystal orbital is mostly expected to be around

just the Cu?* ions.

As previously discussed, the idea of doping to alter the electronic properties of barlowite
has become of popular interest [173]. It has been shown that electron doping using Zn

does indeed produces localised states in the band gap [166], however, research on the ef-
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fect of changing halide instead of doping with other metals is still scarce. To investigate
this, the bromine halide has been exchanged with chlorine and iodine creating claringbullite
[Cus(OH)gFCl) and iodide-substituted barlowite [Cuy(OH )gFI| respectively. A DFT+U
geometry optimisation has been carried out for these new structures, and the electronics
of these systems were tested. Band-structure and density of state calculations were then
carried out for both claringbullite and iodide-substituted barlowite, and results are shown

in figures 4.6 and 4.7 respectively.

Similar electronic properties are seen in claringbullite and iodide-substituted barlowite with
respect to barlowite. The band-structures present similar characteristics, with the main
difference being in the iodide material showing a 0.34 eV band-gap, 0.22 eV smaller than

barlowite’s band-gap.
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Figure 4.6: Claringbullite [Cus(OH )¢ F'Cl] DFT+U band structure and projected density of

states. The PBE exchange correlation functional was used with Uess = 5 eV.

90



Exploring Barlowite: A Frustrated S = 1/2 Kagome Antiferromagnet

— 1
L ‘%/\_\_/X 2 S m H(s)
T = S O (s)
——— — _
— I\ == O (p)
05T/ | — ‘\\_EEE;“\- . F(s)
— L
e ; ;7(§ F (p)
Q ~— B Cu (s)
S 0.0 —--1 (R SN SR SN SRR R e mm Cu (p)
9] B Cu (d)
(5 - (s)
= | (p)
~—

R -20 0 20
DOS (eV‘1A‘3)

XIN -
<Ic
w0l -

Figure 4.7: Iodide-substituted barlowite [Cuy(OH )sF'I] DET+U band structure and pro-

jected density of states. The PBE exchange correlation functional was used with Uery = 5 eV.

Iodine has an overall greater number of electrons than bromine, while chlorine has a smaller
number than bromine, however, since the number of valence electrons is unchanged for these
structures, and all the copper are expected to stay cations with a 24 charge, no significant
insulator-conductor transition is expected. By comparing the results, it appears that as we
move down the halide group, the halide becomes more involved in the HOMO and valence

band.

Apart from the electronic properties, the magnetic nature of barlowite also plays an impor-
tant role in its properties, especially in its potential quantum spin liquid nature. In the next

section, the magnetic exchange and frustrated magnetic nature of barlowite are explored.

91



Exploring Barlowite: A Frustrated S = 1/2 Kagome Antiferromagnet

4.4 Exploring barlowite’s magnetism

The magnetic nature of frustrated magnets is hard to explore in static zero temperature
plane wave DFT calculations due to the dynamic nature of the magnetic moments in such
materials. The frustrated magnetic moments spatially rotate through the progression of
time, which cannot be captured by DFT; however, such behaviour can be indirectly inferred
by looking at the magnetic exchange. If the magnetic dipole orientation is random and
equally likely for each frustrated spin, there should not be one configuration of drastically
lower energy, but should all be of comparable energy. The magnetic exchange interactions

have therefore been studied, with .J; along the kagome layer and J, between the layers.

Figure 4.8: Diagram depicting the magnetic exchange interactions with J; = —2.2 meV
along the kagome layer and J, = —10.6 meV between the layers. The J; corresponds to the
nearest neighbours of the central Cu?* ion, and two equidistant neighbours are present in
this case. The disordered Cu?" ion in the middle of the triangular motif is on a different

layer.
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The magnetic exchange of the system has been calculated both within the layer (J;) and
across the different layers (J;). The magnetic exchange within the triangular motif is
Ji = —2.2meV and between the different layers J, = —10.6meV. The disordered Cu**
ion in the middle of the triangular motif is on a different layer and breaks the geometrical
symmetry of the system because of its disorder. This has a very small impact on the ex-
change interactions within the layer. Although J; should take two different values along the
two distinct green arrows shown on figure 4.8 because of the broken symmetry, the energy
differences are less than 1 meV, too small to be accurately captured by DFT. The exchange
within the layer is close to zero, which is expected for frustrated magnets, as a low exchange

allows for the thermal energy to compete and keep the system in a spin liquid state.

On the other hand, J; is larger, giving a clear suggestion that such material is antiferro-
magnetic along the different layers which are stacked on top of each other. With such low
J1, it is possible for the kagome layer to enter both a ferromagnetic and antiferromagnetic
nature. Beyond nearest neighbour interactions and thermal energy can have a strong impact
on the magnetic configuration of the system when working with such low energies, although
its negative value suggests a preference towards an antiferromagnetic arrangement. These
exchange results are important in confirming the presence of frustrated magnetism, since
barlowite is indeed expected to be an antiferromagnetic material with a triangular lattice

[150], proving this to be a quantum-spin liquid candidate.

4.4.1 Implementing non-collinear spin-polarised DFT

The magnetic moments in frustrated magnetism can be non-collinear, since the frustrated
spin dynamically changes direction in the 3D space. This means that taking an Ising ferro-
magnet modelling approach is inadequate and a non-collinear spin approach is required, able

to include spin-orbit interactions. In general, spin-orbit coupling is a relativistic effect, which
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becomes important when studying systems that involve heavy elements, such as transition
metals, or systems with non-conventional magnetism. In heavy elements, inner-shell elec-
trons are pulled closer to the nucleus, causing their kinetic energy to increase and relativistic
effects to become important. In these materials, the spin and orbital angular momentum
of the electrons become strongly coupled, leading to significant spin-orbit interactions [174].
Neglecting spin-orbit coupling in these cases can lead to inaccurate predictions and fail to

capture the true electronic structure and properties of the system.

Spin-orbit coupling has been shown to account for peculiar quantum-mechanical properties
when encompassing different aspects of symmetry and topology in kagome materials. Such
materials have been the recent focus in the search of topologically non-trivial ground states
resulting from the opening of spin—orbit coupling gaps. These states would carry a finite
spin Berry curvature and topological surface states. Over the recent months, Di Sante et al.
[175] has used the XV5Sng kagome family (where X is a rare-earth element) to show finite

spin Berry curvature contribution present at the centre of the Brillouin zone.

Non collinear relativistic DFT calculations have therefore been carried out on barlowite.
The LDA exchange-correlation functional was used with fully relativistic SOC19 pseudopo-
tentials taken from the CASTEP-23.1 pseudopotential library. Even though more advanced
exchange-correlation functionals are available in non-relativistic DF'T, many are missing the
non-collinear physics components and therefore are not suitable to carry out non-collinear
calculations [176]. The ¢2x [101] code has been used for post processing, representing spin

as vectors which have then been visualised using VESTA with arrows.
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(a) DFT Results (b) Experimental Results

Figure 4.9: Barlowite Pnma magnetic ground state. (a) Relativistic DFT non-collinear
spin results, calculated including spin-orbit coupling using CASTEP-23.1, LDA exchange
correlation functional and SOC19 relativistic pseudopotentials. (b) Experimental high-flux
powder neutron diffraction results, calculated using the D20 diffractometer at the Institut

Laue-Langevin by Dr Clark and her research team [159].

Relativistic DF'T results have been able to capture the ground-state magnetism of barlowite,
overall in good conformity with experimental results. Experimental high-flux powder neutron
diffraction shows an antiferromagnetic arrangement of the Cu?t magnetic moments at the
vertices of the triangular kagome motifs. This has also been captured by our DFT results.
It is worth mentioning that non-collinearity is indeed seen, with 3 distinct planes in which
the spins reside. These 3 planes can be understood from the experimental results in figure
4.9b, with each plane being along the 3 Cu atom types, labelled as Cul, Cu2 and Cu3. This

is in agreement with the DF'T results.
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One difference, however, corresponds to the Cu3 ions. Experiments show two different
possible directions in which these moments can lie. DFT results, on the other hand, portray
all Cu3 ions to point in the same direction. The DFT results present these Cu3 ions in a
parallel or anti-parallel fashion, while experiment found them to be at an angle, although
co-planar in both experiment and computation, However, the relative ferromagnetic or anti-

ferromagnetic arrangement of these Cu3 ions matches in both experiment and simulation.

Comparing the non-collinear results to the previously calculated magnetic exchange, a good
agreement is found. J; =-2.2 meV, being negative, is in agreement with the anti-ferromagnetic
arrangement found at the vertices of the kagome motifs. It is worth keeping in mind that spin
is a property of the electrons, and these DFT calculations with spin-orbit coupling reproduce
spin density as a vector field on a 3D grid, with the length of the arrows being proportional
to the field strength. The spin density has then been integrated over a sphere centred on
each Cu** ion. This is therefore only a visualisation technique, as a more physically accurate
quantum-mechanical approach would require some form of projection of the wave-functions

of the system onto localised atomic states.

With this said, using this visualisation technique is adequate for the type of research carried
out in this study, provided that one is conscious about what the arrows are actually showing.
Results are in good agreement with experiments, and the added complexity and computa-
tional cost of implementing a more physically accurate scientific technique is therefore not

required.

In this new type of DFT calculation, it has been discovered that the use of symmetry in
CASTEP may constrain the spin state to have the symmetry of the atomic geometry, which
is not a scientifically valid constraint to be placed on the magnetics of the system. The
symmetry parameter seems to impose a level of symmetry on the spin directions, preventing

the non-collinear nature of the material to be captured. It is therefore important to switch

96



Exploring Barlowite: A Frustrated S = 1/2 Kagome Antiferromagnet

off symmetry for these types of DFT calculations.

Overall, both DFT and experimental results do not suggest that barlowite is a quantum spin
liquid, or, at least, not under these conditions. However, since barlowite has been shown to
have different possible symmetries, one important question in the scientific community with
limited published information is the interplay of the material’s space group with the spin
texture of the system. It has been hypothesised that the precise crystal structure adopted
at low temperature has a strong impact on the magnetic properties of the material [150].

Appreciating this explains why different magnetic ground states have been reported.

In order to cast light on this topic, a non collinear DF'T calculations has been executed using

the high temperature structure which originated from the P63/mmec space group.

(a) Top view (b) Side view

Figure 4.10: Barlowite magnetic ground state of the high temperature structure which origi-
nated from the P63/mmec space group. Relativistic DFT non-collinear spin results, calculated
including spin-orbit coupling using CASTEP-23.1, LDA exchange correlation functional and

SOC19 relativistic pseudopotentials.
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Similarities are present between the low temperature Pnma magnetic ground state shown in
figure 4.9 and the high temperature magnetic ground state shown in figure 4.10. Analysing
the top view plane, while both structures confirm an antiferromagnetic nature with respect to
the vertices of the triangular kagome motifs, the magnetic moments of these vertices are more
rotated with respect to each other in the high temperature structure magnetic ground state.
This would suggest that the system is approaching a valence bond crystal state. Smaha et al.
[150] has indeed predicted that the closely related barlowite space group P63/m does indeed
result in a valence bond crystal, with spins arranged in a pinwheel disposition, coherently
pointing at an angle with respect to each other forming a pinwheel like pattern. In addition,
it has been predicted that barlowite in the P63/mmc space group would indeed transition
into a quantum spin liquid if doped with zinc. This is an interesting result, opening different

avenues for future research with different dopants and doping proportions.

Looking at both figures 4.9 and 4.10, some level of magnetic ordering is clearly present.
This is most likely due to the Cu?* moments between the kagome layers causing long-range

magnetic order.

4.5 Conclusions

In this work, the proposed structures of the spin 1/2 kagome antiferromagnet barlowite
have been assessed, with focus on the highly symmetrical high temperature P63/mmc space
group structure and the lower temperature Pnma structure. The structural disorder has
been assessed, with each disordered Cu?* ion having 3 possible occupation sites. DFT+U
calculations provided an energy scale of 330 meV for this disorder, and have shown that the
most energetically favourable disposition of the Cu?* ions is for them to be in a medium-close

arrangement.
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The electronics of barlowite have been explored, and an insulator nature has been confirmed
with a band gap of 0.56 eV. The effects of changing halide on the electronic properties have
also been investigated: claringbullite has been found to have a band-gap of 0.04 eV more
than barlowite while the iodide-substituted barlowite has been found to have a band-gap of
0.22 eV less than barlowite. The DOS of the three crystal structures shows similarities, with
copper being the dominant element in the conduction band. It has been found that iodine

is more strongly involved in the valence band as compared to the other halides.

Lastly, the magnetics of barlowite have been explored, and, although they do not suggest a
quantum spin liquid state, non collinear spin relativistic DFT calculations with spin orbit
coupling agree with experiment. The magnetic exchange parameters have also been found to

be J; =-2.20 meV and Jo = -10.6 meV, confirming an antiferromagnetic nature of barlowite.

In conclusion, this work has contributed in establishing the properties of barlowite, providing
new data in terms of geometry, electronics and magnetism. This opens the door to further
avenues of research by combining the newly investigated halide structures with appropriate
dopants. If the right dopant, such as a transition metal like zinc [150] or an alkaline earth
metal like magnesium [173], can be identified and implemented into barlowite, claringbullite

or iodide-substituted barlowite, the long sought quantum spin liquid may be found.
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Chapter Five

In the Search of New Quantum Materials

The potential that quantum materials can offer is dependent upon the set of properties each
material holds, and these desirable properties drive the search for new compounds. The
work carried out on metal organic magnets and frustrated magnets, specifically CrCly(pym)
and Cuy(OH )gF Br respectively, has shown the importance of quantum spin in regards to
the magnetic nature of such systems. This work has emphasised the value in harnessing the
physical properties of such materials for quantum applications, such as the electronics or
the magnetism of the system, which goes beyond the chemical properties often exploited in
MOFs and other related materials. This knowledge paves the way for the discovery of novel
structures, as the versatility of such quantum systems allows for the synthesis of a large
quantity of derived materials. It is therefore promising to make use of the DFT research
skill-set developed on such systems to embark in the search of new quantum materials using

new metals and organic linkers.

This research spans into two diverse fields of research, the first taking its roots in the tech-
nology and IT sector with the aim of developing next generation semiconductors, while the
second focusing on scientific advancements by continuing the search for the S=2 Haldane

phase. The modular nature of metal organic frameworks makes them the ideal candidate for

101



In the Search of New Quantum Materials

the development of new materials with a series of different applications. This study takes its
foundations from the work presented in chapter 3, specifically CrCly(pym) framework, and

uses this structure as the starting point for the discovery of new ones.

Regarding the field of technology, this research aims at developing a new family of magnetic
and electronic metal-organic coordination frameworks in order to design switchable and
stimuli-responsive semiconductors. Existing inorganic strongly-correlated semiconductors
are dense, rigid and difficult to design [177]. One of the most likely novel families offering
characteristics to overcome these obstacles are strongly-correlated metal-organic coordination
frameworks (SCCFs), although only a small number of such materials have so far been
investigated in the literature [178-181]. It is therefore essential to gain a clear understanding
of the role of the metal ions and organic linkers in such materials in order to attain the
desired functional properties and gain a strong knowledge of the magnetic and structural

local correlations of such structures.

In regards to this work’s contribution towards scientific progress, this research aims at con-
tinuing the search for the S=2 Haldane phase started in Chapter 3. Despite not having been
experimentally found for CrCly(pym), the results collected pave the way for the search of
new structures able to host this topological phase of matter. The proximity of CrCly(pym)
to the Haldane phase and the modularity inherent to metal-organic magnets suggest that
optimising single ion anisotropy and superexchange interactions is a promising route to the
S = 2 Haldane phase. This research therefore aims at finding new semi-1D coordination
frameworks which exhibit stronger 1D character than CrCly(pym). In other words, this
research’s goal is to find a material with a suitably large magnetic exchange (.J;/J3) ratio in

order to prevent the S=2 Haldane phase from being suppressed.
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5.1 Discovering new structures hosting different metals

The choice of metal used in correlated materials is essential in determining the properties
it exhibits, not only in terms of the number of electrons and crystal field theory, but also
in terms of the structure itself. One example comes in a material similar to CrCly(pyz)a,
in which Cr has been changed with Ni and the pyrimidine linker has been exchanged with
pyrazine. It has been shown that the nickel based compound has a tetragonal structure with
tetragonally elongated NiClyN, sites [182], while the material with Cr has an orthorhom-
bically distorted structure with an Immm space group [109]. This highlights the flexibility
and tunability of such frameworks, and exemplifies how sensitive the intrinsic geometry of

the system is to the specific metal ions or organic linkers used.

5.1.1 Investigating new transition metals (M) in MCly(pym)

Different transition metals have been investigated when acting as the central metal ion,
including V, Fe, Co and Ni. To capture the strongly correlated nature of this class of mate-
rials, a Hubbard U correction was used in all calculations. In accordance with the literature
[183-188] of similar DFT+U publications and Hubbard U assessments and evaluations, the
following Hubbard U values were chosen: for V and Fe U = 2 eV, for Co U = 4 eV and for Ni
U = 6 eV. Due to the nature of the Hubbard U correction, pinpointing a specific value is not
as straightforward as one would like, however, it has been tested that varying the Hubbard

U correction by 4+ 1 eV around the selected values only has a minimal impact on results.

In addition, MBD* dispersion correction was used to account for van der Waals forces, similar
to chapter 3. After convergence testing, a cut-off energy of 1100 eV has been chosen with
a k-point spacing of 0.05 27/ A. These values match those used in chapter 3, which is not

surprising due to similarities of the systems. Likewise, the same PBE exchange correlation
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functional with ultrasoft pseudopotentials was chosen for these calculations, as their success

when applied to this class of materials has been confirmed by previous work in chapter 3.

Geometry optimisations have been carried out for each of these new structures and results
are presented in table 5.1. The lowest energy spin arrangement has been selected for each
structure. It has been seen that along the direction of the organic linker, V and Cr achieve
a lowest energy ferromagnetic nature while Fe, Co and Ni prefer an antiferromagnetic ar-
rangement. A magnetic trend can therefore be noticed as we move along the period of the
periodic table, in which a shift from FM to AFM is present for the tested metals. Of course,
more metals should be tested to draw conclusions, and a more detailed analysis of the spin
arrangements with super-cells can be carried out. To find the true magnetic ground-state
of each system, J;, Jo and J5 need to be tested, requiring the use of super-cells. However,
such high accuracy was not required for the scope of this research, as the same qualitative
band-gap results were found independent of the magnetic arrangement for each of the four
structures. The band structure and density of states of each of the four frameworks was

calculated and shown in figure 5.1.

Lattice Parameters

Metal lon (M) UValue Volume Density A Cell Angles
in [eV] [A%]  [amu/A3] (Al
MCly(pym) a b c a B Y

\Y 2 313.13 1.29 3.58 12.18 7.7 90.01 90.94 90.24
2 309.28 1.34 3.57 12.28 7.05 89.87 90.06 90.24

Co 4 290.70 1.44 3.60 11.93 7.01 89.98 90.11 90.20
6

293.54 1.43 3.61 11.66 6.97 90.00 90.00 90.00

Fe

Table 5.1: MCly(pym) geometry optimisation results. A cut-off energy of 1100eV has
been used with a k-point spacing of 0.05 27T/A and a Gaussian smearing scheme with a
0.2 €V smearing width. The Broyden density-mixing scheme has been used throughout the

optimisations.
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Figure 5.1: Band structure and density of states of MCly(pym) where M = V. Fe, Co, Ni.
DFT+U (Uess = 2 €V for V and Fe, 4 eV for Co and 6 €V for Ni) calculated with the PBE

exchange correlation functional and MBD* dispersion correction.
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Similarities amongst the different metal ions are clearly noticeable. The highest occu-
pied band near the Fermi level is primarily consisting of contributions from the metal M
and Cl, while the pyrimidine structure is involved in the lowest unoccupied band right
above the Fermi energy. These PDOS properties are in agreement with previous results for
CrCl12(pym). The band-structure results presented suggest that a similar semi-conducting

nature persists amongst the structures hosting different transition metals.

The most interesting of these new metal-organic magnets is NiCly(pym), which will be
further explored. In contrast with other transition metals such as iron (II), which have a
significant spin-orbit component masking finer quantum-mechanical properties, nickel based
MOFs have not only sparked recent interest in the literature [189, 190|, but also found
various applications, such as catalysts for chemical fixation [191]| or energy storage [192].
The advantages of nickel come from its high abundance, low cost and good thermal and
chemical stability. One feature that makes it stand apart is its electron configuration, with

Ni%* having 8 d-orbital valence electrons.

Ni2* d-electrons:

AN

Ni2*= 152 252 2p® 352 3p°® 3d8

tyg

dxy dxz dyz

NET SPIN

1 1 1 1 1 1 1 1
S= 433tz Tt ty s =1

Figure 5.2: Crystal field splitting diagram of Nickel (IT) in NiCly(pym). Ni** has a net spin

S = 1 without distinct high-spin versus low-spin configurations.
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As shown in figure 5.2, Ni?>T undergoes crystal field splitting being in an octahedral complex,
in which the ?5, energy level becomes completely filled by the 6 valence electrons with the
2 remaining electrons filling up the e, level. Since it takes less energy for the 2 electrons
to fill up the 2 available e, states separately, this will always be the case and, unlike other
transition metals explored such as Cr or Fe, no high-spin versus low-spin scenarios exist. In
section 5.1.2, the electronic and magnetic properties of NiCly(pym) will be investigated in

greater detail.

5.1.2 The promising nature of NiCly(pym)

The structural nature of the Ni analogue structure has been researched, especially since
no experimental diffraction data is available for this novel structure. For reference, the

geometrically optimised structure is shown in figure 5.3.

O Ni
Oc
ON
OocC
OH

Figure 5.3: DFT + U (U.ss = 6 €V) geometry optimised structures of NiCly(pym). MBD*

dispersion correction has been implemented.

In contrast with CrCly(pym), the nickel analogue shows no Jahn-Teller distortion. This
is indeed expected, since no asymmetry is present in the d-orbital electron arrangement.
Furthermore, this nickel analogue shows antiferromagnetic behaviour along the pyrimidine

direction. The implication this has on the material properties is a rather complex question,
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which has challenged many researchers. Marcin M. Wysokinski [193] has shown that transi-
tions between ferromagnetic and antiferromagnetic phases among some d-electron metallic
magnetic compounds can be induced by altering the pressure of the system. With the power
of computation, a ferromagnetic to antiferromagnetic transition has been induced in our
system through the use of appropriate initial spins on the Ni atoms, which has then been
relaxed throughout the DFT calculation. Figure 5.4 shows the band structure and density

of states for both the ferromagnetic and anti-ferromagnetic arrangements.

When running spin polarised calculations, the DFT software package CASTEP allows to
impose an initial spin on desired atoms. To achieve the results presented in figure 5.4, a spin
of :i:% has been imposed on each of the 2 Ni?** ions, both with the same spin sign to recre-
ate a ferromagnetic configuration and with opposite signs to recreate an anti-ferromagnetic
configuration. During the DF'T electronic energy minimisation process, the spin was fixed
during the initial 10 SCF cycles, after which it was allowed to vary following the standard
density-mixing electronic minimisation method, as previously explained in section 2.4.2.
Results show that the induced ferromagnetic state is 5.44 meV higher in energy then the

anti-ferromagnetic phase.

The band-gap does not change between the two distinct magnetic phases, meaning that
the insulating nature is not altered. However, it is interesting to notice the change in
dispersiveness of the blue band that has been arbitrarily labelled as spin down in figure
5.4. In the anti-ferromagnetic phase, the spin down valence band is dispersive around the
gamma point between U2 and V2, whereas it becomes more localised in the ferromagnetic
phase as its bandwidth is decreased. In either case, however, chlorine is the driving element

involved in these valence bands.
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Figure 5.4: DFT+U (U.sy = 6eV) NiCly(pym) band structure and density of states.
Both the 5.44 meV slightly higher energy ferromagnetic (FM) arrangement and the anti-
ferromagnetic (AFM) arrangement are shown for comparison. In these results, the same
band-structure path through the Brillouin zone used for CrCi2(pym) was adopted for direct

comparison.
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To gain a better understanding of the spin arrangement of the system, the spin density for
the ground-state anti-ferromagnetic configuration has been calculated and presented in figure
5.5. The majority of the spin density is located around Ni and Cl. Since the spin density is
a representation of the difference between the up and down spins, this result makes sense as
the organic rings tend to have an equal number of up and down spins, whereas a transition
metal such as nickel (II) with two unpaired electrons of parallel spin in the e, will have a

more significant spin density.

Figure 5.5: DFT+U (U.;; = 6eV) NiCly(pym) spin density plot. The post-processing

program c2x [101] has been used to generate this plot.

Although DFT+U results showed that the ferromagnetic phase is 5.44 meV higher than
the anti-ferromagnetic phase, in order to analyse the strength of these magnetic properties,
investigate the correlation present and explore the magnetic exchange mechanisms, a 2x2x1

supercell has been developed. The magnetic exchange results are shown in 5.6.
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Figure 5.6: NiCly(pym) magnetic exchange. A Hubbard U correction range between 3 eV
and 9 eV has been tested. The J;, J; and J;3 values are along the NiC'l; chain, the bridging
pyrimidine, and between adjacent layers respectively. Positive values correspond to a ferro-
magnetic exchange interaction, whereas negative values correspond to an anti-ferromagnetic

exchange interaction.

Figure 5.6 shows that NiCly(pym) is ferromagnetically bound along the NiCl, spin chain
with J; = 5.74 meV (U = 6 eV) and anti-ferromagnetically bound along the bridging pyrim-
idine direction with Jo = -4.40 meV (U = 6 eV). The exchange between the layers Js,
although relatively weak compared to J; and J,, favours an anti-ferromagnetic exchange
with J; = -1.51 meV (U = 6 eV). The supercell results match with the results presented
in section 5.1.2, which showed that an antiferromagnetic configuration of the nickel ions
along the bridging pyrimidine direction (.J;) is preferred with respect to its ferromagnetic

counterpart, with an energy difference of 5.44 meV.
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Looking at the x-axis of figure 5.6, as we increase Hubbard U, the exchange values decrease
towards zero. This is expected, as a U correction adds a Hubbard repulsion energy term
to the normal DFT energy, resulting in the localisation of the orbitals, thus decreasing the
exchange interactions. The chosen 3 < U < 9 range is appropriate as the exchange nature

is consistent throughout.

Comparing results with CrCly(pym) shown in figure 3.10 of chapter 3, a clear difference
can be noticed. J; and Jy; are AFM and FM in the chromium analogue, the opposite of
the nickel based structure. This is an interesting discovery in the MOF world with different
applications, as it paves the path to the achievement desired magnetic properties. Increas-
ing the atomic number of transition metal ions shifts the magnetics of the system towards
antiferromagnetic arrangements. It is also interesting that if the material is ferromagnetic in
one of the strong exchange directions (J; or J3), the other exchange direction changes nature
to maintain the lowest possible energy. Apart from the sign of these exchange interactions,
their magnitudes agree in J; being larger than .J5, although they are proportionally different.
J1/Js = 1.3 for the nickel analogue and J;/J; = 8.4 for the chromium analogue, suggesting
that the chromium analogue is closer to a quasi-one-dimensional system and therefore more
suited for developing low dimensional materials, such as the ones with the potential to host

and test for the S=2 Haldane phase.

The effects of changing the metal ion on the electronic and magnetic properties have therefore
been explored. Work carried out on tuning optical properties of MOF-based thin films by
Wenchang Yin et al. [194] suggests that changing the ligand actually has a greater effect
on MOF properties, such as conductivity, rather than changing the metal. This suggests
that if one is working towards the discovery of new materials with a wide potential of new
properties, one should not limit itself to only changing metals. The last part of this work

attempts the discovery of new materials by changing the organic ligand.
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5.2 Discovering new structures by changing organic linker

In the field of MOF research, the chemical design space is a combination of metal nodes,
organic linkers, pore geometry and functional groups [195]. This final section of the research
centres its focus on the organic part of MOFs. DFT is an invaluable tool in the development
of new MOF structures with different organic linker, as it allows for the calculation of the
electronic density of a system, which can be used to determine the spatial arrangement of
atoms and predict the chemical bonds present in a material. This is particularly useful
when working with new linkers as it allows researchers to predict the geometry of the new
system. The power of DFT based structure prediction lies in the ability to explore the nature
of complex electronic states arising form the interplay of the four fundamental degrees of

freedom: charge, spin, orbit and lattice.

5.2.1 Predicting structures of novel quantum materials

Organic linkers are responsible for dictating many electronic properties of MOFs and play
a major role in the discovery of new materials[196]. When exploring new organic linkers,
a balance must be met between innovation and structural stability. To maintain structural
stability with a similar overall topology, heterocyclic compounds should be maintained as
new organic linkers in regards to our class of MOFs, and a good set of candidates consist of
the diazines. The diazines are a group of organic compounds containing a benzene ring, in
which two of the C-H fragments have been replaced by isolobal nitrogen. There are 3 distinct
compounds belonging to this family, all with the same chemical formula CyH, N5, which are:
pyridazine, pyrimidine, pyrazine. In this final part of the research, ab initio crystal structure
prediction has been carried out using the pyridazine (pydz) organic linker to create the new

metal-organic structure CrCly(pydz).
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5.2.2 Structure prediction using the Wyckoff alignment of molecules

Structure prediction is a complex yet promising field of computational research, which has
led to the discovery of many novel structures over the recent years. Carrying out ab initio
random structure searching [197] calculations only require basic input information, namely
reasonable material densities and atomic separations, from which random structures are
created and then relaxed with a geometry optimisation. Since 99.5% of MOFs reported in
the Cambridge Structural Database (CSD) have some level of symmetry [198], symmetry has
been imposed in our structure search via the Wyckoff alignment of molecules code (WAM)
[199]. WAM drastically improves the efficiency of ab initio random structure searching
through the use of symmetry by exploiting Wyckoff sites, therefore reducing the dimension
of the search space and simplifying the geometry optimisation. The code generates trial
structures by randomly placing atoms or molecules on the Wyckoff sites of a random unit
cell, commensurate with a random space group. Two types of Wyckoff sites exist: the general
site, which has no symmetry, and special sites, which have symmetry. WAM, therefore, makes
use of these special sites to generate structures with varying levels of symmetry. Once an
object is placed on a Wyckoff site, that object will stay on that site when the cell is then
geometrically relaxed. Further details and an outline of the WAM algorithm can be found
at [199].

In this work, novel structures have been generated both computationally and in collaboration
with the experimental researcher Matthew J. Cliffe from the University of Nottingham. The
Wyckoft alignment of molecules approach was taken in combination with previously known
structures containing pyridazine linkers. Over 1,000 structures were generated and geometry
optimised. These structures have been evaluated according to their energies, from which a

histogram plot has been created and presented in figure 5.7.
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Figure 5.7: Histogram showing the number of structures generated by the WAM code as a

function of their ground-state energy. The histogram implements 25 bins of width 9.35 eV.

As part of the WAM inputs, the pyridazine ring structure was defined with the position of
the CyH4Ny atoms. In the overall, multiples of 2 Cr, 4 Cl and 2 pyridazines were given as
inputs, to be randomly placed following WAM’s internal symmetry criteria. Almost all of
the generated structures would not exist in the physical world because they are not stable

structures. The 6 lowest energy optimised structures found are presented in figure 5.8.

Out of the many structures found, the structure presented in figure 5.8a follows the expected
MOF chemistry with a Cr?* ion surrounded by 2 C1~ and 2 organic heterocyclic compounds.
As often seen is such materials, a Cl ions bridge is formed. However, a slightly modified
structure, shown in figure 5.8c, is lower in energy when compared to figure 5.8a’s supercell
containing the same number of atoms. The metal ion in such arrangement takes an octahedral
molecular geometry with the surrounding Cl ions and one N from the pyridazine. Such
octahedral molecular geometry is also seen in structure 5.8f, although this structure has a

higher energy with respect to structure 5.8c.
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Figure 5.8: Structure searching results of CrCly(pydz). Over 1,000 structures have been
generated by WAM, and the 6 lowest energy optimised structures are presented in this

figure. Structure (c) is the lowest energy structure found.
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After a suitable structure has been found, a more accurate geometry optimisation has been
carried out, with better k-point spacing of 0.05 27/ A and energy cut-off of 1100 ¢V, along with
the inclusion of MBD* dispersion corrections. Being this a quantum material characterised
by strong correlations, a Hubbard U is needed, and previous research has shown that a
value of U = 3 eV is expected to be suitable for Cr?* in these MOF materials under similar
conditions. The geometry optimisation results for 3 Hubbard U values are shown in table

5.2.

UValue Volume Density lattice Parameters [A] Cell Angles Cr-Cl Bond Lengths [A]
[eV] [A3] [amu/A3]
a b c a B v Cratom 1 Cratom 2
302.88 1.34 7.97 797 6.54 113.1 113.1 105.8 2.40 241 240 241
320.60 1.26 7.98 7.86 6.88 1127 1119 106.1 241 2.83 241  2.86

6 322.15 1.26 8.02 8.02 6.89 113.2 113.2 1056 249 270 248 270

Table 5.2: Summary of PBE+U+MBD* geometry optimisation results using different Hub-
bard U values. Ultrasoft pseudo-potentials have been used. A Hubbard U = 3 €V is confirmed
to be a suitable value, able to capture the Jahn-Teller distortion. A cut-off energy of 1100 eV
has been used with a k-point spacing of 0.05 27/ A and a Gaussian smearing scheme with a
0.2 eV smearing width. The Broyden density-mixing scheme has been used throughout the

optimisations.

It is indeed seen that with a Hubbard U = 3 eV an appropriate Jahn-Teller distortion is
captured. Increasing the Hubbard U values results in an increase in volume, with a more
drastic change of 17.72 A3 between U = 0 ¢V and U = 3 ¢V compared to a change of 1.55 A3
between U = 3 eV and U = 6 eV, agreeing with expectations that the U = 3 eV and U = 6 eV
range is more suitable for this material. Each chain is connected with adjacent chains
through van der Waals forces. The geometry optimised structure is shown in figure 5.9. One
noticeable difference between this structure and its pyrimidine analogue lies in the direction

of the chromium - chloride bonds. In the pyrimidine based MOF these bonds connect with
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other chlorides in the direction perpendicular to the organic ring structure, keeping the
different layers together, whereas in the pyridazine they connect with other chlorides along
the direction of the ring structures. This is caused by the difference in nitrogen locations,
and might have repercussion in the stability of the material. The chromium-chloride bonds
are not present in the new structure to keep the different layers together, and van der Waals

forces become the dominant source of bonding.

Figure 5.9: Geometry optimised CrCly(pydz) structure. DFT+U (U.ss = 3 €V) has suc-

cessfully generated a structure containing Jahn-Teller distortion.

The difference in nitrogen locations resulted in the chromium ions being closer to each
other, potentially increasing the exchange interactions along the organic ring structure and
decreasing them in the other directions. The new bonding arrangement might also have an
impact on the overall electronics of the system. To explore these electronic and magnetic
properties, band-structure and density of states calculations of this novel quantum material
have been calculated and presented in the remainder of this chapter, as well as magnetic

exchange calculations.
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5.2.3 Electronic structure and properties

The electronic band-structure and density of states of CrCl2(pydz) have been calculated
using DFT+U (Us; = 3 €V). To accurately achieve this result, both the electronic and
magnetic ground states of the system have to be attained. The electronic ground state is
reached via DFT’s SCF cycles, whereas the magnetic ground state has been accomplished
via the use of a super-cell and appropriate spin textures. Similar to the approach taken in
section 5.1.2, the spin was fixed during the initial 10 SCF cycles of the electronic energy
minimisation process, after which it was allowed to relax. The details of the magnetics of

the system are later explained in section 5.2.4.
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Figure 5.10: DFT+U (Uss = 3 €V) CrCly(pydz) band structure and density of states. A

2x1x1 super cell has been used to achieve the anti-ferromagnetic ground state.
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Figure 5.10 demonstrates that the electrons in this structure are primarily localised, with
4 bands under the Fermi energy, showing very little dispersion. A set of 4 spin up and 4
spin down bands are located just below the Fermi energy. Looking at the DOS, these mostly
correspond to Cr (d) states and Cl (p) states, conforming to the highest occupied crystal
orbital. This is similar to the pyrimidine analogue, as shown in figure 3.11. The conduction
bands, on the other hand, correspond to the pyridazine. These bands above the Fermi energy

show a more dispersive behaviour, especially following the R2 - I" - T2 path.

Being a quantum material, a Hubbard U correction of 3 eV was used to account for the strong
electron correlations. This resulted in a band-gap of 0.97 €V, showing an insulating nature.
This is slightly less than the 1.2 eV band gap of the pyrimidine analogue, also showing
insulating properties. To visualise the electronic behaviour, the Kohn-Sham orbitals have

been calculated.

(a) Highest occupied crystal orbital (b) Lowest unoccupied crystal orbital

Figure 5.11: Kohn-Sham orbitals of CrCly(pydz) calculated with DET + U (Uery = 3 €V).
The orbital isosurface has been post-processed with ¢2x [101]| and visualised with VESTA
[113]. Band 232 with an occupancy of 0.90 corresponds to the highest occupied Kohn-Sham

orbital, whereas band 233 with an occupancy of 0.00 corresponds to the lowest unoccupied

Kohn-Sham orbital.
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As expected from the band-structure and density of states analysis, the highest occupied crys-
tal orbital is centred around the chromium and chloride ions, whereas the lowest unoccupied
crystal orbital is centred around the pyridazine. This is similar to the pyrimidine analogue,
as seen in figure 3.12, and confirms the validity of this novel material from a chemical point

of view. In the next section, the magnetic behaviour of the system is explored.

5.2.4 Magnetic properties

In quantum materials, correlations play a major role in their properties, which are evaluated
in this section. As opposed to the pyrimidine analogue with 3 J,, values, following a nearest
neighbour approach we find only 2 exchange directions for CrClsy(pydz), denoted as J; and

Jo in figure 5.12. This is due to the symmetry of the system.

Figure 5.12: Visualisation of J,, exchange directions of CrCly(pydz). J; is along the pyri-
dazine and chromium-chloride bridge; .J; is towards corresponding the chromium of adjacent

strands, along the cell’s lattice.
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The exchange values have been calculated using different spin arrangements in regards to
the chromium ions by making use of a 2 x 2 x 1 supercell. With two J, exchange values, 4
possible arrangements of FM or AFM combinations can be achieved. The energies have been
reported in table 5.3. A Hubbard U correction has been implemented in these calculations

with 3 distinct values of U.

Magnetic Exchange Magnetic Configurations Relative Energies [meV]
J1 J2 U=3eV U=6eV U=9eV
AFM AFM Magnetic ground state
AFM FM 6.30 6.37 6.18
M AFM 189.48 90.01 31.04
FM FM 206.27 104.34 37.80

Table 5.3: DFT ground state energies for the different possible magnetic configurations. All
energies are recorded with respect to the lowest energy magnetic configuration. The reported
energy values are relative to the 2 x 2 x 1 supercell. The ground state magnetic configuration

of the system is antiferromagnetic in all directions.

Table 5.3 shows that the magnetic ground state configuration of the system is antiferro-
magnetic in all directions. There is a considerable difference in strength between J; and
Jo, with J; being clearly dominant. There is a relatively low difference in energy between
the two antiferromagnetic J; configurations, as seen in the first two rows of the table, since
Jo is relatively weak in comparison. This suggests that if thermal energy is induced in the
system, the antiferromagnetic arrangement between different strands (along J;) will be lost
before the antiferromagnetic magnetisation within each strand (along J;). In other words,

the different strands will lose their correlation while it is maintained within each strand.

123



In the Search of New Quantum Materials

The magnitudes of the J,, values have been calculated using a linear fit to the Heisenberg
Hamiltonian, similar to chapter 3. The exchange at three values of U has been investigated,

with U = 3 eV, 6 eV and 9 eV. The results are shown in figure 5.13.
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Figure 5.13: CrCly(pydz) magnetic exchange interactions .J,, with respect to Hubbard U
parameter. Each of these energies were calculated using DFT+U from a set of spin configu-
rations and a multidimensional linear regression was used to fit these values to a Heisenberg

Hamiltonian.

As expected, both J, are negative, corresponding to an antiferromagnetic configuration. This
is different from the pyrimidine analogue, as shown in 3.10, in which the magnetic ground
state is antiferromagnetic in two of the three directions and ferromagnetic in the other. In
the pyrimidine analogue, J; is positive; however, it is essential to keep in mind that J, values

in the different materials correspond to different directions.

124



In the Search of New Quantum Materials

In the pyridazine analogue dealt in this chapter, the exchange along J; =-6.09 meV (U = 3 eV)
hosts significantly stronger correlations relative to the exchange along J, = -0.36 meV
(U = 3 eV) compared to the J;/Jy ratio of the pyrimidine analogue. It can be concluded
that CrCly(pydz) is indeed a quasi-one-dimensional system, with J;/Jo = 16.92, clearly
over the quasi-one-dimensional conventional defining value of J;/Js > 10. The cause of this
lies in what contributes to the magnetic exchange. In the pyridazine analogue, both the
superexchange along the pyridazine and the exchange across the chromium-chloride bridge
contribute to Jj, resulting in strong correlations. These two exchange mechanisms are along
different directions in the pyrimidine analogue, respectively occurring along J, and J;. On
the other hand, J, in the pyridazine analogue is significantly weaker compared to J, of the
pyrimidine structure. In the pyridazine analogue, J; is along the direction of the van der
Waals forces which hold the different layers together, and no magnetic exchange mediator is

found between these layers, similar to J; in the pyrimidine structure.

These magnetic results are very promising, especially the exchange ratio .J; /Jo = 16.92 which
suggests the possibility for having finally found a material which can host the S = 2 Hal-
dane phase without obscuring its existence. Unlike the pyrimidine analogue, the pyridazine
framework offers a J, which is likely to be sufficiently small to prevent it from masking the
Haldane phase. Of course, other parameters such as single ion anisotropy or Néel tempera-
ture also need to be adequate to prevent the suppression of the Haldane phase, but this is
left for experimental researchers to investigate by synthesising such material and hopefully

observing this unrealised topological phase of matter.

Despite having different magnetic exchange ratios, the underlying source of the magnetism
does not however change, as seen in the spin density plot shown in figure 5.14. The majority
of the spin density is located around the chromium (II) ion, which is expected due to its ionic
charge. This is responsible for driving the overall magnetism of the system. The chlorides

and nitrogen atoms also contribute in the magnetism, although to a far lesser extent.
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(a) Top view (b) Side view

Figure 5.14: Visualisation of the CrCly(pydz) spin density, both from a top and side view.
The calculation was carried out with DFT + U (U.fy = 3 €V). The spin density has been

post-processed with ¢2x [101] and visualised with VESTA [113].

5.3 Conclusions

The quest for new quantum materials drove the research in this chapter, and led to the
discovery of new metal-organic systems. Starting from the previously studied structure in
Chapter 3, CrCl12(pym), a series of new transition metals have been investigated and a trend
along the organic linker direction has been found: as we transition across the period of the
periodic table, the systems shift from a ferromagnetic to an antiferromagnetic arrangement.
Special attention has been given to NiCl2(pym), showing a ferromagnetic J; and antifer-
romagnetic Jy, the opposite of its chromium analogue. The band-structure and magnetic
analysis carried out on these novel structures resulted in a deeper understanding of this class
of materials with great potential. With a wide application potential, from spintronics to

nanotechnology [200], this class of materials is growing in popularity.
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In the second part of this chapter, structure searching has been carried out using the Wyck-
off alignment of molecules code (WAM) on CrCly(pydz). Over 1,000 structures have been
generated, and the most realistic one has been studied in detail. In such structure, an overall
localised band-structure has been identified, with a band gap of 0.97 eV. The highest occu-
pied crystal orbital has been found around the chromium-chloride region. The magnetism of
this system has been carefully investigated, and it was discovered that this material is char-
acterised by an antiferromagnetic arrangement in all directions. According to the magnetic
exchange J, ratios, J;/Jo = 16.9 for U.ry = 3 €V, the system is quasi one-dimensional. This
promising result suggests the possibility that a material able to host the long-searched S=2

Haldane phase has finally been found.

From a broader perspective, low dimensional materials, such as the one discovered above,
have a wide range of applications outside the scientific community. In the IT sector, such
materials pave the way towards more energy-efficient memory devices and quantum com-
puting [201, 202|. For instance, the manipulation of the spin texture can be used towards
data storage. Provided appropriate anisotropy of the system, a small external magnetic field
can be applied to bring the different adjacent strands in ferromagnetic or antiferromagnetic
configurations with respect to each other, while always keeping a robust antiferromagnetic

arrangement within the individual strands.

In the overall, the analysis carried out on these novel structures have shed light on the
geometry that such metal-organic frameworks could take, as well as their electronic and
magnetic properties. These findings provide a more comprehensive understanding of this

class of quantum materials and contribute towards the future development of new ones.
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Chapter Six

Conclusion and Outlook

This thesis has focused on investigating the properties of quantum materials and, specifically,
materials exhibiting strong electron correlations and non-conventional magnetism. Ab initio
plane-wave DFT calculations have driven the explorations carried out in this work, and, after
appropriate integration with modelling techniques, corrections and parameters, it was found
to be an effective approach in calculating the electronic and magnetic properties of these
materials. The key role of d-orbital electrons and their correlations in driving the physical
traits exhibited by these quantum materials has become evident throughout this study. A
Hubbard U correction has been used to model the d-orbital electrons correctly and capture
the driving physics behind these quantum systems. Two promising materials have gained
the central focus of the research, the first being the CrCly(pym) metal-organic magnet, a
candidate structure for the S=2 Haldane phase, and the second being Cuy(OH )sF Br, a

candidate structure for the quantum spin liquid phase.

Chapter 3 has focused on studying the properties of coordination frameworks. These systems
have the potential of creating low-dimensional structures and act as templates to search
for topological phases of matter, such as the Haldane phase in our case. In particular,

the CrCly(pym) metal-organic magnet has been selected, being a novel low dimensional
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S = 2 antiferromagnetic system meeting all the criteria to recreate the Haldane phase.
According to crystal field theory, when chromium (II) is placed in an octahedral complex,
d-orbitals splitting between the e, and ?5, bands is expected, with the presence of Jahn-
Teller distortion. This distortion was met in the model by adding a Hubbard U = 3 eV
correction to the geometry optimisation of the system. The band structure and density of
states have been successfully calculated and show a band gap of 1.2 eV. The magnetic nature
of this material was investigated, and it was discovered to be antiferromagnetically bonded
through the chromium-chloride chain and ferromagnetically bonded through the pyrimidines.
The exchange values were calculated and found to be J; = —2.53meV, J, = 0.30meV and
J3 = —0.09meV, all in good qualitative agreement with experimental results. It was therefore
concluded that J1/J2 = 8.4, suggesting that this is approaching the quasi-one-dimensional
threshold of J;/Jy > 10, required to see the Haldane phase. This material, therefore, does
not fully achieve this requirement and then the Haldane phase is suppressed. The DFT
techniques developed to manipulate the spin states of this material have proved to be a
powerful tool to investigate its magnetic properties and have been applied in the rest of this

work.

Chapter 4 has focused on the mineral barlowite, which has been selected as a quantum
spin liquid candidate, with the chemical formula Cus(OH )¢F Br. Barlowite meets all the
theoretical requirements for exhibiting a quantum spin liquid nature, being a frustrated
magnet with an adequately small spin of S = % Barlowite contains structural disorder with
different possible crystal geometries. Pnma and P63/mmc are two space groups commonly
reported for this material, and DF'T has successfully relaxed the system in these symmetries.
In regards to the geometry of the system, it was found that the medium-close distance
between disordered copper sites results in the lowest energy configuration of the system.
DFT + U (Uess = 5 €V) calculations found a band gap of 0.56 €V, confirming its expected

insulating nature. The bromine halide has been exchanged with chlorine and iodine creating
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claringbullite [Cus(OH )¢ F'Cl] and iodide-substituted barlowite [Cuy(OH )gF 1| respectively
and similar electronic behaviours were seen. Additionally, barlowite’s magnetism was also
explored and J; =-2.2 meV and Jo = -10.6 meV were found. To study the frustrated magnetic
nature present in this material, non collinear DFT was carried out. Spin-orbit coupling
opened a new direction of research to compute spin and related magnetic properties in
materials experiencing magnetic frustrations. Despite the possibility of this material entering
the quantum-spin liquid phase, computational results categorised this material as a valence

bond crystal. DFT spin calculations outputs are in good agreement with experimental data.

Building on the research techniques fine tuned in chapters 3 and 4, a search of novel quantum
materials was carried out in chapter 5. Starting from the CrCly(pym) metal-organic frame-
work analysed in chapter 3, the chromium was exchanged with a series of different transition
metals, including vanadium, iron, cobalt and nickel. Nickel, being the most interesting of
these materials, shared many similarities with its chromium analogue, such as its insulating
and strongly correlated nature. The magnetism of this nickel analogue was explored and
magnetic exchange parameters showed a ratio J;/Jy = 1.3, far smaller than its chromium

analogue.

On top of testing new transition metals, a new organic ligand, pyridazine, was also inves-
tigated. Structure searching using the Wyckoff alignment of molecules code was carried
out. A large number of structures were generated, although almost all of them were high-
energy non-stable structures. After appropriate analysis and geometry optimisations, a novel
CrCly(pydz) structure was achieved. The band-structure of this system showed a band gap
of 0.97 eV, with relatively flat valence bands, corresponding to localised d-state of chromium.
This new material was confirmed to be quasi-one-dimensional, with J;/Jo = 16.92. This is
a promising result, suggesting that the DFT tested requirements to host the S = 2 Haldane
phase are met and this structure is ready to be physically synthesised and experimentally

proven.

131



Conclusion and Outlook

There are a number of directions along which the research presented in this work can be
extended and built upon. DFT calculations on low dimensional coordination frameworks
have proven that these materials can be effective templates to search for topological phases
of matter, as such materials are versatile and enable the recreation of specific desired prop-
erties. Although the S = 2 Haldane phase has still not been confirmed and experimental
investigations will be required to make such discovery, DFT calculations can play a role
in further validating the feasibility of this material for such objective. The non-collinear
spin calculations developed to study frustrated magnetism can be extended to test for the
single-ion anisotropy in the novel CrCly(pydz) material, although the specific technique to
achieve this has to be developed and tested. In addition, molecular dynamic calculations
can be included in this study to investigate temperature dependent properties, important
for magnetism, such as Néel temperature. On a separate note, in regards to barlowite, the
structural disorder of the Cu?*t sites should be investigated using phonon calculations on
top of energy calculations. In order to assess dynamical stability, phonon frequencies should
be calculated both computationally and experimentally and results should be compared to

provide a more comprehensive study of the disorder.

A number of fundamental questions deserve further investigation, such as how disorder alters
quantum spin liquids, and mimic or destroy the quantum liquid state. A 2023 study [203] led
by Brown University suggests that a new phase of matter may be formed, being a decorrelated
version of the quantum spin liquid phase, in which smaller coherent quantum spin liquid
“domains” are formed throughout the material. How such behaviour would manifest in

systems like barlowite and its derivatives is not known.

Another question, this one focusing on the metal-organic coordination frameworks, is how
introducing different transition metals within the same metal-organic framework, with dif-
ferent proportions, affects the stability, geometry, electronic and magnetic properties of the

material. This is relevant to future I'T, which will rely on new materials capable of switchable
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and stimuli-responsive behaviour. Therefore, how different combinations of metals and their
interplay with the topology of the system can help to achieve these goals is a promising field,

full of opportunities.

On top of the scientific advances, a series of lessons can also be learnt from the scientific
journey underpinning this work. One such lesson is to be aware that, in the case of com-
putational research, it is essential to choose an appropriate computational approach, to be
commensurate with the level of science under investigation. It is often advantageous to avoid
overly complex computational methods, as they frequently come with restricted applicabil-
ity and high computational cost. In this research, dynamical mean-field theory was not
implemented as DFT+U was adequate for calculating the electronic and magnetic results of

interest, thus avoiding all the complexities of beyond-DFT methods.

The most scientifically accurate and robust models are often directly based on the funda-
mental laws of physics, such as quantum mechanics in the case of this research. In practice,
a number of approximations or omissions often have to be made. In the case of classical
DFT, temperature is not a tunable parameter, as calculations are carried out at 0 K, and
the exchange-correlation functional is unknown and has to be approximated. Success has
been found in taking into account temperature with the density functional theory-molecular
dynamics (DFT-MD), although it neglects the explicit temperature dependence of electron-
electron interactions [204]. In regard to exchange-correlation functionals, recent advances
have been seen thanks to the development of exchange-correlation functionals assisted by
machine learning [205]. Although promising, such an approach remains severely limited by
the scarcity and heterogeneity of appropriate experimental data to “train” such machine
learning algorithms [206]. A more classical strategy, common to the DFT scientific commu-
nity, is to climb Jacob’s Ladder [207] of density-functional theory. On the top (fifth) rung, the
information of the unoccupied Kohn—-Sham orbitals is included in the exchange-correlation

functional, which is expected to bring higher accuracy with a broader applicability. Two re-
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cently developed types of fifth rung density functional approximations are the random-phase
approximation and the doubly-hybrid approximation [208|. These have limitations in terms
of the so-called self-interaction error and non-dynamic correlation error, on top of the high
computational cost. These exchange-correlation functionals have not yet been tested on the
strongly correlated systems presented in this research and such an implementation deserves

further investigation.

Another lesson and recurring theme present throughout this work is the essence of effective
collaboration across disciplines and research approaches. Experimental research in chemistry
and computational physics complement each other, as our theoretical knowledge can be
exploited via computational approaches and validated through experimental results. For
instance, the progress towards achieving the S=2 Haldane phase has been a direct result of

effective experimental and computational collaboration.

In a broader context, it can be concluded that this work fine-tuned many of the DFT
based approaches in studying quantum materials, and results brought us one step closer in
understanding the nature of such materials. While the DFT+U studies presented here have
deepened our understanding of the family of MCly(pym) (where M = metal), as well as
barlowite and its derivatives, there is still much room for progress in this field of research.
From altering these quantum materials to meet desirable characteristics to developing new
ones based on them, the coming years should see great progress in this growing field of

research.
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